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Preface
The book Recent Advances in the Biology, Therapy and Management of Melanoma brings
the latest, up-to-date information regarding the biological mechanisms underlying melano‐
ma epidemiology, molecular mechanisms and the therapeutic options that are employed in
combating this dreaded disease. The first section covers the genetics of melanoma develop‐
ment with associated risk factors. Understanding the underlying molecular mechanisms of
melanomagenesis, the biomarkers, and the proteins that contribute to melanoma, all lead to
illuminating potential targets in the fight against this disease. This section is comprehensive‐
ly reviewed and is essential to be interweaved and translated with the final section which
culminates in current treatment options and clinically relevant regimes. The novelty of new
treatment options are further highlighted in this section.
This book is intended to be a reference book for both the scientific and clinical communities.
It is not often easy to interweave these two disciplines but this book brings both of these
together in an easy, readable way. The fact that there is so much ongoing scientific and clini‐
cal research in the field of melanoma is an indicator of the importance and relevance attach‐
ed to understanding the human melanocyte and the factors that cause it to go awry. This
fundamental scientific understanding has to then be translated to the clinic in order for us to
make significant strides in eradicating this dreaded disease.
It is hoped that scientists, clinicians, students and residents find this book useful in their
studies on melanoma and that it not only expands their perspectives and views on the field,
but challenges them to forge ahead towards discovering the ultimate cure.
Lester M. Davids
Redox Laboratory, Department of Human Biology, Faculty of Health Sciences
University of Cape Town, South Africa

Section 1

Melanoma Epidemiology

Chapter 1

Melanoma — Epidemiology, Genetics and Risk Factors
John A. D’Orazio, Stuart Jarrett, Amanda Marsch,
James Lagrew and Laura Cleary
Additional information is available at the end of the chapter
http://dx.doi.org/10.5772/55172

1. Introduction
1.1. Melanoma a growing problem
The U.S. National Cancer Institute’s Surveillance Epidemiology and End Results (SEER)
Cancer Statistics Review estimates over 70,000 people will be diagnosed and 9,000 will die
from melanoma in the United States in 2012. Though melanoma can affect persons of essen‐
tially any age, it is mainly a disease of adulthood, with median ages of diagnosis and death
between 61 and 68 years, respectively (Weinstock, 2012). Nonetheless, melanoma incidence is
increasing across age groups, over the past several decades in the United States (Fig. 1)
(Ekwueme et al., 2011). In 1935, the average American individual had a 1 in 1,500 lifetime risk
of developing melanoma. In 2002, the approximate risk of developing melanoma increased to
1 in 68 individuals (Rigel, 2002). Globally, Australia and New Zealand have the highest
incidence rate of melanoma, an abundance of fair-skinned residents living in a UV-rich
geography widely believed to be a major factor (Lens and Dawes, 2004). The current melanoma
risk for Australian and New Zealander populations may be as high as 1 in 50 (Rigel, 2010).
Considering melanoma is being diagnosed more often in young adults, could be prevented by
UV-avoiding behaviors, and can be associated with extensive morbidity and mortality, it is
truly an emerging public health concern. Part of the apparent increase in melanoma incidence
may be due to better surveillance and earlier detection (Erdmann et al., 2012) however, even
with heightened melanoma awareness and screening, there seems to have been a real increase
in melanoma incidence over the past several decades.
1.2. The ultraviolet connection
Historically, humans have been exposed to UV radiation primarily as a consequence of
unprotected exposure to sunlight (Holman et al., 1983; Holman et al., 1986;Woodward and

©
Author(s).
is distributed
under
the terms of
the Creative
Commons
© 2013
2013 The
D’Orazio
et al.;Licensee
licenseeInTech.
InTech.This
Thischapter
is an open
access article
distributed
under
the terms
of the
Attribution
License http://creativecommons.org/licenses/by/3.0),
which permits unrestricted
use,
distribution,
Creative
Commons
Attribution License (http://creativecommons.org/licenses/by/3.0),
which
permits
and reproduction
in any medium,
the original
is properly
cited.
unrestricted
use, distribution,
andprovided
reproduction
in anywork
medium,
provided
the original work is properly cited.

4

Recent Advances in the Biology, Therapy and Management of Melanoma

Boffetta, 1997). Since the early 20th century, a tanned appearance has been culturally associated
with health and well-being in Western civilizations. The desire to sport a dark tan has been
matched by increased opportunities for sunbathing outdoors as well as proliferation of indoor
tanning salons. UV radiation has many deleterious effects on cells (Zaidi et al., 2012), producing
both direct and indirect DNA damage, resulting in mutations that can contributed to carcino‐
genesis in skin cells. Direct damage occurs when DNA absorbs UV photons and undergoes
cleavage of the 5-6 double bond of pyrimidines. When two adjacent pyrimidines undergo this
5-6 double bond opening, a covalent ring structure referred to as a cyclobutane pyrimidine
dimer (thymine dimer) can be formed. Alternatively, a pyrimidine 6-4 pyrimidone (6,4)photoproduct can result when a 5-6 double bond in a pyrimidine opens and reacts with the
exocyclic moiety of the adjacent 3' pyrimidine to form a covalent 6-4 linkage (Kadekaro et al.,
2003; Pfeifer et al., 2005; Maddodi and Setaluri, 2008). Both (6,4)-photoproducts and cyclobu‐
tane dimers can result in characteristic transition mutations between adjacent pyrimidines.
“UV signature mutations” involving T-to-C or C-to-T changes are a common feature of UVinduced malignancies such as skin cancers (Kanjilal et al., 1993; Nataraj et al., 1996; Soehnge
et al., 1997; Sarasin, 1999). UV radiation also damages cellular macromolecules indirectly,
through production of oxidative free radicals [20]. Several DNA modifications can result from
oxidative injury, including 7,8-dihydro-8-oxoguanine (8-oxoguanine; 8-OH-dG), which
promotes mutagenesis (specifically GC-TA transversion mutations) (Kino and Sugiyama,
2005). Both direct and indirect DNA changes interfere with transcription and replication, and
render skin cells susceptible to mutagenesis. It is estimated that one day’s worth of sun
exposure can cause up to 100,000 potentially mutagenic UV-induced photolesions in each skin
cell (Nakabeppu et al., 2006).

Figure 1. Increasing incidence of melanoma of the skin, US. Data are reported as lifetime risk and are taken from
NCI SEER reports.
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Much of solar UV energy is absorbed by stratospheric ozone, and gradual depletion of
stratospheric ozone over the last several decades has resulted in higher levels of solar UV
radiation striking Earth’s surface (van der Leun et al., 2008). Increased ambient UV radiation
from global climate change may be an important factor to explain the burgeoning prevalence
of melanoma (Schmalwieser et al., 2005). Increased exposure to ambient UV radiation is a
feature of global climate change because of thinning of atmospheric ozone and increased
outdoor occupational and recreational activities associated with a warming climate (de Gruijl
et al., 2003; van der Leun et al., 2008; Andrady et al., 2010; Makin, 2011; McKenzie et al., 2011;
Norval et al., 2011). UV exposure in youth seems particularly important, affording the longest
amount of time for the gradual accumulation of mutagenic UV lesions. Thus, high UV
exposures in childhood, adolescence and young adulthood are strongly linked to risk of skin
cancer later in life. For example, first exposure to indoor tanning before the age of 35 years
raises lifetime risk of melanoma by seventy five percent (Schulman and Fisher, 2009).
1.3. Geographic location
UV radiation varies with altitude and with proximity to the equator. Since UV radiation can
be absorbed, reflected back into space or scattered by particles in the atmosphere, ambient UV
doses on the surface of the Earth vary according to the amount of atmosphere solar radiation
must pass through. The more atmosphere solar radiation passing through, the weaker the
corresponding UV content of the sunlight realized on the surface of the Earth. Sunlight strikes
Earth most directly at the equator and more tangentially toward the poles. The more direct the
sunlight’s path, the less atmosphere radiation has to traverse and the more powerful the UV
component will be (Fig. 2). Thus, UV content of sunlight is most powerful in equatorial
locations and weakest in polar extremes. Equatorial locations are also typically the hottest
environments, therefore people living in such places tend to wear lesser amounts of clothing.
Fabrics and other materials used for clothing typically block large amounts of UV radiation,
as evidenced by the pattern of “farmer tans” among people who wear short sleeve tee shirts.
Persons living in cold, polar climates would be expected to realize far less UV radiation from
sunlight both because the UV dosage in ambient sunlight is weaker in such locations and
because people living there probably are covered with more clothing. Thus in general,
individuals living in equatorial locations typically receive much higher ambient UV doses than
persons inhabiting temperate climates (Lee and Scotto, 1993). In the United States, risk of
melanoma is higher in the South than in the North (Crombie, 1979). Worldwide, melanoma
rates are highest in UV-rich environments such as Australia (Franceschi and Cristofolini,
1992; Elwood and Koh, 1994; Marks, 1995). One study examining the low rates of melanoma
in Scandinavia pointed to data showing that ambient UV levels in Norway were significantly
lower than most of the world because of its high latitude (Moan et al., 2009). Altitude and the
amount of particulate matter in the atmosphere also influence the amount of UV found in a
particular geographic location. The higher the altitude, the nearer the location to the sun and
the more powerful the sunlight’s UV dose will be. Similarly, the more particles in the atmos‐
phere, the higher the likelihood of interference with UV and the weaker the UV energy at the
earth’s surface (Atkinson et al., 2011).
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Figure 2. Strength of ambient UV varies with geographic location. UV radiation in sunlight can be blocked by the
atmosphere. Consequently, the longer the distance sunlight must travel, the weaker the UV component hitting Earth
will be. The highest UV doses in sunlight are found at the equator, where the sun hits the Earth at a direct angle.

2. Risk factors
2.1. Older age
Melanoma incidence increases markedly with advancing age (Fig. 3), presumably because of
the time it takes to accumulate mutations in melanocyte-relevant genes that drive carcinogen‐
esis (Gilchrest et al., 1999). However other factors may also be relevant, including a more
permissive environment for tumors to develop because of the natural age-related decline in
cellular immunity (Weiskopf et al., 2009; Malaguarnera et al., 2010). According to the SEER
data, from 2005-2009, the median age of melanoma diagnosis was 61 years. Nonetheless,
although older adults are more at risk for melanoma, the incidence of melanoma in young
adults, especially in young adult women, is increasing at a faster rate (Reed et al., 2012). For
women and men between the ages of 20-29, melanoma is the second and third most commonly
diagnosed cancer respectively (Siegel et al., 2012).
2.2. Solar UV exposure
Decreasing UV radiation exposure, from both sun exposure and artificial UV light, may be the
single best preventable factor for decreasing the incidence rate of melanoma (Lucas et al.,
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2008). The ultraviolet portion of sunlight is divided into UVC (<280 nm), UVB (280-315 nm)
and UVA (315-400 nm), with wavelengths below 290 nm being absorbed by stratospheric
ozone (Fig. 4). UVB constitutes 5 -10% of solar UV irradiation and is mainly absorbed by the
epidermal layer of the skin. The most frequent form of DNA damage induced by UVB are
molecular rearrangements resulting in the dimerization of pyrimidines, generating 2 classes
of mutagenic lesions, cyclobutane pyrimidine dimers (CPDs) and pyrimidine (6-4) pyrimidone
photoproducts (6-4 PP) through direct absorption by DNA. CPDs are formed through a ring
structure involving C5 and C6 of neighboring bases whereas 6-4 PP are formed with a noncyclic bond between C6 and C4 (Budiyanto et al., 2002). These photoproducts promote
cytosines (C)- thymines (T) and CC-TT transitions, with regions of DNA containing 5methylocytosine being hot spots for UVB-induced mutations. Radiation in UVA range is
associated with lower energy but has the ability to penetrate deeper into the dermis. In contrast
to UVB, UVA is poorly absorbed by DNA, but excites numerous endogenous chromophores,
generating reactive oxygen species (ROS) e.g. singlet oxygen and hydroxyl radicals. The
predominant ROS-induced lesions formed are oxidized bases, such as 8-oxo-dG with DNA
single and double strand breaks (Mouret et al., 2006). Both ultraviolet A radiation (320 to 400
nm) and ultraviolet B radiation (290 to 320 nm) contribute to the development of melanoma
(Gilchrest et al., 1999).

Figure 3. Melanoma incidence by age, US. Incidence rates (per 100,000 individuals) are based on NCI SEER data.
Note the marked increase in melanoma incidence with increasing age. Also evident is the tremendous discrepancy in
melanoma incidence between persons of fair- and dark-skinned complexions.
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Figure 4. Electromagnetic spectrum of visible and UV radiation and biologic effects on the skin. The diagram
shows the subdivision of the solar UV spectrum with the shorter UV wavelengths (i.e. UVC) being entirely absorbed by
stratospheric oxygen, and the majority of UVB (> 90 %) being absorbed by ozone. UV light penetrates the skin and is
absorbed by different layers in a wavelength- dependent manner. The visible and UVA components of solar radiation
penetrates deeply into the dermis reaching the dermal stratum papillare. In contrast, UVB is almost completely absor‐
bed by the epidermis, with only ~20 % reaching the epidermal stratum basale. UVA and visible light make up the ma‐
jority of the total terrestrial solar energy and are able to generate reactive oxygen species that can damage DNA via
indirect photosensitizing reactions. UVB is directly absorbed by DNA which causes molecular rearrangements forming
the specific photoproducts CPD and 6-4 PP. Mutations and cancer can result from a variety of modifications to DNA.

2.3. Sunburns
While squamous cell carcinoma of the skin has been closely associated with long term
occupational exposure to the sun, risk of developing melanoma seems to be more associated
with intermittent, high intensity sun exposure (MacKie and Aitchison, 1982; Lew et al., 1983).
Prevalence of sunburns among children is high, with one study finding that approximately
69% of adolescents experienced sunburn the previous summer and only 40% used sun
protection methods (Buller et al., 2011). Positive association between severe, painful sunburn
and the development of melanoma and a negative association between Early found a positive
melanoma and long-term recreational/occupational sun exposure (MacKie and Aitchison,
1982; Lew et al., 1983). Sunburn represents an inflammatory response of the skin to a significant
amount of acute UV damage. It is mediated by a complex series of cellular and hormonal
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events, including the generation of cytokines and mediators of vasodilatation. Risk of sunburn
is related not only to UV exposure, but also to innate melanin content of the skin. Thus, sunburn
mostly occurs in fair skinned people without sun protection exposed to high intensities of UV
radiation, for example in equatorial or high altitude locations. Various epidemiologic studies
support the finding that the number of severe sunburns and total childhood sun exposure are
positively associated with the development of melanoma (Holman et al., 1986; Scotto and
Fears, 1987; Cust et al., 2011; Newton-Bishop et al., 2011; Volkovova et al., 2012). The carcino‐
genic effects of sunburn have also been demonstrated experimentally using transgenic mice
forcing overexpression of the hepatocyte growth/scatter factor (HGF/SF) in melanocytes. In
these mice, HGF over-expression altered the distribution of melanocytes to create a “human‐
ized” model, which mimics human skin with melanocytes located in the basal layer of the
epidermis, rendering them more susceptible to DNA damaging effects of UVR. Remarkably,
a single erythemal UV dose to neonatal mice caused the development of melanomas in roughly
half of animals at one year of age (Noonan et al., 2001). This animal model has been used by
several laboratories to study a variety of melanoma susceptibility genes in context of UVinduced childhood sunburn and melanoma initiation and metastasis (Recio et al., 2002).
2.4. Indoor tanning
Whereas only one percent of Americans ever used a tanning bed in 1988, now more than twenty
five percent have participated in indoor tanning. With more than 25,000 facilities in the US
alone, indoor tanning represents a multi-billion dollar industry. Employing over 160,000
people, the tanning industry has a customer base of nearly thirty million people and exerts
political influence through powerful lobbying efforts. Nonetheless, there are clear health risks
associated with indoor tanning. UV radiation emitted by tanning lamps is typically more
powerful than direct ambient sunlight. It is estimated that half an hour in a tanning booth
yields the same UV damage to skin as much as 300 minutes in unprotected sun. Levels of UVA/
UVB emitted by tanning beds are unpredictable, widely unregulated, and much higher than
environmental exposure. A study of 62 tanning salons in North Carolina found that the average
UVA output of a tanning bed was 192.1 W/m2 (vs. average UVA summer solar output at noon
in Washington D.C. of 48 W/m2) and the average UVB output of a tanning bed was 0.35
W/m2 (vs. average UVB summer solar output at noon in Washington D.C. of 0.18 W/m2)
(Hornung et al., 2003). Tanning bed use is clearly associated with skin cancers of all varieties.
Persons who have ever used a tanning bed have a 50% increased risk of basal cell carcinoma
and more than a 100% increased risk of squamous cell carcinoma (Karagas et al., 2002).
The risk association between melanoma development and indoor tanning has been well
substantiated (Autier, 2004; Rados, 2005; Han et al., 2006). Data accumulated from several
studies suggest that the use of a tanning salon before the age of 35 is associated with a 75%
increased lifetime risk of melanoma, while over-use of tanning salons was associated with a
15% increased risk of melanoma (Fig. 5) (Schulman and Fisher, 2009). Risk of carcinogenesis
is enhanced for all types of tanning beds (UVA, UVB and mixed output) and increases with
years of use, number of sessions, and hours exposed (Lazovich et al., 2010). There currently is
no “safe” way to tan by UV without the inherent risk of photodamage and malignancy. The
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use of tanning salons despite the established risks, however, remains popular, especially in
female young adults and adolescents. A recent survey found that 18.1% of female and 6.3% of
male Caucasian adults reported using a tanning salon in the past 12 months (Choi et al.,
2010). Among 10,000 adolescents across the 50 states, 24.6% of girls under 18 reported tanning,
with prevalence of use steadily increasing from age 12 to 18 years (Geller et al., 2002). California
and Vermont have recently banned (January 2012 and July 2012 respectively) use of indoor
tanning beds for minors, while many other states require parental permission or have pro‐
posed legislation for restricting the use of tanning beds for minors. The use of tanning salons
by adolescents did not decline from 1998 to 2004, even though more states restricted use by
minors (Cokkinides et al., 2009), which suggests that these partial restrictions may not be
effective. Predictors of using tanning salons for women were residing in the Midwest and the
South and using spray tan products, while men who lived in metropolitan areas were more
likely to visit tanning salons.

Figure 5. Relative risk of melanoma associated with exposure to indoor tanning. Results of seven studies and overall
estimate. Values higher than 1.0 indicate heightened risk of melanoma. Modified from (Schulman and Fisher, 2009).

2.5. PUVA therapy
Ultraviolet A radiation therapy (PUVA) is a common and effective treatment for psoriasis that
was first introduced in the 1970s. Since UVA exposure from the sun and artificial sources like
tanning beds is a clear risk for melanoma, there is concern that PUVA therapy may predispose
to malignancies including melanoma. One large cohort study that followed patients for 20
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years found that there was a 10-fold increase in the incidence of invasive melanoma in patients
who had received PUVA therapy versus age matched controls (Stern, 2001). Increased risk
began at 15 years post-PUVA therapy exposure, and there was a stronger association with
patients exposed to higher doses of PUVA therapy, more treatments (greater than 250), and in
patients with fair skin. Thus, limiting exposure to PUVA to minimal doses and carefully
selecting appropriate patients for the treatment can maximize the effectiveness of this treat‐
ment and minimize the risks. Patients who receive PUVA therapy should be carefully followed
to facilitate early detection of melanoma and other skin cancers.
2.6. Skin pigmentation
Although individuals from any race or skin pigmentation group can be affected by melanoma,
risk of disease is much higher in fair-skinned persons (Fig. 6) (Beral et al., 1983; Rees and Healy,
1997; Sturm, 2002). Created by Dr. Thomas Fitzpatrick in 1975, the Fitzpatrick scale is com‐
monly used to describe skin tone and resultant UV sensitivity (Draelos, 2011). Skin complexion
is mainly determined by the amount of black melanin in the epidermis. This pigment, called
eumelanin, is a potent blocker of UV radiation. Thus the more eumelanin in the skin, the less
UV penetrates into the deep layers of the epidermis, and the less UV-mediated mutagenesis
will occur. Risk of sunburn is also heavily influenced by epidermal eumelanin content. In fairskinned individuals with low Fitzpatrick skin types, it takes a much lower dose of UV to induce
inflammation. The amount of UV needed to cause a sunburn is termed the “minimal eryth‐
ematous dose” (MED), and a lower MED correlates with low levels of epidermal eumelanin
and a higher risk of melanoma (Ravnbak et al., 2010) (Fig. 7). Thus, risk of melanoma for
Caucasian males and females is 31.6 and 19.9 per 100,000 respectively, while risk for African
American males and females is only 1.1 and 0.9 per 100,000 in comparison (Ekwueme et al.,
2011; Park et al., 2012).

Figure 6. Racial Disparity in Melanoma Incidence (US). Incidence rates based on NCI SEER data. Note that in gener‐
al, the darker a race’s average skin tone, the lower their incidence of melanoma, irrespective of gender.
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Figure 7. Melanoma risk varies according to skin complexion. Skin complexion can be estimated by the Fitzpatrick
scale wherein the higher the number, the more deeply melanized and pigmented the skin is. Fair-skinned individuals
are much more UV sensitive and tend to burn rather than tan after UV exposure. Melanoma risk is highest in fair-skin‐
ned individuals.

2.7. Nevi
The majority of melanomas arise out of pre-existing moles (nevi), therefore the more nevi a
person has, the higher the likelihood that a melanoma may develop (Grob et al., 1990; NewtonBishop et al., 2010). One study found a seven-fold increased relative risk for melanoma if a
patient has more than one hundred nevi (Gandini et al., 2005). Most patients, however, do a
poor job in estimating their own mole counts (Melia et al., 2001), and a patient’s self assessment
of nevus count should not be relied upon in lieu of a full skin exam for melanoma screening
(Psaty et al., 2010). Despite the link between nevi and melanoma, risk of any given mole
progressing to malignancy is very low (Metcalf and Maize, 1985; Halpern et al., 1993). One
study estimated the 60 year risk of malignant transformation to be 1:11,000 for an individual
nevus on a 20 year-old woman (Tsao et al., 2003).
A molecular link between benign nevi and malignant melanoma was established in 2003 when
Pollock and coworkers reported that a gain of function mutation in the BRAF gene was
common to the majority of benign nevi and melanomas (Pollock et al., 2003). Specifically, the
V599E amino-acid substitution in BRAF results in enhanced MAPkinase signaling which
stimulates melanocytes to proliferate. Clearly other genetic and/or epigenetic cellular events,
such as loss of the tumor suppressor p16, are required for full malignant transformation, as
BRAF mutation is sufficient for nevi formation but not melanomagenesis.
Congenital melanocytic nevi are pigmented lesions found on individuals at birth (Zaal et al.,
2005; Krengel et al., 2006). Those that are particularly large (>20 cm in diameter) seem partic‐
ularly prone to malignant transformation, and are associated with a lifetime melanoma risk of
approximately 10% (Krengel et al., 2006). Smaller congenital melanocytic nevi have a signifi‐
cantly lower risk of malignant degeneration. Given their relatively high malignant potential,
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large congenital melanocytic nevi warrant consideration for prophylactic excision (Psaty et al.,
2010) preferably during childhood, since up to 70% of melanomas associated with congenital
melanocytic nevi occur by the individual’s tenth year (Marghoob et al., 2006).
Atypical Mole Syndrome (also referred to as Dysplastic Nevus Syndrome or Familial Atypical
Multiple-Mole Melanoma Syndrome) has emerged as one of the most significant risk factors
for the development of melanoma (Carey et al., 1994; Slade et al., 1995; Seykora and Elder,
1996). In the general population, dysplastic nevi are relatively common: found on 2-8% of
Caucasians especially among those under 30 (Naeyaert and Brochez, 2003). A combination of
both UV exposure and genetic susceptibility is believed to contribute to dysplastic nevi
formation (Naeyaert and Brochez, 2003). Atypical Mole Syndrome is an important melanoma
risk factor (Halpern et al., 1993); individual melanoma risk approaches 82% in affected
individuals by the age of 72 (Tucker et al., 1993).
2.8. Chemical exposure and occupational risk
Geographic discrepancy in melanoma incidence may be influenced by factors other than UV
exposure and skin pigmentation (Fortes and de Vries, 2008). A number of environmental and
occupational substances have been linked to development of malignant melanoma including
heavy metals, polycyclic aromatic hydrocarbons (PAHs) and benzene (Ingram, 1992; Vinceti
et al., 2005; Meyskens and Yang, 2011 ). As a result of working around many of these chemicals,
petroleum workers, for example, have been reported to have up to an eight-fold increased risk
of melanoma (Magnani et al., 1987). Polyvinyl chloride (PVC), a substance used widely in the
clothing and chemical industries, is also linked to increased risk of melanoma (Lundberg et
al., 1993; Langard et al., 2000). Printers and lithographers, through their exposure to PAH and
benzene solvents, have up to a 4.6-fold increased risk of disease (McLaughlin et al., 1988).
Ionizing radiation exposure, as might occur from medical radiation exposure or atomic energy
occupational exposure has also been linked to melanoma risk (Fink and Bates, 2005; Lie et al.,
2008; Korcum et al., 2009). Pesticide exposure was reported to almost triple melanoma risk
(Burkhart and Burkhart, 2000). Clearly a better understanding of occupational risk factors,
especially when coupled to UV risk, is needed to guide more targeted public health efforts for
the prevention of melanoma (Fortes and de Vries, 2008).
2.9. Immunodeficiency
Immunodeficiency, either from inherited defects in cell-mediated immunity or from infectionassociated immunosuppression (e.g. AIDS) clearly predisposes individuals for the develop‐
ment of melanoma (Silverberg et al., 2011). Furthermore, with the increasing prevalence of
autoimmune disorders and solid organ transplantation requiring medical restraint of native
immune function, iatrogenic immunosupression is becoming an increasingly important risk
factor for malignancy (DePry et al., 2011). The number of individuals in the US living with
solid organ transplant has more than doubled since 1998 to more than 225,000 individuals
(Sullivan et al., 2012). Although immunosuppressive agents expose patients to increased risk
for a large number of malignancies, cutaneous cancer risk is particularly affected (Engels et
al., 2011), and skin cancers in immunsuppressed patients may behave more aggressively than
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those in immunocompetent persons (Brewer et al., 2011). Cancer patients treated with
chemotherapy also have a higher incidence of melanoma, presumably either because of the
mutagenic effects of chemotherapy on melanocytes or perhaps through immunosuppression
(Smith et al., 1993). Therefore, solid tumor transplant patients, persons with inborn or acquired
deficiencies of T cell function and anyone with a current or past pharmacologic history of
chemotherapy or immunosuppressive medications should be advised to practice UV-avoiding
strategies and be regularly screened for cutaneous malignancies.

3. Genetic factors
While UV exposure is the most significant environmental risk factor for melanoma, there are
several genes that when mutated clearly influence melanoma risk (Meyle and Guldberg,
2009; Nelson and Tsao, 2009; Ward et al., 2012). These genes have been identified largely
through studying melanoma-prone families or individuals with extraordinary UV sensitivity
or melanoma predisposition. Some of these genetic defects cause bone fide familial cancer
syndromes, characterized by heritable predisposition to one or more types of malignancy. Each
cancer syndrome is associated with unique cancer risk. Clinical “clues” to melanoma familial
cancer syndromes include: melanomas diagnosed at a young age (e.g. below forty years of
age), multiple primary melanomas diagnosed in the same person over time, multiple family
members affected by melanoma, and extreme UV sensitivity (D'Orazio 2010). It is estimated
that up to twelve percent of patients diagnosed with melanoma will have a positive family
history of melanoma, yet even among this group, there is often no identifiable melanoma
susceptibility gene (Gandini et al., 2005). Many of these melanoma susceptibility genes can
portend risk vastly exceeding that of the general population (Udayakumar and Tsao, 2009).
3.1. Cyclin-Dependent Kinase Inhibitor 2A (CDKN2A)
The familial atypical multiple mole and melanoma (FAMMM) syndrome was first described
in two families in which affected individuals harbored more than one hundred dysplastic nevi
and had a lifetime cumulative incidence of melanoma approaching one hundred percent
(Clark et al., 1978; Lynch et al., 1978). This syndrome, also called “dysplastic nevus syndrome”
was associated with many of the features of a familial cancer syndrome, including melanomas
at young ages (median age of 33 years in one study) (Goldstein et al., 1994). Heterozygous loss
of CDKN2A function is associated with roughly 40% of cases of familial melanoma (Kamb et
al., 1994; Holland et al., 1995)
Linkage studies performed in melanoma pedigrees identified loss of heterozygosity in the
chromosome 9p21 region (Fountain et al., 1992). Later, the cyclin-dependent kinase inhibitor
2A gene was identified through positional cloning to be the tumor suppressor on 9p21 that
was mutated in many melanoma-prone families (Kamb et al., 1994; Weaver-Feldhaus et al.,
1994). Interestingly, affected individuals were not only at higher risk of malignant melanoma
of the skin, but also for central nervous system gliomas, lung cancers and leukemias (Nobori
et al., 1994). CDKN2A actually encodes two distinct tumor suppressor proteins- p16 and
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p14ARF that are transcribed in alternate reading frames directed through the use of alternative
first exons (Chin et al., 1998; Sharpless and DePinho, 1999; Sharpless and Chin, 2003). p16/
INK4a is produced from a transcript generated from exons 1α, 2 and 3, and p14/Arf is generated
in an alternative reading frame, from a transcript of exons 1β, 2 and 3 (Udayakumar and Tsao,
2009). The majority of melanoma-associated mutations impacting exon 1β, which is specific
for p16INK4a. Most germline mutations in CDKN2A found to contribute to melanoma
susceptibility are loss-of-function missense or nonsense mutations of p16 (Goldstein et al.,
2006; Goldstein et al., 2007).
The p16 tumor suppressor protein acts to regulate cell proliferation at the G1/S cell cycle
checkpoint by inhibiting the cyclin-dependent kinases CDK4 and CDK6 to prevent entry into
S-phase of the cell cycle (Serrano et al., 1993; Ohtani et al., 2001). Cyclin-dependent kinases in
complex with cyclin D function jointly to inactivate the retinoblastoma (RB1) by phosphory‐
lation. Once phosphorylated, RB1 is released from the transcription factor E2F-1, thereby
permitting E2F-dependent transcription of genes that propel cells into proliferation. By
binding to and inhibiting CDK4, p16 acts to prevent cell cycle progression, and when p16
function is lost, cells lose regulatory control over CDK/cyclin activity and proceed into
unregulated cell division (Bartkova et al., 1996; Chin et al., 1998; Liggett and Sidransky, 1998).
As with many other tumor suppressor genes, it is thought that inactivation or underexpression
of both alleles of CDKN2A may be required for a cancer phenotype to emerge (the “two-hit”
hypothesis) (Knudson, 1996; Tomlinson et al., 2001; Payne and Kemp, 2005). Thus individuals
with inherited loss of one copy of p16 are at risk for p16-dependent malignancies such as
melanoma (Ranade et al., 1995), with cancers developing only if the remaining p16 allele is
inactivated to a sufficient extent either through mutation or epigenetic inactivation (Berger et
al., 2011).
3.2. Cyclin-Dependent Kinase 4 (CDK4)
Several melanoma-prone kindreds have been discovered who carry mutations not in
CDKN2A, but in its target- cyclin-dependent kinase 4 (CDK4) (Zuo et al., 1996; Soufir et al.,
1998; Goldstein et al., 2000). Unlike CDKN2A whose p16 protein product acts as a tumor
suppressor by negatively regulating melanocyte proliferation, CDK4 is an oncogene whose
activity enhances cell division. The gain-of-function mutations in CDK4 melanoma-prone
families typically result in amino acid changes that render the CDK4 enzyme insensitive to
p16 inhibition, thereby resulting in a functional p16 null phenotype (Zuo et al., 1996; Newton
Bishop et al., 1999; Goldstein et al., 2000).
3.3. Xeroderma Pigmentosum (XP) genes
Xeroderma pigmentosum (XP) is a rare autosomal recessive disorder of the nucleotide excision
DNA repair (NER) pathway caused by homozygous deficiency of any one of at least eight
genes (XPA, XPB, XPC, XPD, XPE, XPF, XPG and XPV) that work in complex to repair bulky
DNA lesions such as mutagenic DNA photoproducts caused by UV radiation (Leibeling et al.,
2006) (Fig. 8). NER functions by recruiting a protein complex known as XPC-hHR23B to UVinduced photoproducts in the DNA, with XPE aiding lesion verification. TFIIH, a transcription
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factor containing multiple enzymes including XPA, XPB and XPD then unwind the DNA in
the vicinity of the damaged bases, and then two endonucleases XPF-ERCC1 and XPG incise
the lesion on either side of the photodamage to release the damaged DNA section. Finally,
using the undamaged strand as a template to ensure fidelity, DNA polymerase, PCNA, RFC
and DNA ligase I act in concert to synthesize and ligate the new DNA fragment. In this manner,
the NER pathway is the cell’s major defense against DNA damage and if defective, UV-induced
mutations accumulate in the genome.

Figure 8. UV-induced cyclobutane dimers- structure (A) and repair by the Nucleotide Excision DNA Repair
(NER) pathway (B). The NER pathway is mediated by at least eight enzymes that work together to identify bulky DNA
lesions that distort the structure of the double helix, excise the damaged portion and replace the excised region by
DNA synthesis directed by the complementary strand. Homozygous deficiency in any one of the NER enzymes leads to
the clinical condition known as Xeroderma Pigmentosum (XP). Please note that although not shown, NER can also be
initiated in actively transcribed regions of the genome by involvement of the Cockayne syndrome proteins A and B.

As a result of the inability of the skin to recover after UV exposure, intense sun sensitivity is
one of the first manifestations of XP. Estimated incidences vary from 1 in 20,000 in Japan to 1
in 250,000 in the US (Robbins et al., 1974). Beginning in the first or second year of life, UVexposed skin (e.g. on the face and arms) develops areas of hypo- or hyper-pigmented macules,
telangiectasias and atrophy, all signs of chronic sun exposure that normally take decades to
develop. Premalignant lesions such as actinic keratoses develop, and typically malignancies
such as basal cell carcinomas, squamous cell carcinomas and melanomas start appearing by
the age of ten years. XP patients have more than a thousand-fold increased risk of skin cancer
and develop malignancies decades earlier than unaffected patients (Van Patter and Drum‐
mond, 1953; Lynch et al., 1981; Cleaver, 2005; Jen et al., 2009; Rao et al., 2009; Wang et al.,
2009). Melanomas isolated from XP patients clearly bear evidence of “UV signature muta‐
tions”, lending support to the concept that defective repair of UV-induced photodimers
underlies carcinogenesis of melanocytes (Takebe et al., 1989; Sato et al., 1993). Beside skin
cancer, XP patients suffer a 20-fold increased risk of other malignancies including lung cancer,
gastric carcinoma and brain cancer, perhaps reflecting the importance of NER in the repair of
damage produced by agents other than UV. Overall, approximately 70% of persons with XP
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die by the age of 40 years from cancer. Currently there is no accepted therapy for treating XP
other than avoidance of sunlight and careful surveillance and local control of pre-malignant
or malignant lesions as they appear. The use of topical DNA repair enzymes such asT4
endonuclease V which cleaves UV-induced photolesions(Cafardi and Elmets, 2008) and novel
UV-protective strategies such as the pharmacologic induction of cutaneous melanin levels
which block penetration of UV radiation (D'Orazio et al., 2006) are being developed and may
hold great promise for these exceptionally UV-sensitive individuals.
Intriguingly, although the homozygous condition known as XP reveals much about the
importance of the NER pathway in melanoma resistance and ability of UV radiation to fuel
melanomagenesis, evidence is accumulating that polymorphisms in NER enzymes in the
general (non-XP) population may influence melanoma risk. For example, several studies have
found an association between polymorphisms in certain NER enzymes and melanoma
including XPD (Tomescu et al., 2001; Mocellin et al., 2009), XPC and XPF (Winsey et al., 2000;
Baccarelli et al., 2004; Blankenburg et al., 2005; Debniak et al., 2006). Some groups have posited
that multiple NER variants in a single individual may be required to influence melanoma
susceptibility (Li et al., 2006).
3.4. Melanocortin 1 Receptor (MC1R)
The MC1R is a seven transmembrane Gs-coupled protein that, when bound by melanocyte
stimulating hormone (MSH), activates adenylyl cyclase and cAMP generation (Fig. 9). This
cAMP second messenger signaling leads to activation of the protein kinase A (PKA) cascade
which, in turn, leads to up-regulation of the MITF and CREB transcription factors that together
induce expression of melanin biosynthetic enzymes such as tyrosinase and dopachrome
tautomerase (Yasumoto et al., 1994; Bertolotto et al., 1996; Fang and Setaluri, 1999). In this
manner, MC1R signaling enhances the production and export of melanin by melanocytes to
maturing epidermal keratinocytes, thereby controlling the melanin levels and innate UV
resistance of the skin (Fig. 9). When MC1R signaling is defective, then melanocytes alter the
type and amount of melanin they manufacture. Specifically, a red/blonde sulfated pigment
known as pheomelanin is produced rather than the brown/black eumelanin species. Pheome‐
lanin is a much poorer blocker of UV photons and may even contribute to oxidative damage
within melanocytes, itself a possible mutagenic mechanism.
Loss-of-function polymorphisms have been identified in MC1R, with the vast majority of
allelic variation occurring in European and Asian populations. The most prevalent MC1R
mutations (D84E, R142H, R151C, R160W, and D294H) are known as the “RHC” (red hair color)
alleles because of the association with a blonde/red hair color, freckling and tendency to burn
rather than tan after UV exposure (Scherer and Kumar, 2010). RHC MC1R alleles are also
associated with a relatively high lifetime risk of melanoma (increased odds ratio of 2.40 in one
study) (Williams et al., 2011). MC1R variants may also modify other melanoma-relevant alleles
(van der Velden et al., 2001; Demenais et al., 2010; Kanetsky et al., 2010; Kricker et al., 2010).
In a Australian cohort, for example, co-inheritance of either the MC1R variants R151C, R160W
or D294H with CDKN2A mutations and decreased latency for melanoma by approximately
20 years (Box et al., 2001). A more recent study found that MC1R variants significantly
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increased penetrance and lowered the age of melanoma diagnosis in people with CDKN2A
mutations, (Fargnoli et al., 2010).
In addition to its role in skin melanization, MC1R may influence melanoma development by
non-pigmentary pathways as well (Matichard et al., 2004; Goldstein et al., 2005). Specifically,
we and others have found that MC1R signaling influences the ability of melanocytes to recover
from UV-induced DNA damage (Hauser et al., 2006; Abdel-Malek et al., 2009; Song et al.,
2009). MC1R signaling directly enhances NER in melanocytes, and studies are underway to
discover the molecular mechanisms linking MC1R signaling to the NER DNA damage repair
pathway. Overall, there is much evidence placing MC1R as a “master regulator” of melanocyte
UV physiologic responses.

Figure 9. The central role of the melanocortin 1 receptor (MC1R) in the epidermal response to UV radiation. UVinduced cellular and DNA damage to epidermal keratinocytes induces activation of the global damage response pro‐
tein p53, which mediates transcriptional activation of the pro-opiomelanocortin (POMC) gene. The POMC gene
encodes a propeptide that is cleaved into melanocyte stimulating hormone (MSH) along with β-endorphin and adre‐
nocorticotropic hormone (ACTH). MSH secreted from UV-exposed keratinocytes then is hypothesized to bind melano‐
cortin 1 receptors (MC1R) on melanocytes in the basal epidermis. MSH binding induces generation of the second
messenger cAMP via MC1R-mediated activation of adenylate cyclase in melanocytes. Generation of cAMP triggers a
number of downstream events including activation of the protein kinase A signaling pathway and up-regulation of
the cAMP responsive binding element (CREB) and microphthalmia (Mitf) transcription factors. CREB and Mitf induce
melanin production through transcriptional up-regulation of melanin biosynthetic enzymes. Thus, MSH-MC1R signal‐
ing leads to enhanced pigment synthesis and subsequent transfer of melanin to epidermal keratinocytes. In this man‐
ner, the skin is more protected against subsequent UV exposure. MSH-MC1R signaling may also enhance nucleotide
excision repair (NER) in melanocytes, which would enhance recovery from UV damage.
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3.5. Microphthalmia (MITF)
Mitf is a myc-like transcription factor that is critical to melanocyte development and survival
(Levy et al., 2006). Defective Mitf leads to disorders of melanocyte function and pigmentation
(Fisher, 2000; Goding, 2000; Widlund and Fisher, 2003; Steingrimsson et al., 2004). In humans,
for example, Waardenburg syndrome type 2 is caused by inactivating mutations of Mitf, and
is characterized by pigmentary defects due to the congenital absence of melanocytes in distinct
anatomic locations (hair, skin eyes) (Hughes et al., 1994; Tassabehji et al., 1994). Mitf Immu‐
nohistochemical staining has long been used to identify surgical tumor isolates as melanomas
(King et al., 1999; Salti et al., 2000), but its oncogenic contribution to melanoma wasn’t realized
until Garraway and colleagues reported Mitf to be amplified in a subset of melanomas,
particularly in aggressive disease (Garraway et al., 2005). Mitf may be amplified in up to 20%
of metastatic melanomas and is associated with activation of the hypoxia inducible factor
(HIF1A) pathway (Busca et al., 2005; Cheli et al., 2012) and reduced patient survival (Ugurel
et al., 2007).
More recently, melanoma predisposition due to point mutations of Mitf (rather than gene
amplification) were described. The E318K Mitf variant correlated with a positive melanoma
family history, multiple primary melanomas or risk of melanoma and renal cell carcinoma in
the same patient. Mechanistically, it is thought that the E318K Mitf variant leads to gain-offunction in Mitf by impairing its SUMO-mediated clearance (Bertolotto et al., 2011; Yokoyama
et al., 2011). Thus whether by increased gene doseage or increased protein stability, Mitf seems
to be a relevant melanoma oncogene, and current research efforts are attempting to devise
pharmacologic targeting of MITF (Flaherty et al., 2010).

4. Conclusions
An explosion of information regarding the molecular pathways involved in melanoma
development has been witnessed in the last several years. The MAPkinase cascade, for
example, has emerged as a critical oncogenic pathway that drives the majority of cases of
melanoma. Gain of function mutations in BRAF, most notably the V600E point mutation that
results in unregulated BRAF signaling, have been described in at least half of all cutaneous
melanomas (Davies et al., 2002; Pollock and Meltzer, 2002; Pollock et al., 2003). Oncogenic
BRAF mutations lead to constitutive activation of kinase activity of BRAF, providing contin‐
uous growth signals in the absence of extracellular stimuli (Nikolaou et al., 2012). In many
melanomas in which BRAF has not been mutated or in melanomas treated with BRAF
inhibitors, N-Ras oncogene upregulation has been observed, leading again to increased
signaling through the MAPkinase cascade (Padua et al., 1984; van 't Veer et al., 1989; Ball et
al., 1994; Carr and Mackie, 1994; Wagner et al., 1995; Goydos et al., 2005; Nazarian et al.,
2010). Though targeted inhibition of the MAPkinase signaling pathway has led to significant
advances in the treatment of melanoma (Flaherty et al., 2010; Falchook et al., 2012), to date,
somatic inheritance of MAPkinase activating mutations leading to melanoma predisposition,
have not been reported.
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The incidence of melanoma has risen at an alarming rate over the last several decades. The
reasons for this increase are unclear, but probably represent the confluence of a variety of
environmental and inherited risk factors. Though significant progress has been made over the
last several years in immunotherapy (Hodi et al., 2010; Kaplan, 2011; Wilson, 2011) and
targeted kinase inhibition against melanoma (Flaherty et al., 2010; Chapman et al., 2011;
Flaherty et al., 2012; Sosman et al., 2012), clearly it would be better to prevent development of
disease in the first place. As our understanding of the molecular mechanisms that underlie the
malignant degeneration of melanocytes expands, so hopefully will our ability to develop
rational interventions to prevent the development of melanoma.
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1. Introduction
Melanoma is the most aggressive form of skin cancer and accounts for 4% of all skin cancers
and nearly 75% of all melanoma deaths. According the National Cancer Institute, the incidence
of melanoma is increasing 6-7% annually. In 2012, it is estimated that there will be 76,250 new
cases of melanoma and more than 9,000 deaths. Risk factors for melanoma include one or more
severe sunburns, a familial history, excessive presence of moles, and fair skin. Melanoma is
unique from many cancers in that it that the tumor suppressor p53 is functional in a relatively
high percentage of tumors. Despite functional p53 protein, melanoma cells evade p53mediated apoptosis because of complex alterations in the apoptotic pathways. This chapter
will discuss the aberrant apoptosis mechanisms that exist in melanoma and provide insight
on to how these alterations could be therapeutically targeted.

2. P53
The tumor suppressor protein p53 has long been regarded as the guardian of the genome and
is mutated in more than half of all human cancers. The functional status of p53 is of significant
clinical importance because of its role in apoptosis, cell cycle arrest, and DNA repair; all cellular
processes targeted by chemotherapy and radiation therapy [1]. The human p53 gene is highly
conserved and consists of seven exons. The protein exists in a latent form and is activated
through tetramerization, allowing p53 to then bind with high affinity to DNA. The tetramer
conformation forms through interactions between regions in the C-terminus. Once activated,
p53 can recognize sequence specific binding sites on target genes and stimulate their activation.
p53 mutations are predominantly seen in the DNA binding domain, and very rarely occur in
the oligomerization region [2]. The half-life of p53 is short and is increased acutely in response
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to DNA damage or changes in oxidation status. Upon activation, p53 is phosphorylated at
various serine residues at the N or C terminus. The phoshorylation sites vary depending on
the type of damage inflicted on the cell. Once phosphorylated, p53 acts as a transcription factor,
translocating to the nucleus and binding to promoter elements of downstream target genes [3].

3. p53 and apoptosis
One of the essential roles of p53 is to maintain cellular integrity through transducing apoptosis,
programmed cell death, in the event of an irreparable damage to prevent propagation of this
aberrancy through uninterrupted proliferation. The mechanism of cell growth without checks
and balances is the essence of malignancy; making p53 central to the governing of cell growth.
Cellular damage caused by agents such as UV light, ionizing radiation, hypoxia, and oxidative
stress will lead to the activation of p53, allowing for p53-dependent apoptosis to occur. The
role of p53 in the mitochondrial apoptotic cascade is largely through its activities as a tran‐
scription factor for several pro-apoptotic proteins. p53 induced apoptosis can be activated via
intrinsic and the extrinsic cellular pathways [4;5].
3.1. Intrinsic apoptosis
The intrinsic or mitchondrial apoptotic cascade results from genotoxic stress such as UV
damage, oxidative stress, hypoxia, chemotherapy, or ionizing radiation. As depicted in Figure
1, activation of p53 from stress stimuli leads to activation of Bax and Bak. These proteins are
important players in apoptosis and are members of the Bcl-2 family, which is made up of both
pro and anti-apoptotic proteins. Family members are classified by structural similarity to the
Bcl-2 homology (BH) domains (BH1, BH2, BH3, and BH4), as well as a transmembrane domain.
The BH3 domain is referred to as the “death domain” and is the minimum requirement for the
protein to have pro-apoptotic functions. Once activated, pro-apoptotic Bax and Bak lead to
depoloarization of mitochondria and the release of cytochrome c, a small heme protein, which
is bound loosely within the mitochondrial membrane. The pro-apoptotic functions of Bax and
Bak are antagonized by the structurally similar anti-apoptotic proteins Bcl-2 and Bcl-xL. The
Bcl-2 family also contains ‘BH3 only’ proteins that are exclusively pro-apoptotic and include
Bax, PUMA, and Bid. Upon release, cytochrome c complexes with apoptosis protease activa‐
tion factor (APAF-1) to form an apoptosome. The apoptosome then binds to inactivated procaspase 9, the initiating caspase. Once activated, caspase 9 goes on to cleave caspase 3, the
effector caspase responsible for executing apoptosis [6-8].
3.2. Extrinsic apoptosis
Extrinsic apoptosis involves death receptor activation through activation of the TNF-R family
proteins (Tumor necrosis factor receptor) including Fas, PERP, and DR5. The Fas receptor is
located on the cell surface and is activated by the ligand FasL, which is largely expressed by
T cells. Fas ligands, which usually exist as trimmers, bind and activate their receptors by
inducing receptor trimerization. Activated receptors recruit adaptor molecules such as Fas-

Aberrant Death Pathways in Melanoma
http://dx.doi.org/10.5772/55173

associating protein with death domain (FADD), which then recruit procaspase 8 to the receptor
complex, where it undergoes autocatalytic activation. Activated caspase 8 activates caspase 3
through two pathways. In the more complex pathway caspase 8 activates Bcl-2 interacting
protein (Bid), which interacts with Bax to promote translocation of Bax to the inner mitochon‐
drial membrane where it triggers cytochrome c release. The released cytochrome c binds to
apoptotic protease activating factor-1 (Apaf-1). As in intrinsic apoptosis, the apoptosome leads
to activation of caspase 9, which is then able to cleave and activate procaspase 3, ultimately
leading to DNA fragmentation [8;9]. Figure 1 depicts the intersection of intrinisic and extrinsic
apoptosis and onset of extrinsic apoptosis through death receptor activation.

Figure 1. Intersecting intrinsic and extrinsic apoptotic pathways

4. Role of p53 in melanogenesis
4.1. Tyrosinase
The role of DNA damage and DNA repair in the stimulation of melanogenesis is corroborated
by the observation that activated p53 upregulates transcription of tyrosinase, the rate-limiting
enzyme involved in melanin production. Tyrosinase is a glycoprotein found in the melano‐
somal membrane. The protein has an inner melanosomal domain, which contains a catalytic
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region and a short transmembrane, and a cytoplasmic domain made up of about 30 amino
acids. Histidine residues present in the catalytic domain portion of tyrosinase bind copper ions
needed for tyrosinase activity. Structural studies of the tyrosinase promoter region have
revealed the presence of a TATA box, CAAT box, 5 AP-1 sites, 2 AP-2, 2 glucocorticoid
responsive elements, 2 UV responsive elements, and 3 Oct-1 sites [10]. The role of tyrosinase
in pigmentation reactions is the result of the oxidation of phenols.Tyrosinase hydroxylates
tyrosine in the first step of melanogenesis.Tyrosinase then catalyzes the hydroxylation of Ltyrosinse to L-Dopa and its subsequent oxidation to dopaquinone. Dopaquinone then under‐
goes a series of reactions that lead to the synthesis of melanin within the melanocyte.
Tyrosinase has been studied as a prognostic marker of melanoma and has been useful in
staging the disease and determining prognosis [11;12]. Pathological analysis of melanoma
tissue samples have shown that tyrosinase detection is 97-100% specific to melanoma versus
other tumor types. Detection of tyrosinase mRNA in peripheral blood in patients with
metastatic melanoma using RT-PCR has been correlated to poor survival following immuno‐
therapy with IL-2 [12]. It has also been observed that patients with primary lesions do not show
tyrosinase mRNA in peripheral blood. Tyrosinase mRNA is not observed in peripheral blood
in patients with previous metastatic disease but who are currently disease free, implicating
that tyrosinase could be a useful prognostic tool [13].

Figure 2. Tyrosinase catalyzed reactions during melanogenesis

4.2. Melanogenesis
The activities of p53 as a tranducer of melanin production was further elucidated by Cui et al.
A p53 consensus sequence was discovered in the proopiomelanocortin (POMC) gene promot‐
er, establishing a line of communication between UV-induced DNA damage and the sun tan
response. The binding of p53 to the POMC promoter leads to an increase in the release of
POMC-derived alpha-melanocyte stimulating hormone (alpha-MSH), an important messen‐
ger inducing melanogenesis. Once released, alpha-MSH acts as a ligand for the melanocortin-1
receptor (MC1R), and binding results in the production of eumelanin [14]. Yamaguchi et al.
demonstrated that within keratinocytes, melanin acts as a native sunscreen. Melanin absorbs
UV light, thus protecting DNA from damage. In dark skin, which possesses higher levels of
melanin, protein levels of p53 are markedly lower following exposure to UV light compared
to more fair skin when p53 is highly stabilized following the same exposure. The photo
absorbent property of melanin protects from DNA damage, decreasing the activation of p53
[15]. Additionally, this observation supports that p53 is central to the UV damage response
through stimulation of melanogenesis as an innate means to protect skin from damage through
increased pigmentation.

Aberrant Death Pathways in Melanoma
http://dx.doi.org/10.5772/55173

Figure 3. Role of p53 in transducing melanogenesis

5. p53 in melanoma
It has been observed that the frequency of p53 mutations in melanocytic tumors ranges from
5-25%, which is considerably lower than other types of cancers. Although mutations in p53
itself remain less frequent, the functional anti-tumor properties of p53 can be repressed by
many other mechanisms [16;17]. For example, p53 may be wildtype in melanoma but its
repressor, MDM2, is often overexpressed, causing p53 destabilization and a decreasing in its
transcriptional activities. Furthermore, the p53 upstream protein p14ARF is responsible for
the regulation of MDM2; once activated, p14ARF activates p53 through inhibition of MDM2,
allowing p53 to avoid proteosomal degradation and subsequent phosphorylation. Mutations
or a loss of p14ARF are frequently seen in melanoma [18]. Loss of function of one or both of
the p14ARF of p16INK4a proteins is thought to lead to a compensatory increase in p53 stability
as melanoma progresses [19].
In normal melanocytes, the apoptotic functions of p53 are attenuated in response to UV stress
in order to facilitate a longer cell life. One way this occurs is by upregulation of the p53
responsive gene GADD45a, which inhibits intrinsic apoptosis mediated through p53. It is
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speculated that this alteration in the apoptotic machinery that is specific to melanocytes could
be the genesis of the inherent chemoresistence of melanoma [20].
5.1. MDM2
The murine double minute protein (MDM2) functions as a negative regulator of p53. Its ability
to inhibit p53 is regulated by a negative feedback loop in which activated p53 leads to the
transcription and translation of MDM2, which then inhibits p53 [21]. Studies conducted in
mice have shown that MDM2 knockout mice are embryonic lethal in a p53-dependent manner,
where incessant p53 activity causes excessive apoptosis and ultimately death. A rescue effect
was observed by p53 knockout, confirming the role of MDM2 in p53 regulation [22]. MDM2
interacts with the transactivation domain of p53 via a p53-interacting domain on the Nterminus of MDM2. This binding of MDM2 to p53 prevents p53 from binding to its transcrip‐
tional co-activators and subsequently prevents p53 from activating target genes [21]. In
melanoma, MDM2 has been found to be highly expressed in half of invasive primary and
metastatic melanomas. Amplification of the MDM2 locus is infrequent and over-expression is
the most common occurrence. In patient follow-up studies, decreased MDM2 expression was
associated with higher rates of survival. It has also been observed that both MDM2 and p53
are overexpressed in patients with melanoma [23]. This could be explained by the autoregulatory loop between p53 and MDM2. Increased expression of MDM2 is also possible due
to the loss of its repressor p14ARF, a common mutation or deletion seen in melanoma [24].
Without its repressor, MDM2 is constitutively active. This could account for the apoptotic
resistance observed in melanoma despite the largely wild-type status of p53.
5.2. INK4a/ARF locus
The INK4a/ARF locus contains the open reading frames of the proteins p16 INK4a and p14ARF.
This locus is of particular importance in melanoma because primary melanoma tumors and
nearly all melanoma cell lines carry a deletion at this locus [25]. Melanocytes have an intrins‐
ically longer life than many other cell types in the body. The anti-proliferative properties of
p53 may be attenuated in melanocytes to accommodate this longer cell life. All normal cells
have a finite number of cellular divisions. After this number is reached the cells enter a phase
called senescence, which is a protective cellular mechanism in cancer because it prevents
aberrant cell growth. Senescence can also be triggered through tumor suppressor proteins
when damage is sensed, minimizing uncontrolled cell growth and halting the path to malig‐
nancy [26]. The p16INK4a/Rb pathway as shown in Figure 4, is a key pathway for triggering
cellular senescence. The loss of this pathway in melanoma is thought to contribute to the
pathogenesis of melanoma. It is likely that loss of this protective cellular pathway is more
damaging than the potential loss of p53, offering an explanation as to why a p53 mutation is
not required for melanocytic tumorigenesis [26]. The p16INK4a protein works as a tumor
suppressor by binding to the cyclin-D-dependent protein kinases Cdk4 and Cdk6, preventing
them from phosphorylating Rb and preventing entrance into the cell cycle. The genes that
encode for both p16INK4a and Cdk4 have be identified as melanoma susceptibility genes [27].
The CdkN2A locus encodes p16INK4a as well as the tumor suppressor p14ARF. The p14ARF gene
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is encoded by a different promoter through the use of alternative reading frames. Both p14ARF
and p16INK4a share exons 2 and 3, while Exon 1B encodes p14 ARF and Exon 1A encodes for
p16INK4a. The two share no sequence homology and are not isoforms. The main regulatory
function of p14ARF is its binding to MDM2, which prevents the ubiquitination and subsequent
degradation of p53 [28]. In cases of familial melanoma, either p16INK4a or both p16INK4a and
p14ARF are mutated or deleted. It is rare to see mutations or deletions of p14ARF alone. Germline
mutations at the p16INK4a/p14ARF locus are observed in 20-40% of familial cases of melanoma
[25]. Somatic melanomas often involve mutations, deletions, or methylation of p16INK4a. Due
to a shared open reading frame, up to 40% of mutations or deletions that affect p16INK4a will
affect p14ARF [29]. Loss of homozygousity of the p16INK4a/p14ARF locus is observed in half of
sporadic melanomas and loss of p16INK4a and p14ARF expression occurs in 50-70% of invasive
melanomas [30].

Figure 4. Gene products from the INK4a/ARF locus

5.3. APAF-1
Apoptosis protease-activating factor-1 (APAF-1) is a regulator in the intrinsic apoptosis
pathway. When APAF-1 complexes with cytochome c a multimeric apoptosome is formed that
recruits and activates pro-caspase 9, the initiator of the mitochondrial apoptotic cascade. Once
activated, caspase 9 proceeds to activate pro-caspase 3 for the execution of apoptosis. A p53
transactivation site has been identified on APAF-1 determining that APAF-1 is a p53 respon‐
sive gene [31]. Downregulation of APAF-1 has been observed at the protein and mRNA level
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during melanoma progression, possibly contributing to the ability of melanoma to evade
apoptosis and thus conferring chemoresistance. Noncancerous melanocytes have normal
APAF-1 protein and mRNA levels. Conversely, loss of homozygousity has been detected in
42% of metastatic melanoma samples. Analysis of 19 metastatic lines revealed 10 lines with
low APAF-1 staining. Other studies have demonstrated significantly higher APAF-1 staining
in benign nevi compared with primary melanomas. Lower APAF-1 staining has also been
associated with greater tumor thickness in primary melanocytic tumors [32;33].
5.4. Bcl-2
The proapoptotic namesake for the Bcl-2 protein family has a complicated role in melanocytes
and in melanoma. Its proapoptotic role in melanocytes prevents premature cell death to allow
for continued production of pigment during the long life of the melanocyte. Bcl-2 knockout
studies in mice resulted in greying of the mice two weeks after birth due to melanocyte death.
The prognostic role of Bcl-2 in melanocytic tumors is controversial. Some analyses have shown
that melanoma primary tumors overexpressing Bcl-2 have an increased risk for invasion and
are responsible for drug resistance. It has also been observed that Bcl-2 levels actually decrease
in melanoma progression. Tumorigenic melanoma cells may take advantage of high endoge‐
nous Bcl-2 levels to survive under adverse environmental conditions that they may encounter
during metastatic transformation and chemotherapeutic intervention [5;34].
5.5. Bax
The protein Bcl-2 associated X protein (Bax) is a pro-apoptotic Bcl-2 family member highly
involved in the mitochondrial apoptotic cascade. It is a p53 target gene and in response to
stress, p53 will bind to the Bax promoter leading to its transcription, making it a valuable
indicator of p53 transcriptional activity as well as an indicator of intrinsic apoptosis. Bax will
translocate to the inner mitochondrial membrane, facilitating the depolarization and release
of cytochrome c. It has been observed that expression of Bax increases with melanoma
progression, although the tumors remain largely chemoresistant. This implicates that a ratio
effect is taking place; the inherent increase of Bcl-2 in melanocytes is potentially high enough
to negate the increased expression of Bax, thus facilitating tumor resistance to apoptosis. An
increase in Bax expression could also be a result of increased p53 stability and transcriptional
activity from mutation or deletion of proteins at the INK4a/ARF locus [35;36].
5.6. PUMA
The BH3-only mitchondrial protein p53 upregulated modulator of apoptosis (PUMA) belongs
to the Bcl-2 family of apoptotic regulators. The BH3 domain and its localization within the
mitochondria are necessary for PUMA to induce apoptosis or decrease cell growth. Studies have
not demonstrated that PUMA is post-translationally modified like other BH3 only proteins. In
response to stress stimuli, PUMA is transactivated by p53 [37]. Once activated, PUMA pro‐
motes the apoptotic pathway through inhibition of the anti-apoptotic protein Bcl-2, allowing
Bax and Bak to become activated and fosters cytochrome c release from the inner mitochondri‐
al membrane to signal initiation of apoptosis. The main pro-apoptotic effect of PUMA is such
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that once activated by p53, it will inhibit Bcl-2 anti-apoptotic family members in order to transduce
apoptosis [38]. It is possible that a loss of PUMA activity in melanoma cells could give rise to an
increase in Bcl-2 activity, leading to either evasion of apoptosis by therapy or propagating
transformation [39]. Complete silencing of PUMA in melanoma is not known. However,
immunostaining for PUMA in benign nevi have shown increased PUMA staining in compari‐
son to dysplastic nevi, primary melanoma, and metastatic tissues. When this data was com‐
pared to patient 5-year survival, patients exhibiting increased PUMA staining had a better
prognosis and therapeutic response compared to those with little or no PUMA staining [40].
5.7. p73
The p73 protein is a p53 homolog with tumor supressor activities, but it can also demonstrate
oncogenic properties, as the p73 gene can be transcribed into several different isoforms. The full
length p73 (TAp73) contains a N-terminal transactivation domain, proline rich region, DNA
binding domain, and C-terminal oligmerization domain. Members of the p53 family generally
carry approximately 70% sequence homology to p53, primarily in the DNA binding domain.
Homology in the DNA binding domain allows p73 to recognize and regulate p53 target genes.
Splice variants are generated through the use of an internal promoter, the use of an alternative
translation start site, or alternative splicing of the first exons. The splice variants have a truncat‐
ed N-terminus and do not contain a functional DNA binding domain, resulting in a dominant
negative protein with anti-apoptotic and growth promoting characteristics. These variants are
referred to as delta Np73. The delta isoforms possess antagonistic properties and counteract the
tumor supressor activities of TAp73.The intracellular concentration of the of the delta iso‐
forms in relation to the concentration of TAp73 is believed to be of significance. The ratio of the
delta isoforms to TAp73 levels may determine the role p73 plays in cell survival [41;42]. Loss or
mutation of the p73 gene have not been determined to be major events in the development in
melanoma. However, immunostaining of several of the Delta isoforms have shown increased
levels of delta isoforms in metastatic melanoma, in addition to strong p73 staining. This suggests
p73 may have a role as a positive regulator of tumor growth. In this situation, the ratio of the
delta isoforms to TAp73 may be of importance [43]. It is important to note that the delta isoforms
are markedly more stable in comparison to TA73, promoting the antagonistic effects. It has been
observed that MDM2 can disrupt p73 activities through interfering with the acetyl-transferase
p300/CBP. The interaction between p53 and p73 with MDM2 are similar in that they both interact
with the same hydrophobic pocket of MDM2, suggests that increased MDM2 activity may
decrease the actions of TAp73 as well as that of its isoforms [44].

6. p53-related targeted therapy
Targeting p53 pathways pharmacologically can serve as a very effective means of circum‐
venting chemoresistance observed in melanoma. The use of the small molecule inhibitor
nutlin-3 to inhibit MDM2 can restore the anti-tumor effects of p53. Due to the common loss of
p14ARF seen in melanoma and the compensatory increase in MDM2, p53 is unable to serve
as a mediator of chemosensitivity. The sequesteration of MDM2 in combination with temezo‐
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lomide potentiated the effects of the drug and increased sensitivity in vivo. The use of nutlin-3
to reinstate p53 function was also shown to be successful with the topoisomerase inhibitor
Topotecan [45]. It has also been suggested that the use of nutlin-3 could reverse inaction of p73
through MDM2 inactivation. Given the presence of antagonistic isoforms of p73, the presence
of MDM2 could potentially be a defect to exploit in melanoma in order to cease the antiapoptotic functions of the delta isoforms. Another possibility of therapeutic intervention is the
combination of p73 antissense in order to reduce the antagonistic effects of p73 while restoring
the native function of p53.
Along with the loss of the p16INK4a/p14ARF locus, an overexpression of cyclin D1 can occur in
melanoma, exacerbating the lack of the G1/S cell cycle checkpoint. Sauter et. al. demonstrated
that cyclin D1 antisense can work to sensitize melanoma cell lines to apoptosis. The intrinsic
increase of Bcl-2 in melanoma results in apoptotic resistance and a decrease in therapeutic
outcomes [46]. A study of 771 patients with advanced melanoma were treated with the Bcl-2
antisense Oblimersen in combination with Dacarbazine and had improved 24-month survival
and drug response, indicating a role of Bcl-2 in chemoresistence [47].

7. Conclusion
P53-mediated signaling in melanoma provides exceptional insight into the delicate signaling
interplay involved in melanoma progression. The role of p53 in the compensatory responses
to the infamous deletions and mutations associated with melanocytic tumors will further
elucidate mechanisms involved in tumor progression. Increased understanding of these
pathways will no doubt propel development of new treatment protocols forward, resulting in
new and more effective means to treat this very aggressive disease.
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Interaction Between the Immune System and Melanoma
Norma E. Herrera-Gonzalez
Additional information is available at the end of the chapter
http://dx.doi.org/10.5772/54939

1. Introduction
No scientist can escape being fascinated by the complexity of the interplay between innate and
adaptive immunity in order to monitor tissue homeostasis, to protect against infectious
pathogens and to eliminate damaged cells. One of the most important tasks of the Immune
System is to distinguish between “self” and “foreign”. Cancer is formed of cells that suffer
several mutations but form still part of the individual body. All types of cancer are caused by
the progressive growth of the progeny of a single transformed cell. Curing this disease requires
that all the malignant cells have to be removed or destroyed without damaging the patient. To
achieve this task the own body has to distinguish between the cells of “the tumor” and their
“other cellular” counterparts.
The initial thought that the immune system has indeed a protective role in tumor development
has changed enormously in the past years. In the last few years, it has been experimentally
shown that the Immune system itself can facilitate tumor development and progression and
functions to promote or select tumor variants with reduced immunogenicity.
Decades of intensive investigation have made it increasingly clear that the interplay between
immunity and cancer is complex. Next, there is some information about how the immunosur‐
veillance hypothesis has been confronted through all these years since the early 70’s [1].

2. Immunosurveillance hypothesis confrontation
The first approach to the interplay between cancer and the Immune system, was done by
Stutman. He used nude mice and methylcolantreno (MCA) to produce tumors in both, nude
and their wild type counterparts [2]. The conclusion was that nude mice did not form more
chemically induced tumors compared with the controls, nor did they show a shortened tumor
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latency period after carcinogen injection. The similarity between immune-competent and nude
mice was consistent in subsequent experiments that employed mice of different ages, different
doses of carcinogen, etc. These findings were also supported by Rygaard who showed no
differences in tumor formation in a study of 10 800 nude mice over a period of 5-7 months [3].
It is now clear that nude mice are not completely immunocompromised since they have
detectable populations of functional αβ T cell receptor bearing lymphocytes [4]. Furthermore,
these studies were done before the discovery of NK cells, which are thymus independent and
∂γ T cells, a subset of lymphocytes which may develop extrathymically. Later on, experiments
based also on models of MCA–induced tumor formation showed that mice lacking either the
IFN¥ receptor or STAT1, the transcription factor essential for the signalling of IFN¥ receptor,
were found to be 10-20 times more sensitive than wild-type mice to the MCA tumor formation
[5]. In studies of mice lacking the TCRβ chain or the TCRγ chain, MCA treatment of either mice
increased the incidence of fibrosarcomas as compared with controls, showing that both T cells
subsets are critical for protecting in this particular model of tumor development.
Shankaran in 2001 used targeted mice that lack RAG-1 or RAG 2 (recombination activating
gene). These enzymes are essential for the repair of double stranded DNA breaks and they are
solely in the lymphoid compartment. All this means that RAG deficient mice fail to rearrange
lymphocyte antigen receptors and lack of NKT, T and B cells. When these mice were injected
with MCA, 26 of 26 RAG deficient mice developed sarcomas. In contrast, 5 of 20 wild type
mice developed spontaneous neoplásia [6].
The previous experiments show clearly the participation of some components of the Immune
System in order to avoid the formation of tumors. However, these results are specifically for
the MCA model, where its carcinogenesis mechanism is different from all the other types of
cancer. Even more, these findings were obtained in murine models. However, if cancer
immunosurvellience exists in mice, does exists in humans?

3. Is this immune protection similar in humans?
Scientist turned back to look if immunodeficient or immunosuppressed patients and individ‐
uals with primary immunodeficiencies had greater incidences of cancer. Early studies of
transplanted patients who were subjected to immunosuppressive agents actually showed
higher relative risk for cancer development. The answer was affirmative but, most of this
higher risk was due to the development of tumors that were of viral origin. For example, nonHodgking’s lymphoma, Kaposi’s sarcoma and carcinomas of the genitourinary and anogenital
areas where all of these are linked to infection with Epstein-Barr virus, human herpesvirus 8
and HPV. A review of data from thirty years of Transplant Tumor Registry found that
transplanted patients showed two times more relative risk to develop melanoma over the
general population [7].
It has also been reported that there is evidence showing a positive correlation between the
presence of lymphocytes in a tumor (TILs) and an increase in the patient’s survival. Sorting
more than 500 patients with primary melanoma who had more than 7 years of follow up,
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showed that patients in the brisk tumor infiltrating lymphocytes response survived two times
longer than patients absent of TILs in their tumors. Later on, researchers reported the same
prognostic correlation when studied the presence of TIL’s in melanomas that had metastasized
to lymph nodes [8]. The previous studies show that the presence of lymphocytes in the tumor
may increase life survival. However, these patients after some time still die due to the
progression and migration of melanoma to other vital organs, therefore, the Immune system
do not resolve the tumor.

4. Cancer occur in immunocompetent individuals
The protective role of the Immune System is not completely effective to eliminate tumors. In
order to explain this failure, it has been proposed that three stages exist in humans during this
process: a) Elimination, where the Immune system is capable of destroying neoplastic cells by
the innate immunity effectors; b) Equilibrium, specific effectors that eliminate the tumor are
induced but, at the same time, selective pressure is generated on tumor cells, as a result mutated
neoplastic variants occur; c) Escape, the tumor variants that survive become more resistant to
identification and/or elimination by the Immune System and consequently the tumor grows.
This process has been called “Cancer immunoediting” to describe more accurately the dual
host-protecting and tumor sculpting actions of the Immune System shaping a neoplastic
disease.
This hypothesis explains the observation that tumors often become clinically evident years
after their molecular origin. At the end of this equilibrium between the immune system and
tumor growth, the immune response allows for the outgrowth of a subpopulation of tumor
cells. Factors contributing early neoplastic cells to survive, grow and invade are released by
the immune system itself.
The major tumor type that occurs with increased frequency in immunodeficient individuals
are virus-associated tumors, so immune surveillance is critical for control of this type of
tumors, while the immune system does not normally respond to the neoantigens derived from
the multiple genetic alterations in spontaneously arising tumors. Studies in mice have also
revealed that when these are induced for immunodeficiency, show a high susceptibility to
virally induced tumors and a greater tendency to develop spontaneous lymphomas compared
with immunocompetent mice [8].

5. Does the immune system control each type of cancer?
All types of cancer share several characteristics, some of the most studied are uncontrolled
growth, resistance to apoptosis, motility, proteolytic capacity and adhesion. However, each
type of cancer also may have completely different etiologies (physical, chemical and/or
biological), cell type of origin, mechanism of transformation, anatomical localization, histolo‐
pathological features, mortality rate, tumor markers, etc.
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6. Melanoma: Its origins and incidence
Melanoma, an aggressive malignancy arising from melanocytes, is one of the most lethal of all
skin cancers due to its great capacity to produce metastasis and its high chemoresistance [9].
It causes approximately 80% of skin cancer related deaths worldwide and is considered to be
the most common mainly fatal malignancy of young adults mainly in Europe, Australia, New
Zealand and United States of America where many people is red-haired with blue or green
eyes. This disease is predominantly of populations with lighter skin color (Fitzpatrick I, II III)
and the incidence is around tenfold lower in populations with darker skin color (Fitzpatrick
IV, V and IV). The list of risk factors in developing melanoma is long but the main risk factors
are: blond or red hair, numerous freckles and tendency to burn and tan poorly.
Over the past 55 years, the incidence of melanoma in most developed countries has risen faster
than any other cancer type. Incidence rose dramatically between 1950 and 2000 (approximately
10% every year) particularly in some countries where caucasian population are. Melanoma
provides one of the best examples of how genetics and environment interact in the pathogen‐
esis of cancer. Incidence is strongly related to race and geographic location [10].
Primary melanoma progresses generally through two phases: a) the radial growth phase, is
the horizontal spreading of transformed melanocytic cells inside the epidermis and small
groups of invasive cells limited to the upper part of the dermis, and b) the vertical growth
phase, is the invasion of melanoma cells into the deeper dermis and subcutaneous tissues.

7. Primary melanoma development
Most melanomas (with the exception of acral melanomas) are caused by exposure to UVB. This
radiation can damage melanocyte DNA, causing hundreds of mutations including in genes
controlling cell cycle progression and signal transduction pathways. UVB radiation may
induce pyrimidine dimers, primarily thymidine di-nucleotides. So, lesions not repaired by
nucleotide excision repair can lead to GC---→AT transitions, leaving a mutagenic mark. The
epidemiological evidence for a role of solar exposure in melanoma (especially in Caucasian
populations) is very strong. Some studies have suggested that total accumulated exposure to
sun is a very important factor whereas long-term occupational exposure may be protective.
UV irradiation induces also morphological and functional alterations in epidermal Langer‐
hans’ cell. The involvement of TNFα in the emigration of Langerhans’ cells from UV-exposed
skin into the regional lymph nodes has been reported. However, it may exist other nonmutagenic mechanisms involved such as immune suppression, UV induction of melanocyte
growth factors by damaged keratinocytes, or UV production of mutagenic oxidative radicals
during inflammation. UVB, can also weaken both the innate and adaptive immune systems
by promoting the release of IL-10 by Langerhans cells [11] and by favoring the infiltration of
IFNγ-producing macrophages. These cytokines possess activities as immunosuppressive and
pro-angiogenic respectively [12].
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It is important to mention that there are different molecular subtypes of melanomat, which
may show a totally different antigenic profile depending on the number and quality of genetic
alterations. These subtypes are superficial spreading, lentigo maligna, nodular and acral
melanoma. The phenotype of malignancy is a reflexion of genetic events altering the RNA and
protein expression patterns of normal cells. It has been observed that in general all metastatic
melanoma generally displays resistance to treatment with antineoplastic drugs. Additionally,
these therapies are severely toxic to the patients and their side effects include fatigue, malaise
and a higher risk for non-melanoma cancers [13]. Superficial spreading melanoma is the most
common melanoma in the first world countries and can occur at any site and at any age. About
80% of superficial spreading melanoma occur de novo. The classic lesions show variation in
pigmentation and pagetoid spread of melanoma cell in epidermis [14]. Superficial spreading
melanomas usually occur in younger patients than nodular or lentigo malign melanomas. They
typically involve intermittently sun-exposed anatomical sites such as the trunk, back and
extremities.

8. From melanocyte to melanoma
The epidermis contains keratinocytes and two types of dendritic cells, a) Langerhans’ cells
which are professional presenting cells playing an essential role in cellular response mainly to
microorganisms but apparently also to tumor antigens; and b) melanocytes. Langerhans’ cells
are located in the suprabasal layer of the epidermis, whereas melanocytes are located amongst
the basal layer of the epidermis, hair bulb, eyes, ears and meninges. Melanin pigment is
produced by melanocytes in their specific cytoplasmic organelles called melanosomes.
Melanin pigment synthesis by each melanocyte is transferred to an average of 36 keratinocytes.
The transferred melanin forms a cap at the top of nucleous of mitotically active basal cells and
prevent the UV damaging effects on nucleus.
Melanoma arises through a complex process of cellular mutations and a loss of keratinocyte
control over growth and differentiation [15]. As malignant melanoma progresses, it develops
through interaction between dysfunctional melanocytes and the tumor microenvironment.
This progression is accompanied with changes in both keratinocytes and local adhesion
molecules allowing for the formation of nevocyte nests at the dermal-epidermal junction [16].
As mentioned earlier, the progression from healthy melanocyte to melanoma occurs through
both mutations within the tumor and through alterations of the cellular environment around
the melanoma. In the skin, tissue homeostasis is critical in cellular regulation as well as immune
control, and melanoma disrupts this regulation through multiple processes. Differentially
expressed genes that are mutated during this multistep process conduct towards the trans‐
formation of melanocytes to melanoma. A great number of genes and proteins have been
reported to play an essential role in this transformation. Some of these are listed: BRAF, cKIT,
PTEN, p16,p53, cyclin1, ARF, K-RAS. Differentially expressed genes between melanocytes and
melanoma cells impact in the expression of somehow “different” surface membrane expres‐
sion of certain proteins (TAAs) that may play an important role for immune recognition and
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their elimination. In addition to mutation-derived tumor associate antigens (TAAs), melanoma
is known to express normal, melanocytic lineage-related antigens (gp100, MART-1) that are
not recognized by the immune system owing to some form of tolerance to self antigens [17].

9. The immune system in health
The immune system is highly elaborated, with a diversity of stop and go mechanisms essential
to accomplish different tasks. It is composed of many cell types and mediators that interact
with non-immune cells in a complex and dynamic way to ensure protection against foreign
pathogens but at the same time maintaining tolerance to self-antigens (such as tumor cells in
a way). The immune system has two completely different compartments –adaptive and innate,
differing these on antigen specificity, timing of activation and cellular composition. These cells
have communication networks that allow rapid responses to tissue injury. Innate immune
cells, such as dendritic cells (DC) natural killer (NK) cells, macrophages, neutrophils, baso‐
phils, eosinophils and mast cells are the first line of defense against foreign antigens and
damaged cells.

10. The innate immune system and inflammation
When tissue homeostasis is broken, sentinel macrophages, DC and mast cells release cytokines,
chemokines, matrix remodeling proteases (MMP) and reactive oxygen species (ROS), inducing
migration and infiltration of more leukocytes into damaged tissue, this process is called
inflammation. Although inflammation is important in tissue repair and erradication of harmful
pathogens, unresolved, chronic inflammation that happens when the offending agent is not
removed, can be detrimental to the host. Immune cells infiltration in the absence of pathogens
is also characteristic of cancer, and these cells can definitely influence the growth and pro‐
gression of this disease. The destructive cycles that are initiated inside the tissues by failure to
commit either arm of the immune system, can result in excessive tissue remodeling, loss of
tissue architecture due to tissue destruction and finally DNA and protein alterations due to
oxidative stress.
So, one might question, why does inflammation potentiate cancer development rather than
protect against it. Neoplastic microenvironments enhance chronic pro-tumorigenic inflam‐
matory state [18]. The inflammatory microenvironment of neoplastic tissues is characterized
by the presence of host leukocytes both in the supporting stroma and among the tumor cells,
with macrophages, dendritic cells, mast cells, and T cells being differentially distributed [19].
Macrophages represent up to 50% of the tumor mass and are key cells in chronic inflammation.
These cells constitute an extremely heterogeneous population, which differentiate into distinct
macrophages types, identified as M1 (or classically activated) and M2 (or alternatively
activated) [20]. These cells respond to microenvironment signals with polarized functional
programs [21]. M1 type macrophages produce Th1 cytokines and predominate in earlier stages
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of the disease. In contrast, M2 type macrophages secrete factors which favor immunosuppres‐
sion and tumor development, so they prevail in more advanced disease. Initially, these
cytokines have regulatory roles in the tumor microenvironment through growth inhibition,
but these functions are lost as tumors slowly progress to a state of immunosuppression. This
is the case for IL-6 when is released during initial tumor formation by keratinocytes and
macrophages inhibits tumor proliferation. However, in late stages of melanoma progression
undergoes transition to stimulator [22].
Mutations and genetic polymorphisms in crucial genes that regulate cytokine function,
metabolism and leukocyte survival have also been implicated as aetiological factors in chronic
inflammation [23]. Population based studies reveal that individuals who are prone to chronic
inflammatory diseases have an increased risk of cancer development [24].

11. The adaptive immune system and melanoma
Melanoma usually remains refractory to immunologic control even when these cells are
relatively immunogenic compared to other cancer types. Being melanoma a disease generated
by autologous cells, should be possible to instruct the organism to fight against it?
The adaptive immune system is composed of the antigen presenting cells (APC) that include
dendritic cells (DC), the most effective APCs and CD4+ and CD8+ T cells. CD4+ T cells include
both T helper and regulatory T cell (Treg) populations. In order to initiate an adaptive immune
response, APC can activate T cells by efficiently processing exogenous as well as endogenous
antigens and present them to T cells through the major histocompatibility complex (MHC). T
cells recognize their targets by detecting peptide fragments derived from these foreign or
damaged proteins. There are two types of MHC, class I and II. One of the most important
features of both molecules is an outer extracellular domain that forms a long pocket in which
peptide fragments are located. The most important differences between the two classes of
MHC molecules are in the source of the peptides they contain and carry to the cell surface.
CD8+ and CD4+ T cells interact with melanoma through contact with MHC class I and II on
their cell surface, respectively.

12. Defects in antigen processing and presentation
Presentation of tumor-associated antigens (TAA) on MHC class I by APCs is a crucial step for
the differentiation and expansion of CD8+ T cells against TAAs and the eventual destruction
of tumor cells.
Melanoma cells have been observed to downregulate MHC class I expression, so preventing
any T cell activation and tumor elimination [25]. This tumor has strategies to avoid CD8+
detection and activation. There is clinical evidence that support this statement, since patients
with metastatic melanoma show detectable CD8+ T cells specific for melanoma antigens,

59

60

Recent Advances in the Biology, Therapy and Management of Melanoma

however, the tumor is not eliminated [26]. Other mechanisms that have been described in this
context in melanoma include downregulation of MHC class II antigens [27]. One example is
the low expression of HLA-DM, a nonclassical Class II MHC responsible for peptide loading
into MHC class II and the removal of the invariant chain li peptide (CLIP) [28]. Melanoma cells
also differentially express acidic cathepsins which process endogenous and exogenous
antigens in endolysosomal compartments. Their limited activity results in poor Ag processing
and the generation of useless antigenic determinants, which are unable of stimulating T cells
[29]. Melanoma also has been found to lack the IFN∂-inducible lysosomal thiol reductase
(GILT), essential enzyme for the functional reduction of cysteinylated or oxidized proteins and
peptides. The presence of GILT in endolysosomal compartments enhances the acidic cathepsin
processing of TAAs and MHC class II components, and the functional processing of cystein‐
sylated or oxidized peptides for an excellent CD4+ T cell activation. All these defects result in
the presentation of a range of nonfunctional peptides which fail to stimulate interacting CD4+
cells, limiting the effects of CD8+ cytotoxic responses.

13. Failure in costimulatory signals
After the Ag processing and the loading of tumor derived peptides into the MHC class II
groove, this complex is translocated to the cell surface for presentation to T cells. CD4+ T cells
recognize functional class II complexes with antigenic peptides and tight junction binding
occurs between the TCR and the class II/Ag complex. CD4+ molecules on T cells then bind to
a different site on the MHC class II molecule and T cells receive their first stimulation signal
[30]. A second signal is required for activation of the T cell. If the T cells receive a stimulatory
signal from the tumor in the form of CD80/CD86 (B7-1, B7-2) binding to T cell expressed CD28,
then T cells become activated and may give an anti-tumor response. The most studied immune
checkpoint molecule in activated T cell is CTLA-4. It is a high affinity receptor for the ligand
B7 expressed by APCs. Ligation is thought to deliver an inhibitory signal, in contrast to CD28.
CTLA-4 blockade is thought to act primarily by increasing effector T-cell function.
Coestimulatory molecules are often modified on melanoma cells inhibiting T cell activation,
since it has been shown to express high levels of CTLA-4 [31]. Tumors exploit this process,
functionally silencing CD4+ T cell activation and shifting the environment to a T regs setting.
Coinhibitory signaling pathway mediated by PD-1 ligand is expressed by activated T cells. It
is considered a marker of T cell exhaustion, as engagements by its ligands PDL-1 (B7-H1] and
PDL-2 results in T cell inhibition and apoptosis. Of particular interest is the finding that tumorinfiltrating or peri-tumoral lymphocytes in melanoma patients express PD-1 and have
impaired effector function [32]. Study shows that melanoma expresses high levels of the ligand
for PD-1, PD-1L which during TCR-MHC interaction sends a death signal to both CD4+ and
CD8+ T cells causing them to undergo apoptosis [33]. A number of different subtypes of cancer,
as well as lymphocytes and APCs in the tumor environment have also been shown to express
ligands for PD-1 which may act to suppress PD-1 expressing T cells [34].
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14. Immunosupressive tumor microenvironment and cytokines
An upregulation of immunossupressive cytokines such as IL-6, IL-10, TNFα, TGFβ and VEGF
is promoted by melanoma microenvironment. The release of these cytokines attracts immu‐
nossupressive cells: myelo-derived suppressive cells, tumor associated macrophages, or
tolerogenic DCs in the tumor microenvironment.
Polak reported that melanoma cells, melanoma recruited myeloid suppressor cells and Tregs
actively secrete IL-10 to induce tolerized T cells and DC. [35] They showed tolerogenic DCs
and Tregs present in all stages of disease progression. However, the expression of IL-10 and
IDO increased with melanoma progression with the highest production in positive lymph
nodes. Their work also suggests that TGFβ2 renders DCs tolerogenic, although for the case of
lymph nodes, IDO and TGFβ1 have a higher impact. This mechanism of tumor-associated
immunosuppression probably inhibits the immune response to the tumor and may explain
the discrepancy between the induction of systemic immunity by anti-melanoma vaccines and
their poor impact in the clinic.
It has also been reported that PGE2 is produced by melanoma associated fibroblasts and
immature myeloid cells. Luft found that immature monocytes-derived DC that encoun‐
tered pro-inflammatory cytokines in the presence of PGE2 acquired migratory capacity, but
secreted low levels of cytokines. This suggest that not all mature stages of DCs are destined
to migrate to lymphoid organs and the sequence in which stimuli are encountered
significantly affects which functions are expressed [36]. Additionally, PGE2 inhibits NK T
cells activity, once more resulting in changes in the tumor microenvironment towards
immunossupression [37]. COX-2 is a multifunctional enzyme that is involved in prostaglan‐
din biosynthesis, and it is upregulated in neoplastic tissues [38]. In several human epithelial
cancers, expression of COX-2 correlates with poor prognosis. The crucial molecules that
mediate these effects are not yet known, though they might include the PGE2 receptor EP2
subtype (PTGER2) [39].

15. Upregulation of regulatory T cells
Regulatory Tregs comprise 5% to 10% of the total peripheral CD4+T cell population. The
main role of Tregs is to inhibit cytotoxic T cell response against self-antigens and main‐
tain systemic tolerance to self-antigens. Tregs constitutively express CD25 (IL-2 receptor α
chain) on their cell surface and suppresses CD4+ and CD8+ effector T cells through the
release of immunosuppressive molecules, consumption of IL-2 and direct cell to cell contact
[40]. The shift to tumor progression results in part, from the alteration in the type and
characteristics of TILs within the tumor. These changes include the enhancement of
CD4+CD25+FoxP3+Tregs, since in melanoma, particularly in advanced disease states, Tregs
are the primary infiltrating lymphocyte where they inhibit all antitumor activity through
direct contact inhibition, and the release of high levels of IL-10 [41]. Once activated these
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cells, are anergic and are able to block the proliferation of effector cells. A study sug‐
gests that high serum concentrations of Tregs are associated with poor prognosis, poor
treatment responses and an increased risk of recurrence [42]. Human studies depleting
Tregs prior to adoptive cell transfer (ACT) improved the effectiveness of treatment. Patients
challenged with melanoma antigen peptides, MelanA/MART-1 and gp-100, developed
significant induction of peptide specific CD8+ T cells in 90% of them. This study shows
that depletion of Tregs in vivo, results in enhanced immune functions and substantial
development of antigen-specific CD8+ T cells in vaccinated individuals [43]. Tregs may be
harmful for individuals fighting tumors, since under these circumstances the immune
system needs maximal activation, but as common tumor antigens are largely self-anti‐
gens, suppression of potentially self-reactive T cells by Tregs may be counterproductive in
this specific process.

16. Melanoma, an abberrant HLA-G expression
It was previously mentioned that loss or down-regulated of classical MHC class I on
melanoma cells is one of the most important mechanisms enabling tumor cells to escape
from immune anti-tumor responses. Very similar to tumor cells, fetal cells do not ex‐
press classical MHC class I molecules, instead these cells express the non-classical HLAG molecules. The multiple immune suppressive properties of this molecule strongly imply
that HLA-G is part of a tolerogenic system. HLA-G exerts exclusively immunossupres‐
sive functions, which impair both the innate as well as the acquired immunity by multi‐
ple mechanisms. Firstly, the immune effector functions of cytotoxic T lymphocytes and NK
cells are inhibited in the case of target cells expressing HLA-G [44]. Secondly, APC
expressing HLA-G, inhibit the proliferation of CD4+ T cells, induce CD4+ T cell anergy
and cause the differentiation of CD4+ T cells into regulatory cells (Tregs), which as we
mentioned previously these cells possess the competence to inhibit the effector function of
other T cells. Thirdly, the binding of HLA-G to DC results in disruption of DC matura‐
tion, in inhibition of antigen presentation, and in induction of immunosuppressive T cells.
Soluble HLA-G molecules fulfill the same tasks as membrane-bound ones. Beyond it sHLAG molecules are able to inhibit cell cycle progression in T lymphocytes and to mediate the
induction of apoptosis on activated T and NK cells [45].
HLA-G is unique in its heterogeneous and unusual molecular structure. Contrary to classical
MHC class I molecules HLA-G displays with 23 different alleles a limited polymorphism, in
which all amino acid exchanges are located outside the peptide binding groove. Therefore, the
diversity of peptides bound by HLA-G is very restricted relatively to classical class I molecules
[46]. Thus, it is very unlikely, that this molecule represents a target molecule for the T cell
receptor inducing the anti-tumor response. The lymphocyte differentiation marker CD8+ is a
classical receptor for MHC class I and as a co-receptor with the TCR during the recognition of
peptides being presented by MHC class I. Both, HLA-G and classical HLA class I molecules
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bind with the same affinity to CD8+. The engagement of sHLA-G molecules with CD8+ results
in the induction of apoptosis via the Fas/FasL pathway.

17. Immunotherapy in melanoma: Disappointing results
Recent progress toward an understanding of the interactions between the host’s immune
system and melanoma has led to the realization that tumor cells have devised many strategies
to evade the immune attack. Evasion mechanisms can either be pre-existing, arise through
outgrowth of escape mutants or take place during tumor-sculpting actions by the immune
system as was proposed in the “Cancer Immunoediting” hypothesis [47]. One of these
strategies of tumor-immune escape is represented by the acquistion of FasL expression that
may enable cancer cells to deliver death signals to activate Fas-positive T lymphocytes [48].
However, despite all the data accumulated in the support of the FasL counterattack hypothesis,
there are many studies in contradiction showing that FasL can also have proinflammatory
effects in some contexts [49]. To explain these conflicting findings, it is proposed that the
maintenance of immune privileged in tumors depend not only on FasL itsel but also on the
production of massive immunosuppressive factors (previously mentioned). The final outcome
of an effective antitumor response is determined by a delicate interplay among activating and
inhibitory regulatory pathways and the removal of inhibitory signals may be very useful in
addition to other therapeutic approaches.
Depending on the subtype of melanoma, patients with metastatic melanoma have a median
survival of 8 months and 1 year survival rates of 10 to 15%. The two FDA approved treatments
for melanoma are dacarbazine-based chemotherapy and IL-2 with objective response rates
below 18% [50]. Several clinical trials in stages IIB-IV of cutaneous melanoma utilizing
vaccination with multiple peptides derived from MART-1, gp-100, tyrosinase and MAGE had
very limited success in those patients [51].
Nonspecific therapies including the use of monoclonal antibodies against CTLA-4 have leaded
to some considerable responses, but this agent has low response rates (12% to 15%) in patients
with advanced melanoma.
Active therapeutic immunization has been pursued in clinical trials using a host of tumor
vaccines, but these have shown disappointing response rates [52]. The development of
therapeutic cancer vaccines is very complex, and it has been learned that stimulation and
suppression are the two sides to the coin of manipulation of the immune system and the latter
might be increased with the multiple use of a specific vaccine.
Cancer/testis (CT) antigens represent promising targets for immunotherapy because they are
expressed in a wide variety of epithelial cancers but are restricted in their expression in normal
adult tissues to cells in the testis which lack expression of MHC class I and are not susceptible
to damage by T cells that recognize these products. Other members of the CT family of antigens
include NY-ESO-1, LAGE-!, SSX1-5, CTp11, CT7, etc. Melanoma cells produce the CT antigens
at different frequencies, so more studies are needed to solve if some of these marker proteins
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might be useful in further clinical studies. The NY-ESO antigen is expressed in 15 to 40% of
highly prevalent tumors such as breast, lung, prostate and melanomas. To test the effectiveness
of adoptive immunotherapy with genetically engineered cells that target the NY-ESO-1
antigen, phase I clinical trials of cancer vaccines were tried using peptides [53], recombinant
vaccinia and fowlpox viruses encoding full-length NY-ESO-1 [54], or recombinant NY-ESO-1
protein [55], but have failed to demonstrate a clinical benefit in patients with advanced disease.
Adoptive cell therapy (ACT) using tumor reactive TILs following host lymphodepletion can
lead to objective responsive rates of around 40% and durable responses in patients with
refractory melanoma. This ACT used tumor antigen-specific lymphocytes that were initiated
in vitro from single-cell enzymatic digests or small fragments of resected tumor specimens and
expanded to large numbers before infusion [56]. However, this therapy requires sophisticated
cell processing and in vitro lymphocyte culturing for long periods. These requirements have
technical, regulatory, and logistic challenges that have limited the use of antigen specific TILs
as a biological therapy.
Recently, Rosenberg and his group, reported responses of around 45% in patients with
melanoma. In their adoptive immunotherapy trial to treat melanoma they used genetic
engineering of T cells to express a CT antigen-specific TCR. They reported great variation in
levels of T cell persistence between the patients and did not seem to be associated with clinical
response to therapy. These findings indicate that treatments using TCRs directed against NYESO-1 are effective at mediating tumor regression in some patients (two of eleven patients
demonstrated complete regression that persisted after one year) [57]. Given the small number
of patients treated in their trial, it is difficult to evaluate the significance of these results.

18. Conclusion
The accumulated data indicate that the outcome of an immune response toward a tumor is
largely determined by the type of immune response elicited. A tumor-directed immune
response involving CD8+ T cells, CD4+ Th1 cells and NK appears to protect against tumor
development and progression.
The future looks promising for melanoma immunotherapy, even with the disadvantages that
researchers in the area and clinicians still face nowadays. Most vaccine trials have failed to
show an important response rate or an impact on survival. The overall situation, is problematic
and it has become clear that large tumors display a setting in which vaccination has a limited
role; the most amenable clinical context to assay antitumor vaccination, would be patients in
which the existence of micrometastasis, is highly probable. In this case, the immune system
has fewer obstacles to surmount. Melanoma patients with satges II and III of the disease could
benefit from such therapy.
Of note is the report by Robbins and coworkers in 2011, where they used an adoptive transfer
of autologous T cells transduced with a TCR directed against NY-ESO-1, a cancer/testis antigen
expressed in 40% of metastatic melanomas, but not in any normal adult tissues except the testis.
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They reported two of 11 patients with complete regressions that persisted after one year.
Potential strategies that may enhance responses including immunization with recombinant
vaccines encoding the NY-ESO-1 antigen, elimination of host Tregs and cotransduction of TCR
constructs with genes that encode cytokines such as IL-12 should be taken into account in the
future.
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Jiri Vachtenheim and Lubica Ondrušová
Additional information is available at the end of the chapter
http://dx.doi.org/10.5772/55191

1. Introduction
Melanocytes are specialized cells found predominantly in the skin and eyes that form the
pigment melanin, a polymer composed of several types of subunits formed from L-3,4dihydroxyphenylalanine. Melanin is deposited in subcellular particles called melanosomes.
Cutaneous melanocytes originate from neural-crest progenitors that migrate to the skin during
embryonic development. In the skin, melanocytes reside in the basal layer of the epidermis
and are present also in hair follicles. Skin melanocytes form an epidermal unit composed of
one melanocyte having long cellular processes and about 30 keratinocytes.
Melanocytes are found also in a benign nevus, a common lesion observed in the skin which is
a precursor of malignant melanoma. In the nevus, the melanocytes (called nevocytes) are
morphologically different and although nevi are benign and the melanocytes in them are
senescent, they may develop, though rarely, into melanoma, a highly malignant tumor whose
incidence is rising steadily in western countries. Smaller part of melanoma tumors (approxi‐
mately 10-15%) occurs in families with hereditary predisposition (Hansson, 2010). Most
familial melanomas harbour germline mutations in the CDKN2A gene encoding the p16INK4
protein, a cdk inhibitor. Much smaller number of hereditary cases has germline mutations
resulting in amino acid substitutions in the p14ARF or CDK4 proteins. Sporadic cases of
melanoma predominate and can be grouped into four clinical subtypes: acral lentiginous
melanoma, nodular melanoma, lentigo maligna and superficial spreading melanoma (SSM),
which is by far the most common form of melanoma and develop into vertical-growth phase
(VGP) melanoma. Lentigo maligna and SSM are most frequently associated with intermittent
UV exposure (Gray-Schopfer et al., 2007).
About 60-70% of melanomas harbour mutations of the B-RAF gene (Davies et al., 2002) (in the
vast majority the mutation is V600E), while mutations of N-RAS are present in about 10–25%
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of all tumors. Activating N-RAS and B-RAF mutations demonstrate mutual exclusivity in
melanomas. B-RAF mutations are present already in nevus cells, conferring senescence to these
cells by a mechanism known as oncogene-induced senescence, possibly explaining the low
rate of malignant transformation of nevi. Activation of these two oncogenes triggers the MEKERK kinase cascade that is almost invariantly activated in melanomas; however, other
signaling pathways can probably activate the cascade. Therefore, small molecule inhibitors of
kinases in the pathway are considered as a promising tool for melanoma treatment (Solit et
al., 2006; Bogenrieder and Herlyn, 2011). Although B-RAF inhibitors seem to be rational
antimelanoma drugs, resistance occurs in a large proportion of patients, because other stimuli
may also activate MAPKs (Alcala and Flaherty, 2012). Many other genes are deregulated
during melanoma progression, mainly antiapoptotic genes and genes which are involved in
the invasiveness, migration, and metastasis of melanoma, many of which are regulated by
MITF-M (microphthalmia-associated transcription factor), a pivotal transcription factor of the
melanocyte lineage (Figure 1).

Figure 1. Transcriptional network of MITF-M in melanoma. The picture shows upstream MITF-M activators and main
downstream transcription targets. The blue boxes indicate transcriptional coactivators and red boxes denote two tran‐
scription factors probably having more important role for the MITF-M expression in melanoma. Broken lines indicate
that not all MITF-M targets may be coactivated by indicated epigenetic coactivators.
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2. Regulation of MITF expresion
MITF gene locus encodes a transcription factor of the basic-helix-loop-helix-leucine zipper
(bHLH-LZ) type, belonging to a large family of bHLH factors comprising also for example the
myc oncogenes. Together with TFE3, TFEB, and TFEC, MITF-M constitutes a small bHLH
subfamily sharing high sequence similarity. MITF gene was identified twenty years ago and
cloned from a microphthalmic and hypopigmented mutant mouse having transgene-insertion
at the MITF locus (Hodgkinson et al., 1993). The MITF locus has at least nine promoters
producing corresponding MITF isoforms which differ in the first exon and share exons 2-9
(reviewed by Steingrimsson et al., 2004; Levy et al., 2006). Only the MITF-M isoform is
melanocyte-specific and expressed exclusively in melanocytes and melanoma cells, whereas
some other tissues (osteoclasts, mast cells, heart muscle) express other isoforms of MITF. MITFM determines the specification of the melanocyte lineage during the embryonic development
and stands centrally in the transcriptional network of pigment cells, regulating a number of
genes involved not only in melanocyte differentiation and pigment formation (Vachtenheim
and Borovansky, 2010; Yajima et al., 2011), but also in the survival, migration, proliferation,
invasion and metastasis of melanoma cells (Figure 1).
Regulation of MITF-M transcription is complex and several positive regulators activate the
expression (Figure 1), having the corresponding binding motifs in the melanocyte-specific
MITF-M promoter. Transcription factor LEF-1/TCF, one of the effectors of the β-catenin
pathway, activates MITF-M promoter (Yasumoto et al., 2002). This pathway has been demon‐
strated to be highly activated in melanoma cells with MITF-M being the necessary mediator
of the final pro-survival cellular effects (Widlund et al., 2002; Sinnberg et al., 2011). Transcrip‐
tion factors Sox10 and Pax3 also upregulate MITF-M transcription (Watanabe et al., 1998;
Potterf et al., 2000). Sox10 is also stimulated by protein kinase TYRO3, another positive MITFM regulator in melanoma (Zhu et al., 2009).
CREB is an another transcription factor activating MITF-M expression. The αMSH hormone
increases cAMP level, therefore activates PKA (protein kinase A) and the consequence is an
increased MITF-M expression and pigmentation. Recently, it has been described that TGF-β
represses protein kinase A activity and therefore reduces the CREB-dependent transcription
of the MITF-M promoter (Pierrat et al., 2012). CREB requires the coactivators p300/CBP. These
proteins, which are histone acetyltransferases, interact with MITF-M and are believed to
coactivate at least some MITF-M target genes (Sato et al., 1997; Price et al., 1998). Furthermore,
the phosphorylation of serine 73 is required for MITF-M-p300 interaction, at least after the Kit
signaling (Hemesath et al., 1998). Controversially, however, it has been observed that MITFM with mutation of this serine and the N-terminus truncated (including the S73) MITF-M
construct were fully capable of activating promoter-reporter and the endogenous target
tyrosinase (Vachtenheim et al., 2007).
Whereas the role of p300/CBP in coactivating endogenous targets might be disputable, another
prominent epigenetic mechanism has been found to be crucial for MITF-M expression. The
chromatin remodeling complex SWI/SNF has been found to be essential for the MITF-M
expression in melanoma cells (Vachtenheim et al., 2010). The chromatin remodeling complex
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SWI/SNF is composed of about 10-12 proteins and exists in the cells as several subcomplexes
capable of changing the local structure of chromatin at the promoter sites. It has important
functions in expression of various lineage specific genes and plays an essential function in
basic cell processes that include mainly regulation of transcription, DNA replication and
repair, and homologous recombination. The SWI/SNF is strongly implicated in human cancer,
as several SWI/SNF subunits has been reported missing or strongly downregulated in tumors,
and numerous experimental findings suggest that this complex functions as a tumor suppres‐
sor (reviewed by Reisman et al., 2009; Wilson and Roberts, 2011). The complex requires at least
one ATPase subunit (Brg1 or Brm) and the presence of ATPase Brg1 and Brm is mutually
exclusive in the subcomplexes. The components of SWI/SNF are generally highly expressed
in melanoma cell lines and at least one ATPase of the complex, Brg1 or Brm, is always present
in melanoma cell lines (Vachtenheim et al., 2010; Keenen et al., 2010). The positive effect of
SWI/SNF on MITF-M transcription is direct, since both Brg1 and Brm were recruited to the
MITF-M promoter in vivo, as revealed by chromatin immunoprecipitation assays (Vachten‐
heim et al., 2010). In addition, it is possible that SWI/SNF augment the MITF-M expression
through LEF-1/TCF because Brg1 interacted with β-catenin and the SWI/SNF complex
enhanced transcription of LEF-1/TCF downstream genes (Barker et al., 2001). Recently, we
have found (Ondrušová et al., submitted) that Brg1 knockdown in melanoma cells downre‐
gulates also Sox10, an upstream MITF-M regulator, so this mechanism might also contribute
to the MITF-M regulation. It is intriguing that for most cancers, SWI/SNF complex is a clear
tumor suppressor, whereas a small number of cancer types has been recognized (prostate
cancer, gastric and colorectal cancer, and melanoma) for which the SWI/SNF seems to function
as a tumor promoter, probably by upregulating genes required for proliferation, antiapoptotic
activity, invasivity or other characteristics of cancer cells.
It should be noted that the cut-homeodomain transcription factor Onecut-2 (OC-2) also
stimulates MITF-M promoter activity. It binds to its promoter (although no OC-2 binding sites
were found in the promoter region) and overexpression of ectopic OC-2 in transfected cells
stimulates MITF-M promoter activity. Moreover, OC-2 is expressed in melanocytes (Jacquemin
et al., 2001). We observed that even cdk inhibitor p21, which itself is a target of MITF-M, is its
transcriptional activator (Sestakova et al., 2010). It probably stimulates the CREB pathway and
is widely expressed in melanoma cell lines and tumors, and presumably protects malignant
cells against apoptotic stimuli.
The POU domain containing transcription factor Brn-2 (N-Oct-3) has been recognized as a
repressor of MITF-M expression in melanoma cells (Goodall et al., 2008). Brn-2 bound to MITFM promoter both in gel-shift assays and in chromatin immunoprecipitation, indicating a direct
repression. An inverse correlation between Brn-2 and MITF-M expression was found in
melanomas and transfection assays showed that expression of exogenous Brn-2 substantially
repressed the MITF-M promoter-reporter. Brn-2 also marked the subpopulation of low MITFM cells in melanomas (which are heterogenous in MITF-M expression) and these cells
displayed low proliferation but high invasiveness (also see below).
One of the effectors of the Hedgehog signaling, transcription factor GLI2, which also mediates
the effect of the TGF-β/SMAD pathway, is another repressor of MITF-M expression (Javelaud
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et al., 2011). GLI2 expression inversely correlates with MITF-M expression in melanoma cell
lines, and GLI2 and M-MITF represses each other’s expression (Javelaud et al., 2011). The GLI2
expressing cells with low MITF-M level resemble in biological properties the Brn-2 positive
tumor cells (see above), having more invasive and migratory behavior. The Hedgehog
pathway is derailed in melanoma (Stecca et al., 2007) acting mainly via GLI1 but does not have
inhibitory activity on MITF-M expression. Obviously more investigation is required to
elucidate the function of the Hedgehog and TGF-β/SMAD pathways and GLI effectors in
melanoma.

3. Downstream targets of MITF
A large number of genes is transcriptionally regulated by MITF-M. Which genes are activated
also depends on how high is the level of MITF-M and whether the regulation occurs in normal
or malignant melanocytes (Goodall et al., 2008; Carreira et al., 2006; Javelaud et al., 2011).
Intriguingly, besides many pro-proliferative and pro-survival genes that are regulated by
MITF-M, cell cycle inhibitors p21 and p16 are also its targets (Carreira et al., 2005; Loercher et
al., 2005), presumably mainly in normal melanocytes or at higher levels of MITF-M, which
favor differentiation (Figure 1). MITF-M interacts with the Rb protein (Yavuzer et al., 1995)
which cooperates with MITF-M to induce p21 (Carreira et al., 2005). Importantly, MITF-M
regulates almost all genes the products of which are involved in specific melanocyte differen‐
tiation, i.e. the formation of the pigment melanin and its deposition into melanosomes. The
enzymes involved in melanin formation are tyrosinase and tyrosinase-related proteins 1 and
2 (TRP-1 and TRP-2, also known as dopachrome tautomerase, Dct). Even many genes encoding
structural melanosomal proteins and factors involved in the melanosome motility are regu‐
lated by MITF-M (reviewed in Vachtenheim and Borovansky, 2010). Interestingly, exceptional
melanoma cell lines which are transcriptionally silent for MITF-M and do not express the
downstream genes tyrosinase, TRP-1, and TRP-2, do not express these markers even after the
exogenous transfer of MITF-M, so these cell lines are MITF-M nonresponsive (Vachtenheim et
al., 2001). It is therefore likely that the loss of all melanoma markers did occur in these cell lines
concomitantly with their absolute dedifferentiation during the loss of MITF-M expression,
after which they in fact do not biochemically resemble melanomas.
MITF-M transcriptionally activates a number of genes that act prosurvivally in melanomas.
The cyclin dependent kinase 2, which proved crucial in melanoma proliferation (Du et al.,
2004) is an important target of MITF-M. MITF-M further regulates HIF1α, a hypoxia response
factor (Busca et al., 2005) and APE-1/Ref-1, through which MITF regulates cellular response to
ROS (Liu et al., 2009). The c-Met, a receptor kinase for the hepatocyte growth factor, has
proinvasive features and promotes metastatic process in several tumors including melanoma.
c-Met has been shown to be a target of MITF-M. Gel shift assays with melanoma cell nuclear
extracts demonstrated binding by endogenous MITF-M protein to the c-Met promoter at the
consensus MITF-M binding site and exogenous MITF-M activated the c-Met expression
(McGill et al., 2006). Additionally, MITF-M is a transcriptional activator of Tbx2 gene (Carreira
et al., 2000). T-box family of transcription factors are crucial in embryonic development. Tbx2
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has been implicated in morphogenesis of a wide range of organs including limbs, kidneys,
lung, mammary gland, and heart. Tbx2 is expressed in melanoma cell lines in positive
correlation with MITF-M. Tbx2 promoter contains a consensus MITF-M recognition element
to which MITF-M is recruited and activates Tbx2 expression (Carreira et al., 2000). As Tbx2 is
overexpressed in several cancers including melanoma and plays a role in suppressing
senescence, MITF-M modulates the survival of melanoma cells also via this factor.
MITF-M also upregulates the expression of clearly antiapoptotic genes. First, it activates the
general antiapoptotic protein Bcl-2 (McGill et al., 2002), which is important for the survival of
both melanoma and melanocyte lineage. Second, melanoma inhibitor of apoptosis (ML-IAP,
livin) is a potent inhibitor of apoptosis in melanoma and is directly regulated by MITF-M
(Dynek et al., 2008). It was shown that MITF-M was recruited to the ML-IAP promoter by
chromatin immunoprecipitation and gel shift assays, activated ML-IAP promoter-reporter,
and downregulation of MITF-M abrogated ML-IAP expression. The SLUG protein was
reported to be a crucial determinant of melanoma metastasis, and its gene is also upregulated
by MITF-M (Gupta et al., 2005). Another important gene regulated by MITF-M is Dia
(DIAPH1, encoding the diaphanous-related formin Dia1). Increased MITF-M level favors
expression of Dia and higher proliferation of melanoma cells. On the contrary, lower MITF-M
downregulates Dia but the cdk inhibitor p27 is stabilized resulting in slower proliferation but
higher invasive potential. Thus, a “rheostat” model is proposed where MITF-M levels
determine the proliferation, differentiation, and invasiveness of melanoma cells (Carreira et
al., 2006). Noteworthy, many other genes were identified as potential MITF-M targets, by the
microarray analysis (Hoek et al., 2008). The SWI/SNF complex has been shown to be an
important coactivator for many target genes, especially those involved in pigment formation,
in human melanoma cell lines (Keenen et al., 2010). Of the two ATPases of the complex, Brg1
seems to be more important than Brm since its knockdown downregulates the MITF-M target
genes more efficiently than Brm knockdown (Vachtenheim et al., 2010).
MITF-M is considered to be a melanoma oncogene because mutations and amplifications were
found in patients´ samples (Garraway and Sellers, 2006; Levy et al., 2006; Cronin et al., 2009).
Copy gains at the MITF locus were found in about 10% melanoma samples and mutations of
the MITF-M pathway were also described, even in the Sox10 gene (Cronin et al., 2009).
Recently, novel MITF-M mutation, E318K, has been identified. This mutation is a germline
allele variant (Yokoyama et al., 2011). E318K MITF-M encodes a protein with impaired
sumoylation of MITF-M and differential regulation of several MITF-M targets. For example,
the mutant enhances MITF-M protein binding to the HIF1α promoter, a MITF-M known target,
and increases its transcriptional activity (Bertolotto et al., 2011; Yokoyama et al., 2011). The
presence of this allele constitutes more than fivefold risk factor for melanoma and renal cell
carcinoma. Further, the mutant protein enhanced melanocytic and renal cell carcinoma
clonogenicity, migration and invasion, further implicating this MITF-M variant as a risk factor
for these two cancers (Bertolotto et al., 2011). Together, as MITF-M is strictly required for the
embryonic development of melanocytes, maintains the survival of melanoma, and gene
amplifications and mutations in the protein coding region have been found, it is considered
as a lineage addiction oncogene.
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1. Introduction
1.1. Reactive oxygen species: An overview
Oxygen free radicals or, more generally, reactive oxygen species (ROS) are products of normal
cellular metabolism. They are well recognized for playing a contradictory dual role in living
systems, sometimes deleterious sometimes beneficial, depending on cell type, genetic back‐
ground and levels and types of species involved. Beneficial effects of ROS occur at low/
moderate concentrations and involve modulation of signaling pathways and gene expression
regulation. The harmful effect of free radicals is termed oxidative stress and can result in
damage to cellular lipids, proteins and DNA. The balance between benign and deleterious
effects of ROS is a decisive factor of living organisms and is controlled by mechanisms called
redox regulation. This process protects cells from oxidative stress and maintains the redox
homeostasis by modulating the redox state in vivo [17].
ROS are a group of chemically reactive molecules derived from partial reduction of molecular
oxygen, comprising a family of radical and non-radical species. A radical species is a free
electron-containing species, including superoxide anion (O2•ˉ) and its conjugated acid
hydroperoxyl radical (HO2•ˉ), hydroxyl (•OH), carbonate (CO3•ˉ), peroxyl (RO2•) and the
alkoxyl radical (RO•). Non-radical species, such as H2O2, hydrogen chloride (HOCl), fatty acid
hydroperoxides (FaOOH), reactive aldehydes and singlet oxygen, can be readily reduced into
free electron-containing species [18]. The reactivity of the different ROS with other compounds
is variable and depends on their processing into more reactive ROS and the diffusion capa‐
bility. It was shown that O2•ˉ and H2O2 do not exhibit strong reactivity with other bio-

©
Author(s).
Licensee
This
distributed
the terms
ofarticle
the Creative
Commons
© 2013
2013 The
Henriques
Machado
deInTech.
Melo et
al.;chapter
licenseeisInTech.
Thisunder
is an open
access
distributed
under
Attribution
http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution,
the
terms ofLicense
the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0),
which
and reproduction
in any
provided
the original work
is properly
cited.
permits
unrestricted
use,medium,
distribution,
and reproduction
in any
medium,
provided the original work is
properly cited.

84

Recent Advances in the Biology, Therapy and Management of Melanoma

molecules, because they are more stable and can diffuse away from their sites of formation.
Additionally, H2O2 can diffuse through membranes into the extracellular space. In the other
hand, •OH radical is highly reactive and probably accounts for most of the oxidative damage
attributed to ROS. It half-live time is very short, approximately 10-9s, so •OH produced in
vivo reacts close to its side of formation. Iron regulation ensures that there is no free intracellular
iron, however, in vivo, under stress conditions, an excess of superoxide releases “free iron”
form iron-containing molecules. The released Fe2+ can participate in the Fenton reaction,
generating highly reactive hydroxyl radical [19].
These reactive species are generated partly as by-products of cellular metabolism mainly
during mitochondrial electron transport. Evidences implicating mitochondria as the principal
source of ROS were based on the fact that isolated mitochondria can produce O2•ˉ through (1)
auto-oxidation of the flavin component of complex I (NADH hydrogenase) and/or (2) autooxidation of the ubisemiquinone at complex III. During the process of cellular respiration,
electron transfer occurs from NADH and FADH through complexes in the mitochondrial
membrane, leading to a proton gradient, which is necessary for ATP production. Oxygen is
involved as an electron acceptor at the end of the electron transfer in respiration chain. The
electron transfer in respiratory chain is not completely efficient due electrons leakage from
electron transport chain [20]. Approximately 1-3% of the total oxygen consumed in aerobic
metabolism produces O2•ˉ instead of contributing to the reduction of oxygen to water [18]
Direct or indirect damage to mitochondria can lead to electrons leak from electron transport
chain, including oxidative modification of mitochondrial membrane lipids (e. g. cardiolipin),
resulting in mitochondrial outer membrane permeabilization. So O2•ˉ is continuously gener‐
ated mainly at complex I and complex III due to transfer of electrons to molecular oxygen.
Superoxide radical that is produced by complex I is released into the mitochondrial matrix,
whereas complex III forms O2∙- both in the matrix and the inner mitochondrial space [21].
Another major source of ROS is NADPH oxidases, a family of membrane-bound enzymes that
catalyze controlled production of O2•ˉ by coupling NADPH-derived electrons to oxygen. The
NADPH oxidase complex consist of a membrane heterodimeric flavocytochrome (cytochrome
B559) comprising two subunits, gp91phox and p22phox, and four cytosolic proteins, p47phox,
p67phox, p40phox and the small guanosine triphosphate (GTP)-binding protein Rac (1 and 2)
that form a functional complex at the membrane [22,23].
Superoxide can be also produced in the cell through one-electron transfer reactions catalyzed
by a number of enzymes including monoamine oxidase, xantina oxidase, cyclooxygenases,
lipoxygenases and components of the cytochrome P450 system. Peroxisomes are known to
produce H2O2, but not O2•ˉ, under physiologic conditions [24]. Exposition to chemotherapeutic
drugs and UV irradiation also increases the amount of ROS in intracellular milieu [25,26].
Redox homeostasis is determined by the balance between ROS production and detoxification
rates by various antioxidants systems. To maintain intracellular free radicals from many
sources under tight control, cells have developed a series of defense mechanisms against ROSinduced oxidative stress. The maintenance of intracellular redox state is essential for regulation
of signal transduction because alterations in ROS levels can modify proteins conformation and
consequently their functions. Enzymatic anti-oxidant defenses include superoxide dismutase
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(SOD), glutathione peroxidase (GPx), glutathione reductase (GPx) and catalase (CAT). Nonenzymatic antioxidants systems are represented by ascorbic acid (Vitamin C), carotenoids,
flavonoids, glutathione (GSH), α-tocopherol (Vitamin E), thioredoxin and other antioxidants.
Superoxide dismutase converts O2•ˉ in the lesser reactive species H2O2 [18,27]. There are three
different SODs, which are involved in superoxide neutralization depending on the site of
superoxide production or diffusion. Cu,Zn-SOD-1 is located in the cytoplasm, MnSOD-2 in
mitochondria and Cu,Zn-SOD3 in the extracellular space [28]. When H2O2 is present in
peroxisomes, it is decomposed to H2O and O2 by catalase. In the cytoplasm, glutathione
peroxidase catalyzes the reduction of H2O2 into H2O via oxidation of glutathione [29, 30, 31].
The tripeptide glutathione is the abundant low-molecular-weight thiol antioxidant, constitut‐
ing with thioredoxin, the major redox buffer of the mammalian cells. Glutathione is present in
reduced (GSH) and in oxidized (GSSH) forms and the reduced form of glutathione is 10- to
100-fold higher than the oxidized form. Glutathione couple (2GSH/GSSG couple) is the main
responsible for the cellular redox homeostasis and therefore is a representative indicator of
oxidative stress [17]. Because cellular glutathione concentration is ~500- to 1000-fold higher
than the other redox regulating proteins, changes in the ratio of reduced to oxidized gluta‐
thione reflect directly intracellular redox alterations [29]. The GSH/GSSG ratio is normally
tightly regulated. Increased ROS levels result in an elevation of GSSH content, which is reduced
to GSH by the NADPH-dependent glutathione reductase as well as thioredoxin/glutaredoxin
systems. So, even in the presence of oxidative stress, the redox homeostasis can be maintained
by increasing glutathione reductase activity or via elimination of GSSG from cells. Glutathione
decreases intracellular ROS levels by acting as cofactor of several detoxifying enzymes against
oxidative stress, e.g, glutathione peroxidase and glutathione transferase; participating in
amino acid transport through the plasma membrane; regenerating vitamin C and E back to
their active forms [32]. Glutathione also modulates the activity of thiol-dependent enzymes
that contain cysteine residues sensitive to redox changes [33].The enzyme γ-glutamylcysteine
synthase (γ-GCS), involved in GSH synthesis, is regulated by ROS levels. Oxidizing conditions
that result in GSH depletion promote a conformation change in γ-GCS, increasing its activity
and GSH synthesis, while physiological GSH concentrations reduces GSH synthesis through
feedback inhibition mechanisms [33].
Peroxiredoxins (Prxs) are also considered important cell redox state-regulating enzymes.
Prxs are a family of peroxidases that also reduce H2O2 and alkyl hydroperoxides to the
corresponding water or alcohol. At least six isoforms of human Prxs (Prx1-6) were locat‐
ed in different subcellular compartments, particularly in mitochondria (Prxs3 and 5). Prxs
are maintained in the reduced form by the thioredoxin /thioredoxin reductase system
that in conjunction with the GSH/GR system maintains the cellular thiol-disulfide redox
status in the cell [34].
The thioredoxin system comprises thioredoxin (Trx), thioredoxin reductase (TrxR) and
NADPH. Trxs are small redox active proteins (about 12kDa) with a disulfide active site (TrxS2) that is reduced to a dithiol (Trx-(SH)2) by thioredoxin reductase (TrxR) using NADPH as
electron donor. Mammalian Trx and TrxR are expressed as isoforms either in the cytosol and
in the nucleus (Trx1 and TrxR1) or in mitochondria (Trx2 and TrxR2); in addition, there are
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testis-specific Trx/TrxR system (Trx3 and TrxR3). Unlike Trx, which is reduced by its own
reductase, glutaredoxins (Grxs) are coupled to GSH/GR. There are four Grx isoforms in
humans, Grx1, Grx-3 and Grx5 primarily cytosolic and Grx2 displays different splice variants,
which are located in mitochondria and nucleus [35].
There is a body of evidence showing the involvement of ROS in regulation of innumerous
signaling pathways that control important biological processes, including migration, differ‐
entiation, proliferation, apoptosis, stress adaptation and gene expression. ROS can modulate
multiple transduction signals by activation of growth factor receptors (e.g. the c-MET, EGF
and PDGF receptor), activation of early growth-related genes such as c-fos and c-jun, altera‐
tions in the activities of protein kinases, oxidative inactivation of phosphatases and activation
of transcription factors [36]. In the other hand, increased ROS levels in tumor cells is influenced
by numerous factors such as disrupted signaling pathways, altered expression of transcription
factors, deregulation of antioxidant enzymes, mitochondrial dysfunction, aberrant cancer cell
metabolism, alteration in proliferation and the acquisition of the metastatic phenotype [9, 37].
Redox regulation of signaling pathways occurs through modifications of redox-reactive
cysteine residues on proteins, which depend on redox status of the cell and the concen‐
tration of ROS. Oxidation of these residues forms reactive sulfenic acid (-SOH) that can
form disulfide bonds with nearby cysteine (-S-S-) or undergo further oxidation to sulfinic
(-SO2H) or sulfonic (-SO3H) acid. These alterations induced by ROS modify the structure
and activity of proteins, regulating their functions. These redox modifications are reversi‐
ble by antioxidants systems, including thioredoxin and peroxiredoxin, contributing to the
modulation of signal transduction [8].

2. Reactive oxygen species in cancer development
Since ROS can act as signaling molecules it is reasonable to think that depending on cell context
ROS could participate in development of innumerous pathologies including cancer. There is
accumulating evidence supporting this view. Levels of ROS are increased in many tumors and
murine and human tumor cells lines, contributing to neoplastic transformation and tumor
progression [13, 38, 39, 40]. By regulating signal transduction pathways, ROS is involved in
the acquisition of cancer hallmarks including self-sufficiency in growth signals, insensitivity
to growth inhibitory (anti-growth) signals, evasion of programmed cell death (apoptosis),
limitless replicative potential, sustained angiogenesis, tissue invasion and metastasis, altered
metabolism and inflammation [40, 41]. The accumulation of ROS participates in the tumor
development of many types of cancer including melanoma, leukemia, gastric, prostate, breast
and colon cancer [39, 42, 43, 44, 45].
One of the signaling pathways regulated by ROS that is implicated in oncogenic transformation
is the mitogen-activated protein kinase (MAPK) cascade that consists of four major MAPKs:
the extracellular signal-related kinases (ERK 1/2), the c-Jun N-terminal kinases (JNK), the p38
kinase (p38) and the big MAP kinase 1 (BMK1/Erk5). The apoptosis signal-regulated kinase 1
(ASK1), which regulates the JNK and p38 MAPK pathways, is activated under stress conditions
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by dissociation of the redox protein thioredoxin. ASK1 is activated when ROS oxidize two
cysteine residues in the redox center of thioredoxin, inducing formation of an intramolecular
disulfide bond and triggering this dissociation from ASK1 [8]. Activated p38 negatively
regulates the malignant transformation induced by oncogenic H-Ras by inhibition of ERK
pathway, induction of premature senescence or by cell cycle arrest triggered by p53 [46]. In
fact, it was shown that p38 specifically impairs the malignant transformation induced by
oncogenes that increase ROS levels (including Ras) by triggering apoptosis and decreasing the
accumulation of ROS [47]. MAPK pathways are also activated by the direct inhibition of MAPK
phosphatases by ROS. Downregulation of mitogen-activated protein kinase phosphatase
(MKP)-3, a negative regulator of ERK1/2, was associated with ubiquitination/proteosome
degradation mediated by high intracellular ROS accumulation such as hydrogen peroxide.
The aberrant ERK activation contributes to tumorigenicity and chemoresistance of human
ovarian cancer cells [48].
Another signaling pathway that contributes to malignant phenotype acquisition, participating
in cell survival and proliferation, is the phosphoinositide 3-kinase (PI3K) pathway. Activation
of this signal transduction is regulated by the phosphatase and tensin homology (PTEN)
phosphatase. It was found that PI3K pathway is reversible regulated by the redox status of the
cell by inactivation of PTEN through oxidation of the cysteine located in its catalytic domain [8].
ROS have also been implicated at all stages of the carcinogenic process since are capable of mod‐
ulating gene expression through oxidative DNA damage and epigenetic alterations [38, 50].
ROS-induced DNA damage includes single- or double-stranded DNA breaks, purine, pyrimi‐
dine or deoxyribose modifications and DNA cross-links. DNA damage can result in arrest or in‐
duction of transcription, induction of signal transduction pathways, replication errors and
genomic instability, all of which are associated with tumorigenesis [19, 51]. The most extensive‐
ly studied DNA lesion is 8-OH-G, a potential biomarker of carcinogenesis [50]. This oxidative
DNA lesion was shown to interfere in the binding of methyl binding proteins to 5-methylcyto‐
sines [52], and 8-OH-G located adjacent to the target cytosine can affect the affinity of DNA for
DNMT3A [53]. These data indicate that 8-OH-G may play a role in the formation of aberrant
DNA methylation patterns during tumor formation. Increased Dnmt1 and global DNA meth‐
ylation levels were observed in murine melanocytes submitted to sustained stress condition as‐
sociated with malignant transformation [38]. Increased ROS levels can also induce the
recruitment of DNMT1 to damaged chromatin where, together with DNMT3B and members of
the Polycomb repressive complex 4, they form a silencing complex in GC-rich areas that might
explain cancer-specific aberrant DNA methylation and transcriptional repression [54]. Oxida‐
tive stress associated with inflammation also triggers redox signaling through inactivation of
HDACs. The reduction of HDAC activity is associated with posttranslational modifications,
such as carbonylation [55]. Together, these data suggest a connection among oxidative stress,
DNA damage, epigenetic alterations and malignant transformation.
Chronic stress conditions in tumor cells are triggered by an imbalance between ROS produc‐
tion and the ability of cells to scavenge these species. Many studies have shown the increase
in Nox expression and activity in transformed cell lines [9, 56, 57]. It was shown that consti‐
tutively activated isoform of p21Ras, H-Rasv12, in NIH-3T3 fibroblasts improved increased
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superoxide anion production by Nox1, and was functionally required for oncogenic Ras
transformation [58]. Mitochondria dysfunction can lead to oxidative stress, which could be
also implicated in cancer development. Besides defects in mitochondrial electron transport
chain and prolonged hypoxia and glucose deprivation, disrupted cell signal transduction can
also increase mitochondrial-derived ROS in cancer cells. In turn, alteration in mitochondrial
bioenergetics modulates signal transduction. It was demonstrated that increased ROS pro‐
duction derived from mitochondria is induced by oncogenic K-Ras and is required to maintain
anchorage-independent cell grow and proliferation [59].
Increased ROS levels in malignant cells can arise also from the alteration or inactivation of the
antioxidant defense system. Low activities of CuZn-SOD, Mn-SOD, CAT and GPxs have been
reported in a variety of transformed and malignant cells compared with their normal coun‐
terparts [19]. Decreased activity and expression of Mn-SOD was reported in melanoma,
colorectal, prostatic and pancreatic carcinomas [19].
However, it is important to note that only under a mild elevation in intracellular O2•ˉ and
H2O2 signaling pathways stimulate proliferation. In the other hand, if the concentration of ROS
in the cells is so high these effects can be completely reversed resulting in oxidative stress and
death. In this way, cancer cells must render the intracellular milieu pro-oxidant, where ROS
has a pro-life role [60], which is supported by the fact that MnSOD acts like a tumor suppressor
gene. Many authors have shown the suppression of malignant phenotype after MnSOD reexpression [61, 62, 63]. In addition, intracellular O2∙- has the ability to regulate apoptosis
sensitivity to a variety of apoptotic stimulus [12,13]. The inhibitory effect of O2∙- on cell death
signaling can be attributed to caspase proteases, mediators of apoptotic signaling, inactivation
by oxidative modifications [60] and by the increased expression of Bcl-2, which is associated
with a pro-oxidant milieu [64].

3. Melanoma and oxidative stress
Cutaneous melanoma is a highly malignant tumor derived from pigment-producing melano‐
cytes in the epidermis of the skin. Melanocytes are responsible for the synthesis of melanin in
melanosomes, which in turn, is transferred to neighboring keratinocytes where it can protect
DNA from UV radiation damage. Melanocytic transformation is triggered by sequential
accumulation of genetic and epigenetic alterations that driven modifications in several genes
and signaling transduction pathways leading to abnormal proliferation of melanocytes.
Melanoma is one of the most aggressive tumors with a high frequency of metastasis. The
incidence and mortality rates of malignant melanoma have increased in the past few decades
particularly in Europe and the United States. Although, the etiology of melanoma is not
completely known, several molecular and cellular mechanisms have been shown to contribute
to melanoma genesis. Chronic stress exposures induced, for example, by solar UV and
inflammation are among risk factors for melanoma development [65,66].
Many authors have shown increased ROS levels in melanoma cells through multiple mecha‐
nisms [9, 12, 57]. It was also demonstrated that the ability of melanocytes and melanoma cells to
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respond to oxidative stress is different. While melanocytes have the capability of suppressing
increased ROS levels, melanoma cells are unable to do that [67]. This redox imbalance has a cen‐
tral role in melanoma genesis. One of the reasons is that melanoma cells show decreased antiox‐
idant capability characterized by reduced catalase, glutathione-S-transferase and MnSOD
enzymatic activity and low levels of glutathione [68, 69], characterizing an aberrant redox state.
Moreover, melanoma cells have constitutive abnormalities in their melanosomes [70]. More im‐
portantly, it was found that melanoma cells have increased superoxide anion and decreased
hydrogen peroxide levels leading to an establishment of a pro-oxidant intracellular milieu and
the activation of redox-sensitive transcription factors that enhance the aggressiveness seen in
melanoma cells characterized by high proliferative rate and drug resistance [60].
Besides genetic alterations found in melanoma caused by UV, the involvement of ROS in
epigenetic alterations was also described in melanoma cells. Increased Dnmt1 and global DNA
methylation levels was observed in murine melanocytes submitted to sustained stress
condition associated with malignant transformation [38]. The treatment of cells with super‐
oxide anion scavenger abrogated the increase of both Dnmt1 and global DNA methylation
level (unpublished results).

4. UV radiation, its connection with oxidative stress and melanoma
development
Circumstantial and direct evidences show ultraviolet radiation (UVR) as major environmental
risk factor for melanoma formation. One of the evidences is the fact that melanoma incidence is
higher in population with light skin types [71]. Skin types depend on melanin production and
there are two types of melanin, eumelanin and pheomelanin. People with light skin have more
pheomelanin than eumelanin and it has been shown that eumelanin confers more protection
against malignant melanoma [72, 73]. Melanin is an important chromophore in the skin which
is able to absorb UVR, visible light and scavenge molecular oxygen and hydroxyl radicals, pro‐
tecting DNA from adducts formation and breaks [4]. In addition, melanoma from sun-exposed
areas has different gene mutations than melanoma from unexposed skin areas, suggesting the
existence of a particular pathway in melanoma genesis associated with UV radiation [65].
Ultraviolet radiation is subdivided into long wavelength UVA, shorter UVB and shortest UVC.
UVC is normally absorbed by ozone at atmosphere and generally does not reach human skin.
UVB is absorbed by cells located at outermost layer of epidermis and can be directly absorbed
by keratinocytes DNA, causing its damage by producing photoproducts such as cyclobutane
pyrimidine dimmers [74]. Additionally, UVB can affect DNA indirectly through oxidative
stress generation [75]. In other way, UVA radiation can penetrate deeper into skin and, in
addition to be absorbed by keratinocytes, is also absorbed by melanocytes, dermal fibroblasts
and other cell types [76]. UVA comprises the majority of UV radiation that reaches earth’s
surface (95%) and is poorly directly absorbed by DNA, but can indirectly affect DNA by
causing reactive oxygen species (ROS) increase and oxidative stress [77]. Oxidative stress can
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lead to single and double strand DNA breaks, DNA adducts formation, as well lipids and
protein peroxidation.
The specific contribution of UVB and UVA radiation to melanocytes malignant transformation
is questionable because the majority of in vivo and in vitro studies focus on UVB radiation.
Several studies in mice that develop malignant melanoma show a role of UVB in melanoma
genesis, in contrast to this, the role of UVA is less clear. It has been demonstrated that UVB
can activate an important differentiation and proliferation signaling pathway, the MAPK
pathway, leading to AP1 translocation to nucleus [2]. AP-1 results from heretodimerization of
c-Fos and c-Jun proteins, and this complex is important for proper induction of many genes
involved in cellular damage protection and repair against ROS damage. This transcriptional
factor can operate as an oncogene and it has been related with tumor drug resistance [78, 79].
Additionally, Ming and co-workers [81] showed that UVB radiation induces PTEN down
regulation through ERK and AKT pathway activation. The phosphatase and tensin homolog
PTEN is an important tumor suppressor gene that negatively regulates PI3K/AKT pathway
and its loss is related with many tumors, including melanoma [81, 82, 83]. In contrast with
these studies, Kabuyama and colleagues showed in 2001 that while c-Jun is activated in cells
irradiated with UVB, ERK activation occurs at same cells only after UVA irradiation [2].
Interestingly, treatment with antioxidants was able to reverse such activations.
When compared to UVB, there are fewer studies showing long-wave UVA radiation role in
skin cancer, including melanoma. Recent study in mice did not show an induction of melanoma
by a single UVA dose [84]. Nevertheless, there are circumstantial evidences suggesting UVA
role in melanoma formation once it gets through clothes in greater quantities than UVB and it
comprises the majority of UV radiation. Moreover, UVA, like mentioned before, can penetrate
deeper into skin than UVB. It has been shown that high UVA dose causes loss of reduced
glutathione and reduces plasma membrane stability in human melanocytes [85]. Glutathione
is an important cell antioxidant and loss of its reduced state may reflect the oxidative pressure
within this melanocytes as well the plasma membrane stability, once oxidative stress can cause
lipid peroxidation. In opposite way to this effect of UVA on melanocytes, this has only been
shown before in keratinocytes after UVB irradiation [85]. In addition, a recent work showed
an alternative role of melanin in mitochondrial DNA damage only during UVA irradiation,
not UVB, providing evidences for dual role of melanin as both protector and damage agent
[86]. The accumulation of mitochondrial DNA (mtDNA) mutations, through oxidative stress
mechanisms, has been proposed to contribute to carcinogenic and aging process in many
tissues, including skin [76, 86].
Regarding the link between UV radiation and oxidative stress in melanoma, it is important to
mention the fact that both UVA and UVB irradiation can induce nitric oxide synthases (NOS)
expression at skin [87, 88, 89]. Warren and colleagues showed, for example, that an intradermal
injection of L-NAME (NOS inhibitor) prevented erythema caused by UV radiation exposition
in rats [87]. In addition, nitric oxide in combination with superoxide anion can form peroxyni‐
trite, which leads to lipids and proteins peroxidation. Additionally, peroxynitrite might oxidize
tetrahydrobiopterin (BH4) NO syntases’ cofactor, what could cause NOS uncoupling. A critical
aspect of NOS function is the requirement for the cofactor BH4, its absence destabilize NOS,
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which becomes “uncoupled”. Uncoupled NOS produces superoxide anion instead of nitric ox‐
ide [12]. NOS-dependent superoxide formation has central role in the pathology of vascular
diseases like diabetes, hypertension and atherosclerosis, but less is known about this phenom‐
enon in cancer [90, 91]. Nevertheless, results from our group showed for the first time the in‐
volvement of the uncoupled eNOS in the generation of superoxide in melanoma genesis [12].
As showed, a potential causative role of ultraviolet radiation in oxidative stress and melanoma
genesis has been investigated; however, more studies are necessary to fully understand this
association.

5. UV-induced inflammation, immunosuppression and melanoma
The exposure of skin to UV irradiation results in increased blood flow, infiltration by macro‐
phages and neutrophils, as well higher levels of nitric oxide and prostaglandins [87, 92]. This
phenomenon is clinically observed as inflammation. Other UV-induced mediators such as
tumor necrosis factor (TNF) and interleukin-1α (IL-1α) also contribute to inflammation. The
recruited inflammatory cells produce ROS that, like mentioned before, drive damage to lipids,
proteins and DNA. This damage could lead to genetic and epigenetic alterations and contribute
to cancer development [38, 93, 94]. ROS and NO can be associated with all steps of tumor
progression, causing oncogene activation, tumor suppressor inhibition through mutations or
aberrant epigenetic modifications, angiogenesis, local invasion and metastasis [95].
Another feature of UV radiation is the fact that it can cause local and systemic immunosup‐
pression on skin. The precise mechanism is not fully elucidated, but DNA damage is regarded
as fundamental inciting event, which leads to depletion of Langerhans cells from epidermis,
interfering with antigen recognition [96, 97]. It was observed that immunosuppression induced
by UVA radiation diminishes immune surveillance and allows cutaneous melanoma devel‐
opment in transgenic mice [84]. Some additional evidences suggest that NO might be involved
in passing a “migration signal” to the Langerhans cells that stimulates them to migrate and
leave epidermis [98]. In this way, nitrosative stress could be involved both in inflammation
and immunosuppression mechanisms linked with carcinogenesis.

6. The role of NADPH oxidase enzymatic complex in melanoma genesis
Melanoma cells spontaneously generate ROS and present alteration in NOX expression. NOX
family, that comprises NOX1, NOX2 (also called gp91), NOX3, NOX4 and NOX5, consists of
catalytic subunit of NADPH oxidase enzymatic complex, one of cells’ superoxide anion sour‐
ces, as mentioned before. The active form of this multi-protein complex is also normally com‐
posed by transmembrane p22phox and cytosolic proteins, p40phox, p46phox, p67phox and Rac. It has
been observed that while melanoma cells present NOX2, p22phox, p67phox and NOX4 expression,
epidermal melanocytes express only p22phox and NOX4 [99]. Moreover, NOX4, that does not
present Rac cytosolic subunit, was found up regulated in several melanoma cell lines and it
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seems to be important to regulation of G2-M cell cycle progression [57]. Interestingly, Govin‐
darajan and co-workers [9] showed that AKT signaling is responsible by NOX4 overexpression
in melanoma cell line WM35. These authors also observed that these events seem to be necessa‐
ry to conversion of melanoma with radial growth to melanoma with vertical growth behavior.
In addition to NOX4 role in melanoma, recent research paper showed increased NOX1 protein
level and activity in melanoma cell lines compared to melanocytes. The same work showed that
NOX1 overexpression increases melanoma cells invasion on matrigel and stable clones overex‐
pressing Nox1 exhibited epithelial-mesenchymal transition [100].
There are few studies about NOX role in melanoma and more studies in this area may elucidate
how NADPH oxidases might regulate specific signaling pathways during melanocyte
malignant transformation and melanoma progression.

7. Mitochondria dysfunction as a ROS source in melanoma and therapeutic
target
Recently, the role of mitochondrial functions, such as redox regulation and oxidative
phosphorylation in melanoma progression has become to be elucidated. It was shown
that dysfunctional mitochondria affect melanoma cell survival and death and drug resist‐
ance [101]. Tumor cells normally produce ATP via glucose metabolism with concomitant‐
ly decrease in ATP production by oxidative phosphorylation [102]. Unlike most tumor
cells, melanoma cells rely more on oxidative phosphorylation than glycolysis to produce
ATP. Compared with solid tumor xenografts, human melanoma xenografts have one of
the highest rates of oxygen consumption, a surrogate marker of oxidative phosphoryla‐
tion [101, 103]. Moreover, non-glycolytic metabolic sources, such as the Krebs cycle, occur
more frequently in melanoma cells compared with melanocytes [104]. It was also shown
that a particular group of patients with advanced melanoma utilize oxidative phosphory‐
lation for energy production in addition to glycolysis [105]. Consequently, the mitochon‐
dria of melanoma cells generate high levels of ROS. These features make mitochondria a
potential chemotherapy target in melanoma. In fact, it was shown that the drug Elesclo‐
mol, that alter redox balance and induce oxidative stress, lead to melanoma cells apopto‐
sis by inhibiting oxidative phosphorylation through down regulation of proteins from
electron respiratory chain. In addition, it was also demonstrated that melanoma cells
with high levels of lactate dehydrogenase (LDH) (***--q), with characterizes ATP produc‐
tion mainly by glucose metabolism, are more resistant to Elesclomol [101]. Analysis of
patients with normal lactate LDH versus patients with high serum LDH levels showed
that the increase in LDH levels is a prognostic factor for metastatic melanoma [106].

8. Melanin: A pro-oxidant molecule contributing to melanoma genesis
In normal melanocytes, melanin is generated from the successive oxidation of tyrosine by
tyrosinase in sub organelles called melanosomes to protect DNA, including mitochondrial
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DNA, from UV radiation-induced damage [86]. Moreover, melanin neutralizes the inflamma‐
tory response to radiation and acts like an antioxidant, suppressing superoxide anion, singlet
oxygen and hydrogen peroxide [107]. However, in melanoma cells, melanogenesis itself is a
source of ROS and oxidative stress because of malformed melanosomes and melanin synthesis
disruption [108]. Therefore, depending on the melanin type and redox intracellular state,
melanin can play a dual role, both as a photoprotector and as a photosensitizer [86]. In
melanoma cells, melanosomes are poorly compartmentalized, with malformed or twinned
membranes, occlusions within the melanin and evident fragments outside of melanosome
[109]. The structural differences between melanosomes from melanocyte and melanoma cells
are significant, as melanosomal compartmentalization protects the cell from the highly reactive
small-molecules catechols that are generated as by products during melanogenesis [108].
Ultrastructural studies of human melanosomes also indicate that melanocytes generally have
fewer melanosomes than malignant melanoma [110]. Melanin deregulation renders it a prooxidant with ability to increase ROS levels and damage DNA [111]. In addition, melanin
exposition to radiation also renders it pro-oxidant [107]. It is important to note that disturbed
melanin synthesis and chronic oxidative stress are present in dysplastic nevi, indicating that
the switch of melanin to a pro-oxidant state occurs early in melanoma development [112].
Melanins are naturally associated with a number of metal ions and have the capability to
accumulate metals. However, oxidized melanin has high affinity for metal ions in vivo and the
binding of metal ions alters dramatically chemical properties of melanin, increasing it sus‐
ceptibility to further oxidation and the rate of melanin bleaching [113]. Therefore, it was
suggested that metals ions are associated to melanin conversion from a normal reducing status
to a pro-oxidant state. The binding of divalent zinc or cooper to melanin increases the capability
of melanin to react with oxygen by redox cycling and induces the increase in superoxide and
hydroxyl radicals [113]. There are several studies implicating heavy metal ions, including zinc,
cooper and cadmium, in the pathogenesis of melanoma [112, 114]. In fact, melanoma tumors
accumulate high concentrations of Cu and other metals in comparison with melanocytes,
which induce oxidative stress [115]. Moreover, Cu is a critical cofactor for the enzyme tyrosi‐
nase and is found in abundance in melanosomes from melanocytes and melanoma cells [107].
It was shown that the pro-oxidant state of melanin can be a selective target in melanoma. The
treatment of melanoma cells with Zn and Cu dithiocarbamate complexes, which are known
to increase the uptake of metal ions into the cell, augmented the redox cycling of melanin and
the oxidative stress, leading melanoma cells to apoptosis. Interestingly, the treatment was less
toxic to melanocytes [113].
Melanin synthesis is regulated mainly by the alpha-melanocyte stimulating hormones (αMSH), which bind to the melanocortin 1 receptor (MC-1R) and activate the cAMP pathway,
which in turn, triggers its downstream effector molecules Protein Kinase A (PKA) and cAMPResponsive Element Binding (CREB) transcription factors to up-regulate the expression of mi‐
crophtalmia-associated transcription factor (MITF). MITF induces the transcription of
tyrosinase, the rate-limiting enzyme in the synthesis of melanin [116]. Recently, it was shown
that melanin synthesis is regulated by Nox4-induced ROS in a feedback mechanism regulated
by MITF signaling pathway in melanoma cells [37]. The expression of Nox4 and ROS produc‐
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tion was increased by α-MSH and was dependent of MITF signaling. Expression silencing of
Nox4 gene increased melanin formation through MITF and tyrosinase activation upregulation,
unraveling a novel negative regulatory mechanism of pigmentation in melanoma cells. This
could be an adaptive mechanism of melanoma cells submitted to chronic stress condition to
maintain redox homeostasis: decreasing oxidative stress by inhibiting the synthesis of pro-oxi‐
dant melanin.

9. Uncoupled endothelial nitric oxide synthase as a superoxide anion
source: Its role in melanocyte transformation and melanoma progression
There is a lot of evidence showing the involvement of inducible nitric oxide synthase (iNOS)
in melanoma development. Its strong association with poor patient survival seems to indicate
that iNOS is a molecular marker of poor prognosis or a putative target for therapy. All these
studies show the role of nitric oxide, a free radical produced by NOS, in proliferation and
apoptosis [118, 119]. Recently, the role of NO derived from eNOS in melanoma induced by
chronic stress was shown [117]. In fact, eNOS-/- mice are resistant to tumor development [120,
121]. However, NOS can be also a source of superoxide anion [10, 11].
It has been extensively demonstrated that uncoupled NOS can generate superoxide, which has
a central role in the pathogenesis of vascular diseases, such as diabetes, hypertension and
atherosclerosis. NOS are homodimeric oxidoreductases that catalyze NO production from Larginine guanidine nitrogen using molecular oxygen. The NOS reductase domain generates
electron that flow from NADPH through FAD and FMN flavins and are transferred to the
oxidase domain of the other monomer in which L-arginine oxidation occurs at the heme group
in the active site. A critical aspect of NOS function is the requirement of the cofactor tetrahy‐
drobiopterin (BH4). In its absence, NOS dimerization is lost and NOS catalytic activity becomes
uncoupled. In this state, NADPH oxidation and molecular oxygen reduction are uncoupled
from L-arginine hydroxylation and nitric oxide (NO) formation. However, electron transfer
from NADPH to molecular oxygen is not inhibited, resulting in superoxide production [10, 11].
An in vitro murine melanocyte malignant transformation model was developed in our
laboratory after submitted a non-tumorigenic melanocyte lineage, melan-a, to a chronic
stressful condition [122], which resulted in the establishment of pre-malignant and melanoma
cell lines. It was demonstrated that along tumor progression increased superoxide and
decreased NO levels were produced. The treatment with L-sepiapterin, a BH4 precursor,
decreased superoxide and increased NO levels in melanoma cells [12]. The abrogation of
superoxide anion levels rendered melanoma cells less anoikis-resistant. More importantly, LNAME, a NOS inhibitor that decreases superoxide anion levels, impaired the acquisition of a
malignant phenotype by melan-a that was subjected to a sustained stressful condition [12,
38]. Moreover, the expression of GTP cyclohydrolase I, the rate-limiting enzyme in the
synthesis of BH4, is decreased in melanoma cells (unpublished results). Together, these data
show that the superoxide production by eNOS uncoupling may be important for melanoma
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cells survival and melanocyte malignant transformation. The possible use of BH4 as a chemo‐
preventive agent for melanoma development is under investigation in our laboratory.

10. Redox signaling in melanoma
The appropriate proceeding of tumor cells exposed to ROS is associated with activation of
different signaling pathways that in turn regulate transcriptional changes that allow cells to
respond and adapt to oxidative stress for maintenance of homeostasis. These alterations are
regulated by redox sensors such as apurinic/apyrimidinic endonuclease (APE-1/Ref-1). APE/
Ref-1 is a point of convergence for various redox-sensitive signals as well as being important
in DNA repair. Many studies demonstrated that many survival, proliferation and antiapoptotic signaling pathways are activated by APE/Ref-1–mediated transcription factors, such
as AP-1, NF-κB, HIF-1α and p53, whose regulation occurs in both a redox-dependent and a
redox-independent manner [36]. Elevated APE/Ref-1 was associated with decreased intracel‐
lular ROS levels as well as reduced oxidative DNA-damage lesions. However, the prolonged
activation of APE/Ref-1 induced by a sustained stress condition, switches the cellular signaling
to proliferation and apoptosis resistance. It was shown that increased expression of APE/Ref-1
and increased ROS levels play a role in malignant transformation by increasing anchorageindependent growth and colony formation [123]. Moreover, knockdown of APE/Ref-1 was
shown to efficiently induce apoptosis, sensitization, or both to chemical treatments [124]. It is
also well documented that elevated APE/Ref-1 is associated with chemo- and radio-resistance
in a number of cellular systems. Recently, this group also suggested that APE/Ref-1 is involved
in the regulation of metastasis produced by melanoma cells [125]. These studies suggested
that, as an adaptive response induced by APE/Ref-1, this transcription factor besides efficiently
repairs oxidative DNA damage, also regulates redox-sensitive signaling such as AP-1 and NFκB, which are involved in melanoma genesis. In fact, it was demonstrated the increased
expression of APE/Ref-1 in melanoma specimens and cells, which is predominantly found in
the nucleus and contributed to the binding and activation of AP-1 and NF-κB [123, 124].
Therefore, all these properties make APE/Ref-1 a promise target for melanoma therapy.
A signaling pathway disrupted in melanoma cells that is redox-sensitive is the Ras/
BRAF/MEK/ERK [126]. We have observed that activation of Ras-ERK signal transduction in
melan-a melanocytes during loss of integrin-mediated cell-matrix contact is regulated and
regulates superoxide anion levels which is associated with global DNA hypermethylation
(unpublished results). This aberrant signaling seems to have a significant impact in melanoma
genesis since the malignant transformation was drastically compromised when melan-a
melanocytes were pre-treated with superoxide scavenger.
Another pathway involved in melanoma progression that is responsive to alterations in redox
homeostasis is p38 signal pathway. In melanocytes exposed to oxidative stress and UVirradiation, p38 is activated and induces the expression of p16INK4A, which in turn decreases
ROS levels [127]. It can be a mechanism by which the tumor suppressor gene p16INK4A protects
melanocytes against malignant transformation. According to this point, it was shown by many
authors that induction of apoptosis in melanoma cells is dependent on p38 activation [128, 129].
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11. Antioxidant therapy for melanoma
Many cancer types have some imbalance in physiologic antioxidant levels compared with the
cell of origin like was mentioned before in this chapter [130]. Moreover, levels of anti-oxidant
enzymes and non-enzymatic antioxidants such as catalase, MnSOD, glutathione (GSH),
vitamins E, C and A are all typically decreased in tumors [131]. Although mutations in MnSOD
gene have been demonstrated in some melanomas, the other antioxidant enzymes were found
with high activity in this type of cancer cells [61, 131].
The redox imbalance found in melanoma cells is implicated in the malignant phenotype of
these cells, characterized by abnormal proliferation, apoptosis resistance and metastasis
capability through regulation of key signaling pathways. These observations support the
notion that melanoma could be targeted using antioxidant therapy.
One of antioxidants, approved by Food and Drug Administration (FDA) and used to treat
pulmonary fibrosis, is N-acetylcysteine (NAC) [132]. Studies in mouse showed that orally
administrated NAC reduced UV-induced squamous carcinoma [133]. Moreover, Cotter and
colleagues showed that NAC protects melanocytes from oxidative stress and delays UVinduced melanoma growth in mice [134]. In addition, other studies observed that topical NAC
reduced UV-mediated GSH depletion and peroxide induction in normal human skin [135,
136]. The antioxidant vitamin E delays or reduces UV-induced skin carcinogenesis in mice,
through reduction in DNA damage, immunosuppression or both [137]. Other epidemiologic
studies showed that increased vitamins D and C intakes have some influence in melanoma
prevention [14].
As mentioned above, the redox transcription factor sensor APE/Ref-1 has a potential as a target
for the development of a new chemopreventive agent against cancer. Using docking-andscoring technology and virtual screening, resveratrol was found to dock in one of the two drugtreatable pockets located in the redox domain of APE/Ref-1 [124]. The inhibitory effects of
resveratrol on APE/Ref-1 occurred mostly through its redox-regulating functions and might
be the principal role on its pharmacological activities, which are implicated in the reduced
AP-1 and NF-κB activities in many human cancers [138]. In studies using human melanoma
cells, resveratrol was shown to inhibit, in a dose-dependent manner, the APE1/Ref-1-mediated
DNA-binding of AP-1. Resveratrol was also shown to inhibit APE1/Ref-1 endonuclease
activity and render melanoma cells more sensitive to treatment with the alkylating agent
dacarbazine [124]. More recently, a small molecule called E3330 was developed and showed
strong inhibition of APE/Ref-1 in vitro [139]. The use of E3330 inhibited the interaction between
retinoic acid receptor and its DNA response elements, which is redox-sensitive and mediated
by APE/Ref-1, and increased the differentiation and apoptosis of myeloid leukemia cells
induced by retinoic acid [140]. Therefore, these compounds may represent a novel class of
anticancer agents and promising candidates for in vivo studies.
Although promising, treatment of melanoma with antioxidants has not yet achieved the
desired results. One hypothesis is that antioxidants can be used as chemopreventive drugs,
since the main role of ROS seems to be in the early progression of melanoma, when the tumor
is fully installed.
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12. Conclusion
Melanocytes are naturally exposed to oxidative stress due to UV, UV-associated inflammation
and metal ions accumulation. However, melanocytes have a great capability to regulate their
redox homeostasis due increased antioxidant activity and redox buffer characteristic of
melanin. The disruption of redox regulation in melanocytes is not clear, but seems to be a
consequence of many factors, including decreased of antioxidant enzymes expression and
activity as MnSOD and glutathione levels, the switch of melanin to a pro-oxidant molecule
and disturbance of signaling pathways that control melanocytes proliferation. Therefore,
increased ROS levels found in melanoma cells are not a simple consequence of altered
metabolism, but instead seem to have a central role in melanocyte malignant transformation
and in abilities acquired during tumor progression as chemoresistance. The establishment of
a pro-oxidant microenvironment also contributes to melanoma progression, implicating
inflammatory cells as essential sources of ROS. Many mechanisms are associated with ROS
accumulation in melanoma cells, including mitochondria dysfunction, increased NADPH
oxidase activity and NOS uncoupling. ROS are implicated in regulating several biological
processes by acting downstream important signaling pathways. Moreover, ROS regulate gene
expression by genetic and epigenetic alterations. Although ROS are implicated in all stages of
melanocyte malignant transformation, the uses of antioxidants as therapeutic strategies have
not been successful. However, its use as a chemopreventive strategy has been shown to be
efficient. Hence, efforts should be concentrated in the studies of the use of antioxidants as
chemopreventive drugs for melanoma.
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1. Introduction
Metalloproteinases (MMPs) are a numerous group of proteolytic enzymes whose activity de‐
pends on Zn2+ and Ca2+ ions [1-2]. They participate in various physiological and pathological
processes. They are engaged in the processes of restructuring and degradation of the basement
membrane and components of the extracellular matrix (ECM) [3]. So far, 25 enzymes from that
group have been characterized (22 in humans), as well as 4 their inhibitors (tissue inhibitors of
metalloproteinases - TIMPs) [4-5]. Gene expression of metalloproteinases occurs in almost all
cells: in fibroblasts, keratinocytes, macrophages, endothelium cells, Langerhans dendritic cells,
neurons, microglial cells, myocytes, as well as in inflammatory infiltration cells: in monocytes, T
lymphocytes [5]. Increased activity of metalloproteinases can be observed in various pathologi‐
cal states, i.e. in neoplastic growths, arthritis, periodontal diseases, atherosclerosis, dilated car‐
diomyopathy, myocardial infarction and diseases of the skin [6]. In case of neoplasms, a
possible dependence is often mentioned: quantity and activity level of these enzymes can influ‐
ence advancement of the tumour. Results of many studies show importance of the expression
profile of various MMPs and their inhibitors on the prognosis and course of the disease [7]. Gen‐
erally, changes in proportion of particular MMPs in the whole MMP pool negatively influence
the prognosis. However, in some cases, like e.g. in colorectal cancer, changes in the expression
profile due to increased expression of MMP-12 and MMP-9 are connected with longer surviva‐
bility of the patient and decreased ability of neoplastic cells to cause metastasis [8, 9]. Studies on
the amount of inhibitors metalloproteinase matrices (TIMPs) have proven that there is a rela‐
tion between a high level of TIMP-1 and -2, and an unfavourable prognosis for the patient. The
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cause of an increase in concentration of TIMPs is probably higher expression of MMPs and an at‐
tempt to maintain an equilibrium between MMP and TIMP expression in a neoplastic process
[7]. TIMPs may also favour neoplastic progression through inhibition of apoptosis of neoplastic
cells (TIMP-1 and -2), stimulation of their growth (TIMP-2 and -3) or participation in the begin‐
ning of angiogenesis in a tumour (stimulation of VEGF secretion – TIMP-1) [10]. Moreover,
TIMPs show activity independent from MMPs, e.g. they cause increased levels of anti-apoptot‐
ic protien BCL-XL [11] and have an influence similar to the growth factor [12]. Tests performed
on animals also proved that TIMP-2, despite its name, is an important activator of MMP-2 [13].
1.1. Participation and role of MMPs in the course of a neoplastic process
There are six basic changes in the physiology of a cell which underlie neoplastic de‐
velopment [14]:
• self-delivery of signals that stimulate growth,
• lack of sensitivity to signals that inhibit growth,
• escape from apoptosis,
• unlimited proliferation,
• stimulation of angiogenesis,
• invasiveness and ability to create metastasis.
The studies conducted in the last few years confirmed participation of metalloproteinases in
several stages of neoplastic development.
1.1.1. MMPs and regulation of growth of tumour cells
Three ways in which MMPs contribute to proliferation of tumour cells are known. Firstly,
MMPs release precursors of some growth factors, such as e.g. TGF-α [15] that are related to
the cell membrane. Secondly, MMPs may participate in the process of activation of those
factors, e.g. MMP-24 and MMP-25 activate IGF factors (insulin-like growth factors) through
proteolysis of IGF-BPs (insulin-like growth factor binding proteines). Thirdly, metalloprotei‐
nases influence composition of ECM and thus can indirectly regulate proliferation signals
through integrins [16]. MMPs can also influence, in a negative way, growth of neoplastic cells
through TGF-β or through participation in production of proapoptotic factors such as Fas
ligand (FasL) or TNF-α [7].
1.1.2. MMPs and regulation of apoptosis
MMPs demonstrate both apoptotic and anti-apoptotic activity. MMP-3, -7, -9 and MMP-11 are
metalloproteinases with particular significance attributed to them. It was proved that overex‐
pression of MMP-3 in epithelial cells of mammals induce apoptosis, which is probably a result
of laminin degradation [17-19], while MMP-7 can release cell membrane-related FasL – trans‐
membrane stimulator of the FasL death receptor. Released FasL can induce apoptosis of neigh‐
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bouring cells or cause inhibition of neoplastic cells [20-21]. MMP-7 may also inhibit apoptosis
through digestion of pro-HB-EGF (inactive form of the heparin-binding epithelial growth fac‐
tor) and secretion of mature HB-EGF which support cell survival [22]. Anti-apoptotic influence
of MMP-11 is often described with an example of IGFs (insulin-like growth factors) release,
which can be factors that increase survivability of cells [23-24]. During apoptosis of endotheli‐
um, metalloproteinases also participate in digestion of VE-cadherin (vascular endothelial cad‐
herin) [25] and cell adhesion molecules such as: PECAM-1 (a cell adhesion molecule from the
immunoglobulin superfamily) and E-cadherin (epithelial cadherin). Degradation of the afore‐
mentioned cell adhesion molecules may be a cause for typical rounding of apoptotic cells [26].
1.1.3. MMPs and regulation of angiogenesis
An important factor in the growth of a tumour is creation of new blood vessels within its region
[14]. Metalloproteinases play an important role as positive regulators of that process. Tests
conducted on animals have proven that both endogeneous and synthetic inhibitors of metal‐
loproteinases cause decreased angiogenesis [27]. Huge significance is here attributed to the
following metalloproteinases: MMP-2, -9, -14, which directly influence the course of the
angiogenic process, and MMP-19, which is expressed in blood vessel cells [28]. In case of
MMP-2 overexpression, a development of a mysterious feature of αvβ-integrin was described
within type-IV collagen. Blocking that spot with antibodies inhibits migration of endothelial
cells in the process of in vitro angiogenesis and limits growth of the tumour [29]. MMP-9 causes
higher availability of pro-angiogenic VEGF factor, however the mechanism of its action has
not yet been explained [30]. It is believed that also MMP-14 contributes to the angiogenesis of
the tumour as antibodies aimed at the catalytic domain of MMP-14 inhibit migration of
endothelial cells, as well as invasiveness and creation of capillary vessels in vitro [31]. MMP-14
can also degrade fibrillary matrix which surrounds newly created blood vessels, which may
potentially disable endothelial cells to further penetrate the tumour tissue [32]. MMPs also
contribute to creation of molecules which are inhibitors of angiogenesis. Digestion of plasmi‐
nogen by MMP-2, -3, -7, -9 and -12 results in creation of angiostatin [33]. MMP-3, -9, -12, -13
and MMP-20 may also be engaged in creation of endostatin (C-terminal fragment derived from
type XVIII collagen of basement membranes) [34]. Both angiostatin and endostatin reduce
proliferation of endothelial cells [35]. Additionally, endostatin may inhibit invasiveness of
endothelial cells, acting as MMP-14 and MMP-2 inhibitor [36]. MMP-12 may also inhibit
angiogenesis of the tumour through digestion and cutting off the receptor related to the cell
membrane, that is urokinase-type plasminogen activator (u-PA), which is necessary in the
process of invasion of endothelial cells into a fibrin matrix [37].
1.1.4. MMPs and invasiveness and metastasis
During metastasis, neoplastic cells have to overcome several barriers put in their way by ECM.
Firstly, they have to get through the basement membrane of the endothelium and infiltrate the
surrounding stroma. Then they have to infiltrate the blood or lymphatic vessels (intravasation),
migrate through vessel walls to the surrounding tissue (extravasation) and create new,
proliferable metastatic foci [3].
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Digestion of lamina-5 by MMP-2 and MMP-14 contributes to creation of a digestion product,
which facilitates cell movements. Such phenomenon can be observed in experimental in vivo
tumours, while in case of human neoplasms a common location for both MMP-14 and lamina-5
was found [7. However, MMP-14 may also participate in digestion of CD44 receptor (the main
receptor for hyaluronic acid) which resides on the surface of neoplastic cells. That receptor has
an ability to bond MMP-9 and, therefore, attributes to the location of the enzyme on the surface
of the cell. Such location of MMP-9 is necessary to initiate invasion of the tumour cells and
angiogenesis within its boundaries. Therefore, MMP-14 may contribute to a decrease in MMP-9
activity on the surface of the cell, which subsequently may inhibit invasive properties of the
tumour cells and angiogenesis [38].
Progression of the tumour is also connected with disturbance of the functioning of the Ecadherin cell adhesion molecule, which is digested by MMP-3 and MMP-7. Secretion of an Ecadherin fragment due to a cut attributes to the invasion of neoplastic cells in the paracrine
way [39]. Digestion of E-cadherin also contributes to transformation of the epithelial cells into
the mesenchymal tissue [40].
During the invasion of tumour cells, placement of metalloproteinases on the cellular invado‐
podia is necessary for them to acquire the ability of invasiveness. MMP-2, -9 and -14 are
metalloproteinases identified as those which appear within the invadopodia, however the
placement mechanisms are different for each of them [41].
Metalloproteinases also participate in late stages of the metastatic process when neoplastic
cells have to intrude blood and lymphatic vessels, survive in them and, finally, evacuate from
them. At that stage, the experimental models describe overexpression of MMP-9 and MMP-14,
which correlates with the growth in number of neoplastic cells which survive in experimental
tests of metastasis [42- 43].
It is believed that there are tissue-specific differences in occurrence of proteinases which initiate
metastasis. Moreover, activity of TIMPs in those tissues, which in some cases inhibit recurrence
of neoplastic foci, also seems to be different [7].
1.1.5. MMPs and immunological response
One of the characteristics of a neoplastic disease is occurrence of inflammatory responses [44].
The immunological system is able to recognize and attack neoplastic cells. However, those
cells have an ability to “escape” supervision and control of the immunological system. Those
phenomena may, to some extend, depend on metalloproteinases [7].
Inflammatory infiltration within a tumour contains cytotoxic T lymphocytes, NK cells and
macrophages which target neoplastic cells. Proliferation of T lymphocytes is regulated by
cytokine signals, precisely by interleukin-2 receptor-α (IL-2Rα) [7].
Metalloproteinases, including MMP-9, can only digest IL-2R and in that way inhibit prolifer‐
ation of T lymphocytes [7]. Metalloproteinases are also an activator of TGF-β [45], an important
T lymphocyte response inhibitor targeted against neoplastic cells [46]. The product of digestion
of 1-proteinase inhibitor created by MMP-11 causes decreased sensitivity of neoplastic cells
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to an attack from NK cells. MMPs may also target the chemokines themselves, which results
in a growth or reduction of infiltration and migration of leukocytes [ADD CITATION]. MMP-9
shows ability to digest neutrophil chemotactic factor CXCL8 (interleukin-8; IL-8), therefore
making it ten times more active. Moreover, MMP-9 inactivates the CXCL7 precursor (a TypeIII connective tissue activating peptide; CTAP-III), CXCL4 (platelet factor 4; PF4) and CXCL1
(growth-related oncogene-α; GROα) [47].
MMP-1, -3, -9, -13, -14 can participate in digestion and inactivation of CXCL12 (stromal cellderived factor 1, SDF-1) [48], which is a ligand for the CXCR4 receptor (SDF-1 chemokine
receptor) located on the leukocytes. It is interesting that breast cancer cells also show expression
of CXCR4, while inhibition of binding CXCL12 to CXCR4 through blockage with use of
antibodies significantly reduces in vivo metastasis to lungs and lymph nodes. Therefore,
digestion of CXCL12 by MMPs may inhibit metastasis [49].
Although the immunological system reacts to cancer cells and probably delays progression of
the neoplastic disease, existence of a chronic inflammatory state may also influence develop‐
ment of tumours of the skin, breasts, prostate, ovary, mucous membrane of the stomach, large
intestine, liver and bladder. In progression of neoplastic disease of animal models, inflamma‐
tory cells such as mastocytes, neutrophil granulocyte and macrophages participate in the
process [44]. Those cells synthesize several types of MMPs, including -9, -12 and -14, therefore
release of those MMPs may stimulate neoplastic progression [7].
1.2. Participation of MMPs in progression of melanoma
Melanoma belongs to the group of highly invasive neoplasms with high ability of metastasis
through both blood and lymphatic vessels. Some studies suggest that various arrangements
of proteolytic enzymes play an important role in progression of melanoma. Those include the
plasmin activator system and the extracellular matrix group of metalloproteinases. Melanoma
cells have an ability to produce many kinds of ECM metalloproteinases, including MMP-1, -2,
-9, -13, -14, as well as other inhibitors: TIMP-1, -2, and -3. It is currently believed that metallo‐
proteinases MMP-2 and MMP-9 play the most important roles in development of melanoma.
It was proved that expression and activation of those proteinases is in close relation to the
invasive and metastatic melanoma phenotype [50]. Those metalloproteinases are constitutive‐
ly expressed in the most aggressive forms of melanoma. Their level of expression is strongly
related to the atypia of melanocytes and differentiation of cells within the melanocytic nevi [51].
It was found that in case of both human and mouse melanoma cell lines, increased MMP-2,
MMP-9 and MMP-14 (MT1-MMP) expression is related to an invasive form of the neoplasm
[52]. Increase of MMP-2 is highly related to blood vessel metastasis. Clark's and Breslow's
classification shows relation between a high level of MMP-2 expression and low survivability
index, which is particularly typical for male patients [50]. Studies carried out by Zucker and
Cao [53] proved that MMP-2 is undetectable in situ in human melanoma, however high level
of an active form of that enzyme is present in the matrix of the primary tumour in advanced
stages of melanoma and its metastatic forms. Their results were confirmed by research
conducted by Vaisanen et al. [54], who proved that intensified expression of MMP-2 is a typical
feature of invasive forms of melanoma and is an unfavourable prognostic factor. Increased
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level of MMP-2 expression in mRNA and proteins was also observed in case of the most
aggressive melanoma cell lines (MV3, BLM), as well as xenografts derived from them. The proMMP-2 activation mechanism has not been fully discovered yet. An active form of MMP-2
directly regulates adhesion of melanoma cells and their proliferation to the ECM, facilitating
the processes of migration and invasion [55].
It was also found that increased expression of MMP-14 (MT1-MMP) causes activation of
MMP-2 on the surface of melanoma cells. MMP-2 activity is also regulated by presence of
TIMP-2. On the one hand, an inhibitor may slow down MMP-2 and in that way limit growth
of a tumour and invasion. On the other hand, TIMP-2 may also be directly engaged in activation
of MMP-2 through formation of a complex with MMP-14, which is a receptor for MMP-2 on
the surface of cells. Therefore, co-ordinated expression of MMP-2, MMP-14 and TIMP-2 leads
to activation of MMP-2, while increased concentration of the said metalloproteinases and their
inhibitor is also characteristic for other human neoplasms [50, 55].
The hypothesis that there is a dependence between activation of MMP-2 and overexpression
of MMP-14 was also proved in the research conducted by Kurschat et al. [56]. They found that
in case of abnormal human melanocytes, an increase in expression of both MMP-2 and MMP-14
is related to progression of the neoplasm. An in situ zymographic analysis confirmed presence
of an active form of MMP-2 in the boundary cells of the tumour and in the surrounding matrix.
Moreover, it was proved that the neoplastic cells which produce simultaneously MMP-2 and
MMP-14 are often situated on the boundary between the stroma and the front of the invasive
tumour cells [56].
Tests conducted on mice deprived of MMP-2 gene confirmed that MMP-2 synthesis is
necessary for occurrence of metastasis [50].
Iida et al. [57] found that MMP-14 facilitates invasion of melanoma cells through matrigel,
increases their ability to migrate through lamina-1, facilitates growth of the tumour in in
vitro cell cultures and supports forming of melanoma cell colonies in agarose gel. Moreover,
such influence of MMP-14 which causes increase of invasive abilities of melanoma and
supports growth of the tumour does not depend on the operation of MMP inhibitors [57].
Participation of MMP-9 in progression of melanoma remains unexplained. So far, contradic‐
tory data has only been obtained as to the influence of MMP-9 expression on progression of
melanoma. Experiments conducted on melanoma lines derived from advanced stages of the
neoplasm proved existence of MMP-9 expression. However, no such occurrence was found in
case of cell lines derived from early stages of melanoma [3]. What is more, research carried out
by van den Oord et al. [58] shows that, in case of humans, MMP-9 probably undergoes
expression only in the phase of horizontal growth of the tumour when it does not exceed 1.6
mm in height. No expression of metalloproteinase-9 was found in metastatic material [58].
Nikkola et al. [59] proved that a high level of MMP-9 in blood serum is typical for patients
with vast metastasis and generally shorter survivability time when compared to patients with
lower level of MMP-9 in the serum.
In case of experimental models, in which neoplastic tissue was implanted into rodents,
MMP-9 was identified within the occurring tumour only when its cells were derived from
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advanced melanoma stages [50, 52]. Moreover, in case of organisms that constitutively ex‐
pressed MMP-9, increased colonization of the lungs and metastasis were observed, while
mice without the MMP-9 gene virtually had no secondary neoplastic foci. Those studies
suggest that MMP-9, which is produced by both neoplastic and stroma cells, plays an im‐
portant role in the occurrence of metastasis. Moreover, it is thought that expression of
MMP-9 is a feature of neoplastic cells which participate in spontaneous metastasis to the
lymph nodes and lungs. Therefore it seems that the process of selection of the cells which
create in vivo metastasis favours those subclone cells which express MMP-9. As that selec‐
tion is independent from the microenvironment and is not observed during experimental
metastasis, it seems that MMP-9 participates in early stages of metastatic occurrence than
in the later states, such as e.g. extravasation [50, 52].
An important role in the development of melanoma is also attributed to MMP-1 and MMP-3.
Durako et al. [51] proved that gradation of Type-I and Type-IV collagen, as well as invasion
of melanoma cells through matrigel both depend on expression of MMP-1. Nikkola et al. [59]
demonstrated correlation between a high level of MMP-1 and MMP-3 in the tissue and a shorter
survivability time, as well as a relation between expression of MMP-13 and parenchymal
metastases. Increased progression of the neoplastic disease was observed at the beginning of
a therapy in case of patients with higher level of metalloproteinases, while in case of patients
with melanoma, MMP-13 activity was detected [59].
Due to the properties of TIMPs, it seems that an equilibrium between the level of active MMPs
and their inhibitors may be a turning point for neoplastic progression. For example, it was
proved that overexpression of TIMP-1, TIMP-2 and TIMP-3 can cause inhibition of melanoma
invasion. On the other hand, in situ tests show that induction of TIMP-1 and -3 occurs in a late
stage of melanoma tumour progression, which is a result of a complex interaction of the MMP/
TIMP system. Increased expression of TIMPs can also inhibit metastasis, while simultaneously
giving unfavourable prognosis due to TIMPs acting as stimulants to the growth of human
melanoma cells [50].
The studies of Wandel et al. [60] show that stroma cells also participate in induction of the
proteolytic potential of tumour cells. Therefore, expression of MMPs may occur not only in
neoplastic cells but also in the surrounding fibroblasts, which proves participation of those
cells in the process of melanoma progression [50]. Wander et al. [60] proved that both fibro‐
blasts located in the direct vicinity of the in vivo melanoma lesion, as well as those stimulated
with a medium derived from the in vitro culture of melanoma cells (the medium contained
solvable factors secreted by melanoma cells, such as cytokines and growth factors) showed
increased MMP-1 expression of mRNA and proteins. Moreover, a relation between that
phenomenon and invasiveness of the tumour was observed.
As the presented data shows, it seems that ECM metalloproteinases play an important role in
the development of the neoplastic process, including the melanoma tumour. Anomalies in the
expression profile of MMPs not only influence the in situ growth of the tumour itself but
particularly affect location and the way of induction of the metastatic process. This can suggest
that various MMPs may play individual roles in particular stages of melanoma metastasis [52].
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2. Photodynamic therapy in treatment of melanoma
Photodynamic therapy (PDT) is used in treatment of chosen pre-neoplastic states and early
neoplastic stages, as well as for aesthetic and plastic purposes [61]. The basis of PDT is the
interaction of laser light (usually long-wave infrared) with photosensitive molecules selec‐
tively accumulated in pathologically changed tissue, in presence of oxygen. Such interaction
turns those molecules into their cytotoxic forms that, eventually, cause death of the cells,
therefore highly selectively destroying pathological lesion in the tissue [62].
A possibility to use photodynamic therapy in treatment of melanoma is currently a subject of re‐
search conducted on both cell and animal cultures. Photosensitizers and their derivatives, such
as Photofrin, ALA, Porphyrin IX, Vertoporphyrin and others, are currently being assessed or
even used in clinical practice in case of other diseases. Simultaneously, very intensive research
on newly synthesized compounds is being conducted [63 – 66]. The most attention is drawn to
those photosensitizers which have the maximal absorption pattern shifted to the infrared,
which allows the light to penetrate the tissue deeper and avoids its absorption by melanin. Lab‐
oratory studies also include analyses of mutual influence between molecules of particular pho‐
tosensitizer and melanin. In case of Chlorin e6 and Polyvinylpyrrolidone complex (FOTOLON)
used in our study, research conducted by Parkhots et al. [67] proved that presence of DOPAmelanin (up to 0.1 mg/ml concentration) does not influence the properties of the photosensitizer
and those systems do not interact with each other, do not form any bonds nor complexes. How‐
ever, even quite low concentration of melanin (up to 0.02 mg/ml) in the sample, despite its lack
of influence on the rate of singlet oxygen creation in the medium, significantly lowers effective‐
ness of that reactive form of oxygen. Other studies which assessed mutual interactions of the
melanin – photosensitizer - light system described occurrence of so called 'side reactions' [68].
Presence of endogeneous chromophores, including melanin, in surface layers of the illuminat‐
ed tissue can significantly limit access of the light (especially that of shorter wavelengths). It
may also result in so called 'photobleaching', which was confirmed for established parameters
of the therapy [68].
First clinical trials with use of PDT in patients with melanoma are currently being conducted.
However, the number of reports with successful application of that kind of therapy is still small.
Due to very limited knowledge of the molecular and long-term effects of such therapy, the most
common but still casuistic reports are related to application of PDT in the palliative therapy of
metastatic melanoma. One such case was described by Fasanell and McGrath [69]. Those re‐
searchers proved effectiveness of the PDT therapy in treatment of melanoma metastasis to the
duodenal ampulla. The therapeutic effect was immediately observed and lasted for a long time
(13 months). Unfortunately, further observation was impossible due to death of the patient
caused probably by metastasis to the brain and complications in a form of the intracerebral hem‐
orrhage. Other cases of PDT application in the available literature concern patients with mela‐
noma of the sight apparatus, lesions in the nasal area and sensitive parts of the face. There are
also reports of successfully concluded therapies of iris melanoma [70], as well as descriptions of
14 patients with metastatic melanoma (13 of them previously treated with other methods) in
which cases a successful elimination of all neoplastic cells was achieved after one treatment
with PDT-chlorin e6 (in 8 cases) or after a series of therapeutic procedures (in 6 cases) [71].
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3. Metalloproteinases in photodynamic therapy of melanoma
Photodynamic therapy (PDT) allows for selective elimination of pathological cells with use of
light. The light illuminates chosen, mostly pathological, cells of the tissue which gathers photo‐
sensitizing substances. The cause of death of those cells are molecular changes that occur during
the therapy. However, a question arises: if use of sublethal conditions (that depend on suscepti‐
bility of cells, their type, concentration of the photosensitizer, presence of oxygen or dose of ra‐
diation) does not increase resistance of the pathological cells to those conditions, leading to
occurrence of a malignant phenotype and, in that way, increasing the possibility of metastasis.
More and more studies describe a co-relation between the degree of invasiveness of neoplastic
cells and changes in expression of metalloproteinases (MMPs) ECM and their inhibitors (TIMs)
located in both neoplastic cells and cells of the stroma - connective tissue of the tumour. Due
to that, an attempt to assess influence of photodynamic therapy on changes in expression of
chosen meta metalloproteinases MMP-2, MMP-9, MMP-14 and their inhibitors TIMP-1 and
TIMP-2 was made in two cultures of melanoma: Colo-829 (melanotic type – a line taken from
cells isolated from skin) and SH-4 (melanotic metastatic type – a line taken from cells isolated
from pleural effusion; initial occurrence - skin; metastatic occurrence – lungs). The influence
of photodynamic therapy on expression of chosen metalloproteinases and their inhibitors was
analysed in melanoma cell cultures and regular fibroblast cultures (HFF-1 line – normal
fibroblasts isolated from skin), the latter were exposed to factors secreted by melanoma cells
after photodynamic therapy.
Chlorin e6 – PVP (Fotolon OAO; producer: Biełmedpreparaty) was used as a photosensitizer
with concentration of 0.01 mg/ml of the growth medium. The photosensitizer was added to
the growth medium in which cultures of a given cell line were grown. After the growth
medium and the photosensitizer were added and an incubation period of 1 hour, cell cultures
were illuminated with use of PDT-662 laser (Kriomed) with a wavelength of 662 nm in 5J, 10J
and 20 J/cm2 doses.
The analysis of chosen genes was carried out at the transcription stage with use of quantitative
determination and QRT-PCR method. Determination of mRNA transcripts of the examined
genes in whole-cell RNA extracts was conducted with use of a DNA Engine OPTICON™
fluorescence detector (MJ Research). After each amplification cycle, the number of PCR
amplicons was determined based on the intensity of SYBR Green I fluorescent dye which binds
to double-stranded DNA, a product of RT-PCR reaction, which has an ability to emit fluores‐
cent light. In order to prepare the reacting QRT-PCR mixture, a stock QuantiTect Sybr Green
RT-PCR Reagent Kit (Qiagen) was used. Amplimer identification was based on electrophoretic
separation in 8% solution of silver-stained polyacrylamide gel.
Specificity of RT-PCR reaction was confirmed for each analysed sample on the basis of a
thermal denaturation profile of the amplification product. The denaturation curve was
established for a range of temperature between 50°C and 95°C. Rapid decrease in intensity of
fluorescence was observed during denaturation of samples at the melting temperature (Tm)
of the amplimer which was contained in that gene. This is due to the release of SYBR Green I
dye from the double-stranded product of the PCR reaction.
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The results of our study, representing a quantitative feature, were checked for normality by
the Shapiro−Wilk test for each trial. In all cases, there was no reason to reject the hypothesis of
normality. Thus, to verify the research hypothesis, parametric tests were used and the data is
expressed as mean values ± standard deviations. Average results of two samples (trials) were
compared using Student's t-test when the assumption of variance homogeneity was met, or
Student's t-test with separate estimation of variance in case of the opposite situation. The
homogeneity of variance for two samples (trials) was checked using Snedecor’s F-test or
Levene's test. Comparison of the average of one distinguished group (control) with the
remaining experimental averages was made using Dunnett's test, after previously determining
(by means of the F-test in variance analysis) the statistical significance of differences between
analysed averages. When comparing the averages of at least three samples (trials), analysis of
variance (ANOVA) was performed. The results for p < 0.05 were considered statistically
significant. Statistica PL version 8 software was used for the statistical analysis.
The results of the study showed expression of mRNA in MMP-2, MMP-9 (on a very low level),
as well as MMP-14 and TIMP-2 of SH-4 metastatic melanoma cells. Only MMP9 and TIMP-2
transcripts were detected in Colo-829 melanoma cells (Table 1).

MMP-2 [mRNA

MMP-9 [mRNA

MMP-14

TIMP-1 [mRNA

TIMP-2 [mRNA

Melanoma cell

copy

copy number/1

[mRNA copy

copy number/1

copy number/1

β-aktyna [mRNA
copy

line

number/1 μg

μg of total

number/1 μg

μg of total

μg of total

number1/μg of

of total RNA]

RNA]

of total RNA]

RNA]

RNA]

total RNA]

Colo-829

-

527

-

-

47255

3922322

SH-4

860

57

558459

-

1855586

12604750

Table 1. The mRNA copy number of β-actin, MMP-2, MMP-9, MMP-14 and TIMP-1 and TIMP-2 in melanoma cultures
estimated by QRT-PCT method.

However, the results that show limited expression of MMPs in in vitro melanoma cell
cultures are not surprising. It was even suggested that neoplastic cells themselves do
not produce all proteolytic enzymes necessary to initiate the invasion and metastasis
[72-74]. Some of those enzymes are probably produced exclusively by stimulated stro‐
ma cells [60]. For example, Wandel et al. [60] proved lack of MMP-1 expression in in
vitro melanoma cell culture lines derived from the primary tumour and the following
lines: A365, SK-Mel-13 and MeWo. Whereas Roomi et al. [ADD CITATION] confirmed
that some MMP-2 and -9 expression cannot be observed in some in vitro types of car‐
cinoma cells. However, Hofmann et al. [55] examined changes in expression of mRNA,
MMP-1, -2, -3, -9 metalloproteinases and TIMP-1 and -2 inhibitors in a human model
of in vitro and in vivo melanoma xenograft. The xenograft comprised eight melanoma
cell lines with various intensity of maliciousness. Those experiments proved that
mRNA level expression of MMP1 occurred in all melanoma cell lines. However, pro‐
tein-level expression analysed with Northern Blot method could not be confirmed
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which may suggest that the amount of MMP-1 in those cells was very small [55].
Presence of mRNA and MMP-2 protein was confirmed in all cell lines, however the
highest level of expression, both in latent and active MMP-2 form was identified in
the cells with the most malicious phenotype, those which were able to create metastat‐
ic foci – MV3 and BLM [55]. Presence of MMP3 transcripts was confirmed only in
three lines: in both most malicious (MV3 and BLM) and in the cell line 530, which
did not have metastatic features. However, presence of MMP-3 protein characterized
only MV3 and BLM lines. None of studied melanoma cell lines showed MMP-9 ex‐
pression, yet mRNA and TIMP-1 and -2 protiens were identified in all of them [55].
Therefore, it seems that only the most aggressive melanoma cell lines demonstrate in
vitro expression of most metalloproteinases, which determine their invasive abilities.
Results of the research for MMP-2, MMP-9 and MMP-14 mRNA, as well as TIMP-1
and TIMP-2 in SH-4 melanoma cells are shown in Table 1. They can confirm high in‐
vasiveness of those cells.
Photodynamic reaction conducted in Colo-829 and SH-4 melanoma cell lines with use
of Fotolon causes inhibition of expression on the mRNA level for those metalloprotei‐
nases identified above or at least significantly decreases its value. It makes further
analysis of influence of therapeutic conditions on expression of chosen MMPs and
TIMPs in examined in vitro melanoma cell lines impossible and focuses the researchers'
attention on fibroblasts stimulated with a growth media derived from melanoma cell
cultures treated with PDT. For it has been confirmed that the invasive and metastatic
processes occurring in tumours are results of ECM destruction caused by MMPs,
which are produced by both melanoma and stroma cells. Neoplastic cells, due to se‐
cretion of various factors, such as growth factors and cytokines, can stimulate neigh‐
bouring fibroblasts, which form the stroma tissue of the tumour, to produce and
change the level of expression of metalloproteinases [73]. Moreover, results of various
studies suggest even that neoplastic cells themselves do not produce all proteolytic en‐
zymes necessary to initiate the invasion and metastasis [72-74]. Some of those enzymes
are probably produced only by stimulated stroma cells [60]. Wandel et al. [60] proved
that fibroblasts gathered around the melanoma cells have an increased level of MMP1
expression in comparison to those fibroblasts which have no contact with neoplastic
cells. Stimulation of the fibroblasts who did not have any contact with neoplastic cells
with the growth medium gathered from melanoma cell cultures leads to over 20 times
higher number of MMP1 transcripts when compared to unstimulated fibroblasts. Those
have only three times higher level of expression when compared to rhe SK-Mel-13 line
melanoma cells. Increase of MMP1 expression was also observed on the protein level.
Wandel et al. [60] proved statistically significant amounts of proteins between the un‐
stimulated fibroblast cultures and those cultures which were stimulated with the
growth medium gathered from melanoma cell cultures. Moreover, Zhang et al. [74]
proved that MMP-2 and MMP-14 (MT1-MMP) metalloproteinases produced by fibro‐
blasts attribute to higher invasiveness of in vitro HNSCC tumour (Head and Neck Squ‐
amous Cell Carcinoma) and stimulate its in vivo growth.
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Figure 1. Comparison of (A) β-actin, (B) MMP-2, (C) MMP-9, (D) MMP-14, (E) TIMP-1, and (F) TIMP-2 gene expression
at transcription level among fibroblast cultures HFF-1 stimulated with medium from above melanoma cultures from
Colo-829 and SH-4 cell lines before and after PDT. The first and the second column (column I and II) show the changes
of all chosen genes expression in the fibroblast cultures HFF-1 stimulated with medium from above melanoma cul‐
tures from appropriately Colo 829 and SH-2 cell lines. The statistically significant results are marked with the symbol
„*“ (p<0,05).

Results obtained for MMP-2, MMP-9 and MMP-14 metalloproteinases and their TIMP-1 and
TIMP-9 inhibitors confirm processes observed in SK-Mel-13 melanoma line [60], including the
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influence of factors secreted by melanoma cells on expression of metalloproteinases (at the
mRNA level) and their inhibitors by fibroblast cells in in vitro conditions. The conducted re‐
search showed general growth of MMP-2 and MMP-14 metalloproteinase transcripts, as well as
TIMP-2 inhibitor, in fibroblast cells stimulated by the growth medium gathered from both Co‐
lo-829 and SH-4 melanoma cultures. However, statistical significance of the growth of expres‐
sion on the mRNA level occurs only in the case of TIMP-2 in fibroblast cultures stimulated by the
growth medium gathered from Colo-829 (HFF-1/Colo-829) melanoma cultures (p < 0.05). In
case of fibroblast cultures stimulated by the growth medium gathered from Colo-829 (HFF-1/
Colo-829) and SH-4 (HFF-1/SH-4) cultures, a statistically significant decrease of the number of
MMP-9 metalloproteinase transcripts was also observed (p < 0.05). In most cases and independ‐
ently from the applied radiation dose (5 J/cm2, 10 J/cm2 and 20 J/cm2), stimulation of in vitro fibro‐
blasts by the growth medium gathered from the melanoma cell cultures which were treated
with PDT laser in presence of a photosensitizer causes a decrease of expression on the mRNA
level in the examined MMPs and TIMPs in a statistically significant way (p < 0.05) (Fig. 1).
Moreover, in case of normal fibroblast cultures stimulated with the growth medium gathered
from Colo-829 melanoma cell cultures that were previously treated with PDT, an increase of
the ratio between the number of MMP2/TIMP2/MMP14 transcript copies can be observed
when compared to HFF-1/Colo-829 cultures (Table 2, Fig.2).

Stimulated fibroblast cell cultures HFF-1
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2

p = 0,0038

p = 0,6450

p = 0,1832

p < 0,0001

p = 0,0086

p < 0,0001

p = 0,0060

p = 0,8270

Table 2. The comparition of the proportion of mRNA copy number of MMP-2, MMP-14 and TIMP-2
(MMP-2:MMP-14:TIMP-2) in the fibroblast cell cultures HFF-1 stimulated with media from above melanoma cultures
from Colo 829 and SH-4 cell lines before and after PDT. The table shows also the interaction between the
MMP-14:TIMP-2 proportion in case of pairs of the cell lines: with and without the Photolon (F) addition (the
statistically significant results – interactions - are when p<0,05).
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Figure 2. Comparison of the MMP-2/MMP-14/TIMP-2 mRNA copy number ratio among fibroblast cultures HFF-1
stimulated with media from above melanoma cultures from Colo 829 and SH-4 cell lines before and after PDT. The
statistically significant results are marked with the symbol „*“ (p<0,05).
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level of active MMPs and their inhibitors may be a turning point in neoplastic progression. As noticed in the literature [50],
overexpression of TIMP-1, TIMP-2 and TIMP-3 may be the cause of both inhibition of proteolysis and invasion of melanoma.
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tumours, is mainly a result of a complex interaction within the MMP/TIMP system. Therefore, increased expression of TIMPs may
inhibit the metastatic process, at the same time giving a bad prognosis [50, 59].
Demonstrated results of the study are related to the influence of PDT therapy on in vitro melanoma cultures.
Unfortunately, this does not allow for a direct transfer of the observed processes into in vivo conditions. Therefore, those
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The research of expression of MMP-2, MMP-9 and MMP-14, as well as TIMP-1 and TIMP-2 in
Colo-829 and SH-4 melanoma cells conducted and described in our study proves that in
vitro photodynamic therapy of melanoma can cause changes in expression of MMPs and
TIMPs. This may not happen in the melanoma cells themselves but certainly occurs in the
connective stroma tissue of the tumour. Moreover, melanoma cells proved to be sensitive to
both laser light and the photosensitizer alone.
The analysed ratio of MMP/TIMP copies is also significant, as it may influence later synthesis
of proteins and effective activation of metalloproteinases. In most cases, the ratio decreases,
which is particularly noticeable in case of cells stimulated with the growth medium from
Colo-829. Due to the characteristics of TIMPs, it seems that the equilibrium between the level
of active MMPs and their inhibitors may be a turning point in neoplastic progression. As
noticed in the literature [50], overexpression of TIMP-1, TIMP-2 and TIMP-3 may be the cause
of both inhibition of proteolysis and invasion of melanoma. However, in situ research proved
that induction of TIMP-1 and -3, which occurs in a late stage of progression of melanocytic
tumours, is mainly a result of a complex interaction within the MMP/TIMP system. Therefore,
increased expression of TIMPs may inhibit the metastatic process, at the same time giving a
bad prognosis [50, 59].
Demonstrated results of the study are related to the influence of PDT therapy on in vitro
melanoma cultures. Unfortunately, this does not allow for a direct transfer of the observed
processes into in vivo conditions. Therefore, those results cannot be the only premise to forecast
changes of the phenotype in various types of melanoma cells treated with PDT in in vivo
conditions, as the observed changes in parameters that describe the invasive potential of the
tumour do not have to be related only to the speed of its growth and in vivo metastasis [74]. In
order to understand better the influence that photodynamic therapy has on melanoma cells
and the mechanisms triggered by the influence of laser light and a photosensitizer, it is
necessary to conduct further, more detailed research. It is certain that changes of expression
of MMPs and TIMPs on the protein level have to be examined in more detail. It is possible that
other than mentioned in this study MMPs and TIMPs may influence the studied processes,
depending on a type of melanoma in question. Moreover, the research needs to be conducted
in both in vitro and in vivo conditions. Only after such extended amount of data is collected, a
more detailed analysis and comparison of influence of PDT parameters can give a picture of
effectiveness and safety of that kind of therapy on melanoma tumour cases.

4. Summary
Changes in transcriptional activity of MMP2, MMP9, MMP14 genes, as well as TIMP1 and
TIMP2, in Colo-829 and SH-4 lines of cell cultures suggest that photodynamic therapy does
not contribute to an increase of invasiveness of melanoma cells in relation to proteolytic
enzymes of the extracellular matrix, even in sublethal conditions.
However, it should be noted that:
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• presented results of MMP2, MMP9, MMP14, as well as TIMP1 and TIMP2 expression are
related only to the first stage of expression of examined genes (transcription), while the final
effect (which is the amount of active form of enzyme proteins coded by those genes) also
depends on a number of other factors,
• obtained data is valid for cells cultured in in vitro conditions, therefore, in order to formulate
an explicit conclusion as to harmlessness of photodynamic therapy in relation to invasive‐
ness of melanoma cells treated with PDT, this study should be treated as a starting point
and similar research should be conducted in in vivo conditions.
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1. Introduction
1.1. Melanocytic tumours
Melanocytic tumours derive from melanoblast and melanocyte transformation and occur both
in humans and dogs [1-4]. These lesions are mainly found at skin, digits and oral cavity and
eye [2,5,6]. Moreover, melanocytic tumours can be benign or malignant. Melanomas are
aggressive tumours that can metastasize early in the course of the disease, both locally and in
distant organs [3,7,8]. Whereas in mouth and eye, this type of tumour is generally malignant,
at cutaneous level, and despite the difficulties of making a precise diagnosis, melanocytic
tumours are usually benign. When malignant, they are very aggressive [3-5,8,9].
Generally, the tumour initially starts with a radial-growth phase, which can rapidly progress
to a vertical-growth phase, a stage where melanoma cells have a high proliferation rate and a
strong ability to metastasize [10]. Although early detection and improved surgical techniques
had increase the patient survival, the prognosis of metastatic melanoma is still very poor due
to the resistance to existing therapies [10,11]. Consequently, cutaneous melanoma, the most
malignant tumour of the skin, still represents the leading cause of skin cancer deaths [10];
therefore, canine malignant melanoma is a life threatening disease, with up to 80% of affected
dogs developing metastasis [12].
The similarities between human and canine melanoma, coupled with their similar environ‐
mental exposure, make spontaneous canine melanoma an excellent model in comparative
pathology, for studying the correspondent disease in human counterpart [8,13-15]. These
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studies rely, primarily, on understanding the factors and mechanisms underlying tumour
growth and dissemination, which, ultimately, allows the design and effective use of novel
therapeutic strategies for cancer therapy [4,10,11,16].
The major hallmarks of cancer include migration, invasion, metastasis and angiogenesis [17].
An event intrinsically associated with the initial process of tumour invasion is similar to the
epithelial-mesenchymal transition (EMT), a highly conserved and fundamental process of
morphological transition that occurs during developmental processes; during this event,
epithelial cells down-regulate cell–cell adhesion molecules and acquire a mesenchymal
phenotype with reduced intercellular interactions and increased migratory capacity [17,18].
In addition, for cancer cells being able to continue growing and start migrating, new blood
vessels have to be created by angiogenesis, being the new vessels easily penetrable by tumour
cells due to their elevated permeability and reduced resistance [17-21].
Under normal circumstances, the extracellular matrix (ECM) constitutes one of the natural
barriers against tumour spread [11,22-24]. Therefore, as cell dissemination from the primary
tumour includes invasion of surrounding tissue and basement membranes, intravasation into
the lymphatic or blood circulation, adhesion and extravasation into distant organs, degrada‐
tion and remodeling of ECM by proteolytic enzymes are essential for tumour metastasis
[5,17-19,25,26]. Thus, proteolytic enzymes have been considered important factors and
potential molecular markers associated with tumour growth and invasion in several types of
cancer, including melanoma [16,26,27], where prognostic markers are needed to predict the
risk of progression, assess the clinical outcome and select optimal treatment strategies [4,10,16].
1.2. Matrix metalloproteinases
Proteolytic enzymes can be classified as exopeptidases or endopeptidases, based on their
ability to cleave terminal or internal peptide bonds, respectively [28]. Proteases are proteolytic
enzymes present in all organisms in different sizes, shapes and catalytic properties, but with
the common ability to hydrolyze the internal bonds of various peptides [27,29].
Most proteases are classified as serine, cysteine, aspartic or matrix metalloproteinases (MMPs),
according to their catalytic mechanism and inhibitor sensitivities [28,30]. The MMPs or
matrixins were first described in 1962 by Gross and Lapiere [22,23] and are mostly known by
their ability to degrade components of the ECM. This family of endoproteases has been
considered essential in a number of normal physiologic processes as well as pathological
events [24]; therefore, over the last years, the structure and function of MMPs and their roles
in pathological processes, including cancer, have been intensively investigated in both human
and veterinary medical research [19,27,29,31,32].
Currently, more than 25 different types of MMPs have been identified among vertebrates and
the majority is expressed and has similar functions both in humans and dogs [16,27-29,33].
Nevertheless, MMPs have many similarities in their structure, sharing considerable homology
within their major domains, including signal peptide, propeptide, catalytic and hemopexinlike domains [16,23,27,34]. Additionally, MMPs are zinc- and calcium-dependent for func‐
tional activity and, according to substrate specificities, domain organization and sequence
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similarities, they are classified into six groups: collagenases, stromelysins, matrilysins,
membrane-type MMPs (MT-MMPs), gelatinases and other MMPs [16,23,27,35].
Collagenases are represented by MMP-1, MMP-8 and MMM-13 or collagenase -1, -2 and -3,
respectively. Preferentially, they have affinity to collagen types I, II and III. Stromelysins are
represented by MMP-3 and MMP-10 or stromelysin-1 and -2, respectively; they have specificity
for laminin, fibronectin, elastin, gelatin and proteoglycans (MMP-11 is called stromelysin-3
but it is usually grouped with “other MMPs”). Matrilysins are represented by MMP-7 and
MMP-26 or matrilysin-1 and -2, respectively; they have specificity for collagen IV, fibronectin,
elastin and gelatin. The MT-MMPs are MT1, 2, 3, 4, 5 and 6 – MMP or MMP-14, -15, -16, -17,
-24, and -25, respectively; they have specificity for collagen, gelatin, fibronectin and laminin
[16,19,27,35,36]. Finally, the group of gelatinases includes MMP-2 and MMP-9 or gelatinases
A and B, respectively. Gelatinases have a fibronectin domain into the catalytic site, which
improves the degradation of denatured collagen (gelatin), type IV (basement membrane)
collagen, type V collagen, fibronectin, plasminogen and elastin. The MMP-2, unlike MMP-9,
digests type I, II, and III collagens [16,19,28,35].
There are a variety of cells expressing gelatinases. Typically, MMP-2 is produced by macro‐
phages, T-cells, osteoblasts, endothelial and epithelial cells, fibroblasts, keratinocytes and
chondrocytes. On the other hand, MMP-9 expression occurs in T-cells, neutrophils, leukocytes,
endothelial and breast epithelial cells, osteoclasts, keratinocytes, monocytes, macrophages,
and in connective tissue cells [19,23,30,37]. Furthermore, and despite their usual extracellular
activity, several MMPs have been demonstrated as active proteases localized in nuclei of
various human and animal cell types, including heart myocytes, brain neurons, breast and
endothelial cells, fibroblasts and hepatocytes [26].
The degradation of ECM by MMPs essentially consists in the disruption and remodeling of
structural barriers that enable the occurrence of extravascular tissue access and cellular
invasion into the surrounding tissue stroma [22,23,38]. However, that process is more complex
as it makes the ECM a major influence of cell behavior survival and communication, since it
responds to signaling molecules and acts as ligand for cellular adhesion receptors [24,27,28].
Therefore, as MMPs alter and structurally organize ECM, thus altering matrix-derived signals,
they are essential to sustain homeostasis, regulating several cellular processes that require
ECM breakdown and modification, such as cell shape, movement, growth, differentiation,
survival and apoptosis [16,19,28,34].
Generally, both MMP-2 and -9 participate in these processes, where MMP-2 has major roles
reducing cell adhesion, stimulating cell migration and differentiation and acting as an antiinflammatory factor; the MMP-9, on the other hand, may act as anti- or pro-inflammatory factor
[35]. The gelatinases are also linked to the cell spreading and cytoskeletal changes during cell
migration [19]. Moreover, MMPs substrates are not limited to ECM proteins; in fact they have
the ability to cleave and activate one another, disrupt cell–cell contacts and cleave latent growth
factors, proteinases and their inhibitors, blood clotting factors, cell surface receptors, adhesion
molecules and intracellular substrates [19,24,28,34,39]. Therefore, MMPs, including gelatinas‐
es, are associated with many normal physiological events, such as embryonic development,
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reproduction, ovulation, wound healing, bone resorption, tissue morphogenesis, nerve growth
and mammary gland development [16,23,30,34,38].
Usually, alternating cycles of proteolysis and its inhibition prevent an excessive proteolytic
activity and tissue destruction [19]. Therefore, in most tissues, basal MMP production is
normally very low [23,28,39]. The MMP-2, in particular, is widely distributed and is constitu‐
tively expressed by most cells with only modest up or downregulation under various condi‐
tions [19,29]; on the other hand, MMP-9 expression is normally induced and, while almost
MMPs are constitutively secreted after their translation [29,30], MMP-9 can be packaged in
neutrophils, being released during specific stimulation [19,23,26,30]. Nevertheless, endothelial
cells can release both MMP-2 and -9 very quickly, indicating that they might originate from
intracellular storage compartments [26].
At the transcription level, the expression of MMPs can be activated by cytokines and growth
factors, including transforming growth factor-α and -β (TGF- α and β, respectively), tumour
necrosis factor- α (TNF- α) interleukins (ILs), interferons, endothelial growth factor (EGF),
basic fibroblast growth factor (bFGF), keratinocyte growth factor (KGF), nerve growth factor
(NGF) and vascular endothelial growth factor (VEGF), among others [17,18,23,24,28]. In
addition to soluble proteins, cell-matrix and cell-cell interactions, mediated by cell-adhesion
molecules like epithelial (E)-cadherin and several integrins [21], can also stimulate the
expression of MMPs [23]. At the post-transcriptional level, gene expression can be regulated
through the stability of mRNA in the cytoplasm [30]. On the other hand, the expression of
MMPs can be downregulated by targeting of extracellular components, intracellular growth
factors, signal transduction pathways and suppressive factors, which include transforming
growth factor-beta (TGF-β), retinoic acids and glucocorticoids [19,23,24,26].
Gelatinases are secreted into the ECM in an inactive or latent form, being called proenzymes
or zymogens; the proenzyme secretion, activation and the inactivation of their activities by
endogenous inhibitors represent additional regulation processes of these enzymes
[18,19,23,30]. Initially, each MMP contains an amino-terminal (N-terminal) domain, called predomain, a signal sequence that guides the enzyme for synthesis and secretion in the extracel‐
lular environment in a zymogenic form; when that occurs, the pre-domain is lost and the
latency of these enzymes is maintained by the cysteine in the pro-domain of the propeptide,
which chelates the zinc ion bounded in the active site, formatting a bridge. This interaction can
be further abolished by mechanical disruption or other processes (cysteine switch) leading to
an intermediate activation, which is followed and completed by the activity of other extracel‐
lular proteases, including other MMPs, or even by autocatalytic cleavage; at the time of enzyme
activation, the pro-domain is removed [16,23,35,38].
In both humans and dogs, pro-MMP-2 has 72 kDa and may be converted to the 62 or 66 kDa
active forms by several enzymes, such as MMP-1,MMP -7, MMP-14, MMP-15, MMP-16,
MMP-24, MMP-25, thrombin and plasmin; on the other hand, MMP-2 can activate MMP-1,
MMP-13 and MMP-9. In addition to MMP-2, pro-MMP-9 (92 kDa) can be activated to the 82,
84 or 88 kDa active form by MMP-3, MMP-7, MMP-10, MMP-13, MMP-26 and plasmin
[19,28,29,35]. In the particular case of MMP-9, the substrate binding to proenzime seems to be
enough to trigger the cysteine switch. This may explain the fact that usually, the active MMP-9
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is often absent in the tissues, despite the observation of its catalytic activity [19]. Furthermore,
MMP-9 exists in plasma as a monomer, complexed as a dimer with a protein named lipocalin,
present in activated neutrophils; the MMP-2, on the other hand, is strictly monomeric [19].
Moreover, except for matrilysin, all MMPs also have a hemopexin domain, which is a hemebinding peptide at the carboxyl-terminal (C-terminal) [16,23,27,29]. This additional domain is
important in substrate recognition and in inhibitor binding [16,27]. The MMPs activity can be
inhibited by zinc- and calcium-chelating agents and by specific naturally occurring tissue
inhibitors of metalloproteinases (TIMPs), which augment cell adhesion and stabilize cell–cell
contacts by inhibiting ECM degradation [16,19,23,26]. The TIMPs are secreted proteins, but
may be found at the cell surface in most tissues and body fluids, in association with membranebound proteins; based on structure, four different types of TIMPs have been characterized:
TIMP-1, -2, -3 and -4 [16,28,30,34].
Both TIMP-1 and TIMP-2 inhibits MMP-9, although TIMP-1 is more effective; on the other
hand TIMP-2 inhibits proMMP-2 over 10-fold more effectively than TIMP-1. However, TIMP-2
has a bi-functional effect on MMP-2, inhibiting its activity in high concentrations, but regu‐
lating its activation when present in low levels, by associating to MT1-MMP and pro-MMP-2
at cell surface [28,30,34,38,39]. Like TIMP-1 and TIMP-2, TIMP-3 and TIMP-4 also may inhibit
MMP-2 and -9; TIMP-4, particularly can also regulate MMP-2 by inhibiting its activator MT1MMPs [30,34]. In addition, gelatinases, unlike other families, can be regulated by TIMPs before
being activated, since these inhibitors can reversibly bind to MMP-2 and -9 zymogens [34,37].
Like MMPs, TIMPs also exhibit biological functions, including mitogenic activities on a
number of cell types, which are independent of their MMP-inhibitory activities; therefore,
TIMPs are also important regulators in cellular activities [34,38].
Another pos-translation regulation mechanism of MMPs activity is associated with their
localization, where specific events concentrate proteinases in the pericellular microenviron‐
ment, within the vicinity of their targets [18,26,28,34]. These localization mechanisms also limit
the access of TIMPs and the extent of proteolysis to discrete regions [19,26,28].
However, as a result of specific protein, genetic and/or epigenetic mutations [23,27-30], and
reactive oxygen species influence [18], the functions of MMPs that are essential in normal
conditions may develop into pathogenesis. When the regulatory mechanisms are compro‐
mised, MMPs production and activity may be abnormally diminished or increased, leading to
an improperly ECM degradation [16,23,34,40,41]. Therefore, the occurrence of MMPs dereg‐
ulation, particularly an increased gelatinase activity [16,19,34,39], is frequently associated with
several human and canine pathological events, including: rheumatoid arthritis, inflammatory
disorders of the gastrointestinal tract, cerebrovascular, cardiovascular, skin and lung diseases,
and cancer [16,18,19,24,27,29,32].
1.3. Matrix metalloproteinases and cancer
The MMPs have been implicated in cancer for more than 40 years [18], being overexpressed
in a wide range of malignant tumours in response to oncogenic cellular transformation [23,26],
cytokines and several growth and angiogenic factors [16,19,23,26,42]. In addition, the com‐
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plexity of the tumour microenvironment triggers a variety of regulatory cascades that
determine the expression and function of several proteins; therefore, the tumour context is
important, that is weather TIMPs and/or activating enzymes in the microenvironment are
present or not [18].
Despite they are often produced by invasive cancer cells, most MMPs, under stimulation of
ILs and growth factors, are produced by non-malignant stromal cells such as fibroblasts,
endothelial cells and bone marrow-derived cells, including macrophages [5,17,19,21,43].
Furthermore, MMPs are typically required in the early stage of the tumour progression [19,20]
due to their ability to degrade the ECM, basement membranes, growth-factor receptors,
cytokines, chemokines, cell adhesion molecules, apoptotic ligands and angiogenic factors [17,
27,33], since that contributes to tumour proliferation, invasion, intravasation into circulation,
extravasation, migration to metastatic sites and angiogenesis [16,19,21,26,27]. Therefore,
several proteins, including MMPs, integrins, matrix proteins are gathered when the cells need
to invade and migrate and come across a non-degraded ECM [19].
On the other hand, MMPs may deregulate the balance between growth and antigrowth signals
in the tumour microenvironment [18,20,44]. Additionally, MMPs orchestrate inflammation,
which is linked to cancer progression [18,19,43], and are also associated with mechanisms that
cancer cells develop to avoid host immune response, mainly through the suppression of Tlymphocytes proliferation or by decreasing the tumour cells sensitivity to natural killer (NK)
cells [19,23,25,26,31]. The MMP function is also involved with the ability of malignant cells to
evade apoptosis, by cleaving ligands and receptors that transduce pro-apoptotic signals
[18,23,24]. Furthermore, the overexpression of MMPs, gelatinases in particular, can also cause
EMT and induce genomic instability [17,18]. Consequently, the presence of MMPs in malignant
diseases, including gelatinases, is often correlated with highly aggressive tumours and low
prognosis, both in humans and dogs [18,27,32,43,45].
However, the degradation of ECM components and other extracellular molecules, although
under malignant stimulation, may generate fragments with new bioactivities that inhibit
angiogenesis [18]. On the other hand, TIMPs expression in tumour tissue and stroma generally
inhibits tumour cell growth, reduces the invasive and metastatic capacity of tumour cells and
prevents angiogenesis [16,34,42,46,47]. Hence, it would be logical to assume that during cancer
development, an high MMP:TIMP ratio would be present [44]. However, an excessive activity
of MMPs may difficult tumour cell adhesion by destroying cell-matrix interactions or matrix
signals required for cell migration, invasion and angiogenesis; therefore, even in cancer
progression, a certain balance between MMPs and TIMPs is needed, in order to allow the
remodeling of stromal tissues [19,20,26,44].
Among all MMPs, the gelatinases and respective proenzymes are two of the most important
members in the development and invasion of tumour cells in several neoplasias. Both MMP-2
and MMP-9 are expressed in a variety of human [16,19,25,27,43,48] and canine [32,33,45,49-52]
cancers, including lymphoma, glioma, ovarian, lung, bladder, pancreatic, prostate, renal, oral,
gastric, and breast cancers, neuroblastoma, promyelotic leukemia, fibrosarcoma, osteosarco‐
ma, cutaneous mast cell tumours and melanoma.
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With respect to balance deregulation between growth and anti-growth signals, as MMPs
substrates, latent growth factors can be activated by gelatinases [20]. For instance, they
are able to release the active TGF-β, thus promoting angiogenesis and tumour metastasis
[4,17-19,44]; on the other hand, TGF- β up-regulates the MMP-2, acting as a strong auto‐
crine mediator of tumour cell invasion [4]. Moreover, neutrophil-derived pro-MMP-9 is
not complexed with TIMP-1, being more readily activated to drive tumour angiogenesis
by activating the basic fibroblast growth factor 2 (FGF-2) pathway [17,18]. Likewise,
MMP-9 is implicated in vasculogenesis and regulates the bioavailability of bFGF and
VEGF, the most potent inducer of tumour angiogenesis, which may also affect lymphan‐
giogenesis [17-19,43,45]. The increased expression of MMP-2 is also associated with lym‐
phatic invasion and lymph node metastases [18].
Additionally, not only the presence of MMPs, but also their cellular location plays a crucial
role in cell invasion [53]; during invasion, the localization of MMPs to specialized cell surface
structures is requisite for their ability to promote invasion [17]. Thus, the cell surface-bound
gelatinases also play a role in cancer progress; in leukemic cells, for example, pro-MMP-9
interacts with intercellular adhesion molecule-1 (ICAM-1), enhancing tumour cell resistance
to NK cell-mediated cytotoxicity [19,25,26]. Furthermore, the gelatinases cell surface activity
has been found to be dependent of cell adhesion molecules, such as integrins, for tumour
migration, invasion angiogenesis in many cancers [5,10,19,23,26,28].
In human melanoma cells, particularly, MMP-2 and -9 have been focus of attention in the last
years, both in cutaneous [4,5,27,43,48,53-57], as well as in eye [11,58-62] and oral melanoma [6].
Although the role of MMPs in melanoma remains controversial [5,55], both gelatinases are
often overexpressed in melanocytic tumours, frequently in advanced stages of melanoma, thus
being associated to the most invasive and aggressive cases and to a low prognosis and patient
outcome. The specific activation processes and the localization of MMPs during migration of
melanoma cells is still poorly understood [5]; nevertheless, MMP-2 and -9 have been detected
in a high number of vesicular organelles, which may be a way of achieving a rapid and
directional proteolysis during cell migration, invasion and angiogenesis [26]. In veterinary
medicine, as the best authors’ knowledge only two studies concerning the gelatinases expres‐
sion have been made in canine melanocytic tumours, one in cutaneous lesions [49] and the
other in oral melanomas [51].
Conversely to the majority of the observations, there are several MMPs, including gelatinases,
with the ability to negatively control some aspects of cancer progression. Particularly, MMP-2
and -9 are able to cleave plasminogen, which creates angiostatin, and MMP-9 can also cleave
a basement membrane collagen type XVIII, creating a product named endostatin; both
cleavage products can inhibit endothelial cell proliferation and angiogenesis [20,22,27,38,44].
Similarly a few studies indicate a positive correlation between increased TIMP levels and poor
outcome in some human malignancies [40]. Although the significance of this event remains
unclear, it seems that the role of each MMP and TIMP depends on the type of cell that produces
the enzyme (tumour cell or stroma), the cancer stage, the tumour site (primary or metastasis),
the substrate profile, the tissue of neovascularization and several microenvironmental factors
[17-20]; however, the significance of this event remains unclear [20,27,44].
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In the context of cancer therapy, several clinical trials have been developed in both humans
and dogs, in order to inhibit MMP activity [18,32,52], particularly the activity of gelatinases,
in several malignant diseases, including melanoma [27,42]. The majority of these studies are
based on the use of TIMPs or synthetic inhibitors [20,26,27,42] and knockout experiments [19,
42], where MMP-2 and MMP-9 are absent. In addition, similar studies are based on the
degradation of particular cell receptors that bind to gelatinases [19]. Although some these
inhibition studies remain controversial, promising results have been observed, including the
reduction of the growth and invasion of the more aggressive cases [19-21,26,27]. The presence
of anti-tumour MMPs may be the underlying cause of lack of success of some of these clinical
trials [27]; therefore, the dual role of MMPs in angiogenesis highlights the need to develop
selective MMP inhibitors [20].
On the bases of what was previously described, MMPs are undeniably important factors
influencing tumour behavior; however, there is still not enough knowledge about the function
of individual MMPs in cancer [19,27]. As the dog has been considered a good model for studies
of spontaneous melanoma [8,13-15] and since the role of MMPs in canine melanocytic tumours
is still poorly explored and understood, the aims of the present work are to study the immu‐
noexpression of MMP-2 and MMP-9 in canine cutaneous melanocytic tumours and the
association between them and several pathological characteristics.

2. Material and methods
2.1. Tissue processing and tumour classification
From the archive of the Histopathology Laboratory of the University of Trás-os-Montes and
Alto Douro, 42 canine cutaneous melanocytic tumours and 5 normal skin samples were
obtained. These tumours were excised from dogs presented for treatment at the Veterinary
Teaching Hospital of the University of Trás-os-Montes and Alto Douro and several other
veterinary private clinics. The anonymity of the sample sources was respected.
The samples were ﬁxed in 10% buffered formalin and parafﬁn embedded. For the histopatho‐
logic study, 4-µm-thick tissue sections were stained with hematoxylin and eosin, with and
without melanin blanching, depending on the amount of pigment. The blanching was
performed by slide incubation in 0,25% potassium permanganate for 30–60 minutes and 0,1%
oxalic acid for 5–8 minutes. Each sample was re-examined by two independent pathologists
(IP and JP) in order to confirm the diagnosis, according to the World Health Organization
International Histological Classification of Tumours of Domestic Animals criteria [63]. All
slides were taken into consideration for this study and complete sections of the tumours were
fully analysed.
2.2. Histopathological evaluation
The following pathological features were evaluated: histological type - melanocytoma
(benign), melanoma (malign); presence of ulceration; presence of necrosis; mitotic index;
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nuclear grade; degree of pigmentation, presence of aberrant tumoural cells; stroma; and
tumoural vascular invasion. Mitotic index was calculated by counting all the mitosis present
in 10 high power fields (HPF) (400x): mitotic index I (<3 mitosis in 10 HPF); mitotic index II
(3–5 mitosis in 10 HPF) or mitotic index III (>5 mitosis in 10 HPF). For nuclear grade, the
following grades were defined: nuclear grade I when the nuclei had minimal variations in their
shape and size compared to normal nuclei; nuclear grade II consisted of moderate alterations
of nuclear shape; and nuclear grade III consisted of the nuclei that were irregular and larger
than normal [64].The degree of pigmentation was estimated using a subjective scale from scant
(pigment in fewer than 30% of cells), moderate (pigmentation in 31–80% of cells), and abundant
(pigment in more than 80% of cells). The amount of stroma was categorized in: scant, moderate,
and abundant [65].
2.3. Immunohistochemistry
For immunohistochemical studies, 3-µm sections were cut from each specimen and mounted
on silane-coated slides. MMP-2 and MMP-9 immunoexpression were carried out by the
streptavidin-biotin-peroxidase complex method, with a commercial detection system (Ultra
Vision Detection System; Lab Vision Corporation) following the manufacturer’s instructions,
with and without blanching. All the washes and dilutions were made in phosphate buffered
saline (PBS) solution (pH=7.4).
Sections were deparafﬁnized in xylene and rehydrated in a graded alcohol series, ending in
tap water. The blanching was performed with 0,25% potassium permanganate (KMnO4) and
0,1% oxalic acid (H2C2O4). For MMP-2, antigens were retrieved by microwave treatment for
20min at 750W in a solution of citrate buffer, in distilled water. No pre-treatment was used for
MMP-9 labeling.
After cooling the slides at room temperature, endogenous peroxidase was blocked, through
the incubation with 3% hydrogen peroxidase for 30min. Slides were then dried and sections
outlined with a hydrophobic pen (Liquid Blocker, Daido),washed in PBS for 5min and applied
the blocking serum for 5min (Ultra VBlock, Labvision Corporation). Subsequently the sections
were incubated overnight at 4 ◦C, with the primary antibodies: MMP-2 (Neomarkers) diluted
1:150 and MMP-9 diluted 1:200 (Neomarkers) in phosphate buffered saline (PBS; pH 7,4; 0,01
M). On the following day, sections were washed in PBS for 5min, at room temperature, and
then applied biotinylated serum and streptavidine peroxidase for 10min each (both included
in the kit Ultravision Detection System, Labvision Corporation), with intermediate washings
in PBS, for 5min. Immunolabeling was observed by incubation with 3,3-diaminobenzidine
tetrahydrochloride (DAB; SIGMA) 0,05% with 0,01% H2O2 for 5min. After washing in distilled
water, the sections were counterstained with Gill haematoxylin, dehydrated, cleared and
mounted. Each set of staining included a known positive control. The primary antibody was
replaced by PBS and by an irrelevant antibody for negative controls
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2.4. Immunohistochemistry evaluation
Positivity was indicated by the presence of distinct brown cytoplasmic labeling. Each specimen
was evaluated in a blinded manner by 2 independent investigators (IP e FLQ). The interob‐
server variability was low; in case of discrepancy, a consensus was reached among 3 observers.
The number of malignant cells expressing MMP-2 and MMP-9 was assessed using a semi‐
quantitative scale by estimating the percentage of positive tumoural cells (labeling extension).
A 4-grade scale was used: negative,0,<5%; 1, 5-20% of positive cells; 2, 21–49%; and 3, over 50%
of positive cells (adapted from [57]). The labeling intensity was recorded as: negative (0); weak
(+); moderate (++) and strong (+++).
2.5. Statistical analysis
Statistical analyses were made to determine correlation between MMPs immunoexpression
(labeling extension and intensity) and tumor diagnosis (benign or malignant), and between
MMPs immunoexpression in malignant melanomas and the pathological variables under
study. The statistical software SPSS (Statistical Package for Social Sciences, IL, USA), version
12.0, was used for statistical analysis. We performed a chi-square test (χ2) for studying
categorical variables. In all statistical comparisons, p< 0.05 was accepted as denoting significant
differences.

3. Results
3.1. Tumours
The studied canine cutaneous melanocytic tumours were originated from dogs of different
breeds. Undefined breed (n=13/42), Boxer (n=11/42), Rottweiller (n=5) and Cocker Spaniel (n=2)
were most commonly represented. The age of the animals ranged from 9 months to 15 years,
with an average of 10 years. Twenty dogs were female and 22 were male.
The lesions occur as nodules solitaries, occasionally ulcerated, varying in size between 0,4-9
cm (average of 2,7cm).
From the 42 tumours included in the study, 11 cases were classified as melanocytomas (benign
tumours) and 21 cases as malignant melanomas.
3.2. MMP-2 and MMP-9 expression in canine cutaneous melanocytic tumours
Five samples of normal skin and 42 melanocytic tumours were examined (Table 1). Occasional
dermal fibroblasts and macrophages were positive for both MMP-2 and MMP-9 in normal skin
and tumours.
Intracytoplasmic immunostaining for MMP-2 and MMP-9 immunoreactive protein was found
in epidermal and dermal nests of tumoural cells, both centrally and peripherally. Positive cells
were homogeneously distributed without any constant increase in invasive fronts.
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Sample nº

MMP-2

Histological
Classification

Extension

MMP-9
Intensity

Extension

Intensity

1

Melanoma

3

+++

1

+

2

Melanocytoma

3

++

2

++

3

Melanocytoma

2

+++

0

0

4

Melanoma

3

+++

1

+

5

Melanocytoma

3

+++

3

+

6

Melanocytoma

3

++

0

0

7

Melanoma

2

+

2

++

8

Melanoma

1

++

1

+

9

Melanoma

1

++

2

++

10

Melanoma

3

+

3

+++

11

Melanoma

2

+

3

+

12

Melanoma

2

+

3

+++

13

Melanoma

3

++

2

++

14

Melanoma

1

+

3

++

15

Melanoma

1

+

3

++

16

Melanocytoma

3

++

0

0

17

Melanocytoma

3

++

3

+

18

Melanoma

1

+

3

+++

19

Melanoma

2

++

2

++

20

Melanoma

3

+

3

++

21

Melanoma

2

+

1

+++

22

Melanocytoma

3

++

0

0

23

Melanocytoma

3

++

2

+

24

Melanocytoma

3

++

2

+
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Sample nº

MMP-2

Histological
Classification

Extension

MMP-9
Intensity

Extension

Intensity

25

Melanoma

1

++

2

++

26

Melanoma

3

++

2

++

27

Melanoma

2

++

1

+

28

Melanocytoma

3

+++

2

+

29

Melanocytoma

3

+++

2

+

30

Melanoma

2

++

1

+

31

Melanoma

1

+

1

+

32

Melanoma

3

+

3

+++

33

Melanoma

1

+

1

++

34

Melanoma

2

+

1

+

35

Melanoma

2

+

3

++

36

Melanoma

1

+

3

+

37

Melanoma

1

++

3

++

38

Melanoma

2

+

1

++

39

Melanoma

3

++

3

+++

40

Melanoma

3

++

3

++

41

Melanoma

3

+

3

+

42

Melanoma

2

+

1

+

Extension – <5 (0), 5–20% (1), 21–50% (2), >51% of positive cells (3); Intensity - negative (0), weak (+), moderate (++),
strong (+++)
Table 1. MMP-2 and MMP-9 immunoexpression in canine cutaneous melanocytic tumours.

The expression of MMP-2 was observed in all tumours. The percentage of labeled cells ranged
from (1) isolated cells (n=10; 23.8%), to (2) foci of labeled cells (n=12; 28,6%), to (3) diffuse labeled
cells (n=20; 47,6%). With respect to labeling intensity, there was weak positivity (+) in 18 cases
(42,9%), moderate intensity (++) of labeling in 18 cases (42.9%) and strong intensity (+++) in 6
cases (14,3%), which is represented in Figures 1 and 2.
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Figure 1. MMP-2 expression in canine cutaneous melanocytoma: difuse (3) and moderate labelling intensity (++). IHC.
Bar, 30 µm

Figure 2. MMP-2 expression in canine cutaneous malignant melanoma. The positivity is moderate in a 2 extension of
positive cells IHC. Bar, 60 µm

For MMP-9 immunolabeling extension, 16 melanocytic tumours showed a diffuse (3) immu‐
nolabeling (36.1%), and 22 an intermediate labeling (2) pattern represented in Figure 3. Only
4 tumours were negative (9,5%). For labeling intensity, the weak (+) and moderate (++) labeling
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pattern (Figure 3) was most frequently observed (n=17 and n=15 respectively). Six cases
showed a strong (+++) reaction to MMP-9 (Figure 4).

Figure 3. Difuse (3) MMP-9 expression in canine malignant melanoma, with a moderate intensity (++). IHC. Bar, 30 µm

Figure 4. MMP-9 expression in canine malignant melanoma, with a difuse (3) and strong (+++) labelling intensity. The
tumoural cells invades hepatoid perianal gland. IHC. Bar, 120 µm
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3.3. Association between MMP-2 and MMP-9 expression and tumour malignancy
The percentage of MMP-2 positive cells and the intensity of reaction were significantly
different between benign and malignant tumours. Benign tumours (melanocytomas) showed
a higher expression of MMP-2 [both for extension (p=0,003) and intensity (p=0,02)] than
malignant melanomas (Table 2).
Regarding MMP-9, the differences observed between benign and malignant tumours were
statistically significant both for the extension of positive cells (p<0,0001) and for the labeling
intensity (p=0,001). Malignant melanomas generally showed a higher number of positive cells
than benign tumours The melanocytomas did not show MMP-9 or, when present, the immu‐
noexpression was generally weak (Table 2).
Melanocytoma

Melanoma

Total

n

%

n

%

n

%

1

0

0%

10

40,7%

10

23,8%

2

1

9,1%

11

40,7%

12

28,6%

3

10

90,9%

10

18,6%

20

47,6%

+

0

0%

18

58,1%

18

42,9%

++

7

63,6%

11

35,5%

18

42,9%

+++

4

36,4%

2

6,5%

6

16,3%

0

4

36,4%

0

0%

4

9,5%

1

0

0%

11

35,5%

11

26,2%

2

5

45,5%

6

19,4%

11

26,2%

3

2

18,2%

14

45,2%

16

38,1%

0

4

36,4%

0

0%

4

9,5%

+

6

54,5%

11

35,5%

17

40,5%

++

1

9,1%

14

45,2%

15

35,7%

+++

0

0%

6

19,4%

6

14,3%

p

MMP-2

Extension

Intensity

0,003

0,002

MMP-9

Extension

Intensity

<0,0001

0,001

Table 2. MMP-2 and MMP-9 immunoexpression in benign and malignant canine cutaneous melanocytic tumours.

3.4. Association between MMP-2 and MMP-9 and pathological features in canine cutaneous
melanoma
The association analysis between MMP-2 immunoexpression (for labeling extension and
intensity) in malignant melanomas (n=31) and the pathological criteria showed that the
differences observed in labeling extension and intensity were not associated with any param‐
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eter (p>0,05), except for MMP-2 intensity and nuclear grade (p=0,049). Table 3 presents the
pathological variables analyzed and their association with MMP-2 expression in canine
cutaneous malignant melanomas.

Pathological features
1
Ulceration
Absent
Present
Necrosis
Absent
Present
Mitotic index
I
II
III
Nuclear grade
I
II
III
Degree of pigmentation
Scant
Moderate
Abundant
Aberrant cells
Absent
Present
Stroma
Scarse
Moderate
Abundant
Vascular invasion
Absent
Present

MMP-9

MMP-9

Extension

Intensity

2

3

6

3

5

4

8

5

6

6

6

4

5

4

0

0

1

4

3

5

6

8

4

3

1

2

3

7

5

4

3

3

5

4

1

4

4

7

1

3

2

7

9

7

3

2

3

4

5

5

6

6

4

0

0

1

8

7

7

2

4

3

p

0,30

0,96

0,44

0,61

0,31

0,77

0,62

0,71

+

++

+++

10

4

0

8

7

2

10

7

1

8

4

1

0

1

0

7

4

1

11

6

1

2

11

5

4

6

1

0

0

2

6

3

1

8

6

1

4

2

0

14

8

1

4

3

1

8

6

0

10

4

2

0

1

0

14

8

0

4

3

2

p

0,25

0,89

0,74

0,049

0,92

0,69

0,35

0,07

Table 3. Association of pathological variables with MMP-2 expression in canine cutaneous malignant melanomas.

MMP-9 labeling intensity presented a statistical significant association with the presence of
necrosis (p=0,032), nuclear grade (p=0,09), and degree of pigmentation (p=0,008). Canine
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melanocytic tumours without necrosis, with a lower nuclear grade and more pigmented,
showed a higher MMP-9 labeling intensity. In respect to MMP-9 extension, a positive associ‐
ation is observed with the degree of pigmentation (p=0,003), where the percentage of MMP-9
positive cells is higher in malignant melanomas with abundant amounts of melanin (Table 4).

Pathological features
1
Ulceration
Absent
Present
Necrosis
Absent
Present
Mitotic index
I
II
III
Nuclear grade
I
II
III
Degree of pigmentation
Scant
Moderate
Abundant
Aberrant cells
Absent
Present
Stroma
Scarse
Moderate
Abundant
Vascular invasion
Absent
Present

MMP-2

MMP-2

Extension

Intensity

2

3

3

2

9

8

4

5

5

6

7

6

0

7

0

1

0

5

2

5

6

3

9

1

5

5

3

3

0

2

9

3

8

0

2

2

3

10

1

3

2

7

5

11

4

1

3

7

2

5

4

3

9

0

1

0

6

4

12

5

2

2

p

0,15

0,07

0,34

0,12

0,003

0,59

0,17

0,23

+

++

+++

2

8

4

9

6

2

3

10

5

8

4

1

0

1

0

5

5

2

6

8

4

1

3

7

4

9

1

6

5

0

8

2

0

3

8

4

0

4

2

6

12

5

5

2

1

7

5

2

4

8

4

0

1

0

6

11

5

5

3

1

p

0,08

0,032

0,82

0,009

0,008

0,18

0,50

0,32

Table 4. Association of pathological variables with MMP-9 expression in canine cutaneous malignant melanomas.
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4. Discussion
Cutaneous melanoma is one of the most frequent malignant tumours in younger age people
and is characterized by its high capacity for invasion and metastasis. The incidence of human
cutaneous melanoma is increasing in the U.S.A., Australia, and Europe [66,67]. Among canine
population, the incidence of melanocytic tumours is also increasing. Cutaneous canine
melanocytic neoplasms are usually benign. However, when malignant they could be highly
aggressive metastasizing both locally as in distant organs [2,68-70].
Human cutaneous melanoma may develop de novo from normal melanocytes or from potential
precursor lesions, such as atypical dysplastic nevi or congenital nevi [66,67] but in the dog this
evolution is not well established.
Canine malignant melanoma is resistant to most current therapeutic regimens. The search of
novel therapeutic tools is crucial in the fight against this disease. Furthermore, the similarities
between human and canine melanoma make spontaneous canine melanoma an excellent
disease model for studying the corresponding human disease [14,71].
Much work is currently underway in order to identify specific tumour markers, associated
with malignancy [71-73]. However, more studies are needed to differentiating benign from
malignant canine melanocytic neoplasms or predicting survival times.
The involvement of ECM-degrading enzymes, such as MMPs and serine proteases, during
tumour progression and metastasis is well established [28,30]. During the last few decades, in
both human and veterinary oncology there has been considerable interest in studying MMPs
activity as a possible independent prognostic marker and target for therapeutic options
[19,27,29,31,32]. However, the biological significance of expression of MMP-2 and MMP-9
expression in melanocytic tumours is still poorly understood, presenting conflicting results
regarding the relation of MMP expression and the invasiveness of melanoma cells both in
vitro and in vivo [11,74-76].
In canine melanocytic tumours, studies concerning MMP-2 and MMP-9 expression are very
scarce [49,51], and as far as we know, only one study was performed in cutaneous melanocytic
tumours [49] until present.
Here, we analyzed the expression patterns of MMP-2 and MMP-9 in benign and malignant
canine cutaneous melanocytic tumors and its relation with classical parameters of aggressive‐
ness in malignant melanoma.
In our study, both benign and malignant lesions express MMP-2, according to human
analogous studies [60]. However, MMP-2 labeling was significantly higher in benign melano‐
cytic tumours than in malignant counterpart, contrarily to a previous human study, in wich
MMP-2 expression was higher in malignant lesions [60]. Indeed, in vitro and in vivo studies
suggests that MMP-2 activity could be related to the progression of melanoma and may be
required for melanoma cell invasion and metastasis formation [59,77-79]. In canine cutaneous
melanocytic tumours, Docampo et al. [49] did not observe any differences in MMP-2 expres‐
sion between benign and malignant neoplasias.
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We also observed that, in canine cutaneous malignant melanoma, a higher intensity of the
MMP-2 labeling appears to be associated, in a statistical significant way, with nuclear grade
(p=0,049) but not with other histological features. Interestingly, in dogs, this characteristic
seems to be very accurate in predicting overall behavior in these tumours [80]. Being this,
MMP-2 could be implied in canine melanoma aggressiveness. These data are in agreement
with previous human studies, where the expression of MMP-2 increased notably with
architectural disorder, atypia, and progression to melanoma [81,82]. Additionally, some of
these studies observed a correlation between MMP-2 expression and human melanoma
metastization and prognosis [60,83-86]. Indeed, active MMP-2 regulates VEGF-A in melanoma
cells on a transcriptional level via an integrin αvβ5/phosphoinositide-3-kinase-dependent
pathway. In that context, MMP-2 plays a pivotal role in the autocrine regulation of VEGF-A
expression in melanoma cells, and consequently in angiogenesis [87]. However, in our study,
in spite of the association of MMP-2 and nuclear grade, we observed a lack of a association
with vascular tumoural embolus, that needs to be clarified.
With respect to MMP-9, in our samples, all melanomas expressed this MMP, like described in
human ciliary body melanomas [88]. We also observed significant differences in MMP-9
labeling extension (p<0,0001) and intensity (p=0,001) between benign and malignant tumours.
Malignant tumours had a higher MMP-9 expression as described in a previous study in canine
melanocytic tumours [49]. The differences found in MMP-9 immunoreactivity between benign
and malignant lesions were also similar to the previously described in human melanocytic
neoplasms [89] and lead us to speculate that MMP-9 might be involved in the neoplastic
transformation of canine melanocytic tumours. In human benign pigment cell lesions, MMP-9
was expressed in cellular blue nevi whereas all other benign lesions, including common blue
nevi, were negative. In malignant melanomas MMP-9 was variably expressed in the pure and
invasive radial growth phase but not in the vertical growth phase [90].
Analyzing MMP-9 expression and the pathological parameters, we observed that MMP-9
presented a statistical significant association between its labeling intensity and the presence
of necrosis (p=0,032), nuclear grade (p=0,09) and degree of pigmentation (p=0,008). Addition‐
ally, MMP-9 extension was significantly associated with the degree of pigmentation (p=0,003).
These characteristics are classically linked to higher tumoural aggressiveness and poor clinical
prognosis in these neoplasias. However, contrarily to the expected, the less aggressive
tumours, without necrosis, with a lower nuclear grade and elevated pigmentation degree,
showed a higher MMP-9 labeling. Even non consensual, some previous studies in melanoma
suggest the opposite [91-93]. In vitro, MMP-9 expression was present or could be induced only
in cell lines derived from advanced primary melanomas, and was absent in cell lines derived
from early stage primary lesions [94]. In other study, the authors showed that less aggressive
cell lines were unable to produce MMP-9 after treatment with either interleukin-1β (IL-1β) or
tumour necrosis factor α(TNF-α) [93]. In murine, integrin receptor α5β1 and extracellular
matrix fibronectin ligand interaction induce the invasive potential of B16F10 cells and MMP-9
induction is the downstream effectors in the process [95].
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In skin human melanoma, an involvement of MMP- 9 in invasion and metastatic growth, as
in the regulation of tumour growth and progress has been suggested, by modulation of the
levels of N-cadherin and PCNA [96]. Also, in human uveal melanomas, MMP-9 was associated
with the presence of necrosis, a high mitotic rate [62] and with metastization [11]. In opposition,
no correlation was found between MMP-9 immunoreactivity occurrence of metastases in cases
of human ocular melanomas [88]. It has been proposed that not the melanoma cells themselves,
but the tumour-surrounding host cells secrete MMP-9 in vivo, indicating that host-derived
MMP-9 plays an important role in melanoma metastasis formation [97].
In canine cutaneous melanocytic tumours, according to our results, early invasion seems to be
associated with de novo expression of MMP-9 by neoplastic melanocytes. The lack of association
with aggressiveness in malignant lesions could suggest that other factors are involved in tissue
degradation during later stages of tumour progression, as proposed in human melanocytic
tumours [90].
Summarizing, in our study, malignancy is associated with an increase of MMP-9 and a decrease
of MMP-2 expression. In malignant lesions, however, the aggressiveness, evaluated by nuclear
grade, seems to be associated with a decrese of MMP-9 and an increase of MMP-2 expression.
These results suggest that might occurs a switch in the MMP expression profile during tumour
progression, involving not only emergence of MMP expression but also its downregulation,
as described in human melanoma [93].
Nevertheless, further studies involving MMPs, their tissue inhibitors, and other regulation
factors and their correlation with prognostic are needed to clarify this subject in canine
melanocytic tumours.

5. Conclusion
Both MMP-2 and MMP-9 were expressed in the majority of tumours. Our results showed a
close relationship between their expression and tumour behavior. The differences observed
between benign and malignant melanocytic tumours may suggest that MMP-2 and MMP-9
could be implicated in the progression of melanocytic precursor lesions to malignant mela‐
noma, although in an inverse manner, since MMP-2 is mainly found in melanocytomas and
MMP-9, on the other hand, is frequently absent in benign lesions. Therefore, our study suggests
that malignancy is associated with an increase of MMP-9 and a decrease of MMP-2 expression.
The association of MMP-2 with nuclear grade could indicate its role in tumour agressiveness.
Understanding MMPs regulation in melanoma provides new platforms to develop efficient
therapies. For that reason, more studies concerning MMPs and their regulators are needed in
order to deepen the knowledge about this enzymes, regarding their potential as prognostic
markers and future therapeutic targets in several cancers, including melanoma.
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1. Introduction
G-protein coupled receptors (GPCRs) represent a class of therapeutic targets that have been widely
exploited for drug designs and development. Metabotropic glutamate receptors (mGluRs) belong
to Class C GPCRs and are predominantly involved in maintaining cellular homeostasis in the
central nervous system (CNS). The natural ligand of mGluRs, glutamate, interacts with recep‐
tor proteins leading to the activation of multiple signaling pathways. More recently, aberrant
glutamate signaling has been shown to play a role in the transformation and maintenance of
various cancer types, including melanoma. Glutamate secretion from these cells has been found
to stimulate regulatory pathways that control tumor growth, proliferation and survival. In
addition to synaptic transmissions, accumulating evidence suggesting other functional roles of
glutamatergic signaling in human malignancies has presented intriguing possibilities to make
mGluRs putative, novel targets for human cancer treatments. To this end, the aberrant expres‐
sion of metabotropic glutamate receptor 1 (mGluR1) was found as the driving force in inducing
melanomagenesis in transgenic mouse models. Since then, other subtypes of mGluRs have been
implicated in the pathogenesis of various cancer types such as malignant gliomas and medullo‐
blastomas. As such, increased efforts have been generated to elucidate the mechanisms by which
mGluRs confer oncogenic potentials. This chapter summarizes our current knowledge on the
participation of glutamate signaling in human cancers. Given that mGluRs are “druggable”
members of the GPCR superfamily and their oncogenic implications in cancer, further under‐
standing on anti-mGluR signaling pathways will be beneficial.

2. Glutamate and cancer
The amino acid L-glutamine is a precursor for peptide and protein synthesis, amino sugar
synthesis, and nucleotide synthesis. The amide of glutamate, glutamine, is the most abundant
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free amino acid with a concentration ranging from 500-900 µmol/L. In the majority of cell types,
the glutamine is rapidly converted to L-glutamate (we will refer to as glutamate), which is the
most abundant intracellular amino acid. Glutamate is a key component in cellular metabolism
contributing as a metabolic fuel for intermediates in energy producing pathways as well as an
important component in the body’s disposal of excess, or waste, nitrogen. Glutamate is a
principal excitatory neurotransmitter in the mammalian central nervous system where it is
involved in cognitive functions such as learning and memory. In an attempt to appease the
insatiable needs that transformed cell types require to sustain their energy expenditure and
biosynthetic requirements, tumor cells become major consumers of glutamine.
2.1. The role of glutamate in normal and cancer cells
The uncontrolled proliferation that represents the hallmark of neoplastic disease not only involves
deregulated cell proliferation but also requires adjustments in the energy metabolism that fuels
the cells growth. Normal eukaryotic cells process the conversion of glucose to pyruvate via the
metabolic pathway glycolysis in the cytosol, then to carbon dioxide in the mitochondria under
aerobic conditions through the process of cellular respiration. In oxygen deprived environ‐
ments, or hypoxic conditions, glycolysis is the preferred energy-generating pathway resulting in
a decrease in the amount of pyruvate available to the oxygen-consuming mitochondria. It has been
observed that even in the presence of physiological relevant levels of oxygen cancer cells have the
ability to reprogram their glucose metabolism allowing them to preferentially produce energy
via the glycolysis while maintaining the same level of respiration. This “anaerobic respiration” is
a process known as the Warburg Effect [1, 2, 3]. Although aerobic metabolism including oxida‐
tive phosphorylation is up to 15 times more efficient then anaerobic metabolism. However, the
metabolism of cancer cells occurs at an increased glycolytic rate up to 200 times than those of their
normal surrounding tissues. Cellular ATP production during such high rates of glycolytic flux
can easily exceed the ATP produced via oxidative phosphorylation. This high consumption of
glucose requires much more nicotinamide adenine (NAD+), which is consecutively regenerat‐
ed from the conversion of pyruvate to lactate by increased expression of lactate dehydrogenase
making glycolysis self-sufficient [8].
Glutamine serves as a major respiratory fuel of tumor cells and has been shown to be the
absolute requirement over glucose for many malignant cell types [4]. The importance of
glutamine in tumor cell metabolism is derived from its ability to satisfy the bioenergetic needs
of tumor cells as well as providing intermediates for macromolecular synthesis [5]. During
periods of rapid growth, the cellular demand for glutamine surpasses its supply. At this time
glutamine becomes essential and it is this reason that glutamine has been designated a
‘conditionally’ essential amino acid. Traditionally, the role of glutamine has been viewed to
function as storage for excess nitrogen and to traffic the nitrogen within, and between, various
organs. Metabolically, glutamine is used directly for reactions that require its γ-nitrogen, such
as nucleotide and hexosamine synthesis, or indirectly in reactions that utilize the α-nitrogen
(amino nitrogen) or its carbon skeleton for energy production and biosynthesis. These indirect
reactions are necessary to generate the metabolic intermediates required for cell growth, which
begin with the conversion of glutamine into glutamate. Being an abundant extracellular
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nutrient, glutamine is regularly converted into glutamate by phosphate-dependent glutami‐
nase (GLS), an enzyme found within the inner mitochondrial membrane that has been shown
to be overexpressed in both solid tumors and many tumor cell lines. In fact, the majority of
glutamine consumption in cancer cells is owed to mitochondrial GLS activity. Consequentially,
tumor cells have large intracellular pools of glutamate; through increased GLS activity, the
abundantly available amino acid glutamine is converted to less abundant glutamate, there-by
maintaining the cells’ increasing demand for glutamate metabolism. This is the initial step in
glutaminolysis, a series of biochemical reactions by which glutamine is degraded to glutamate,
aspartate, pyruvate, alanine, citrate and carbon dioxide thereby providing metabolic inter‐
mediates to feed and maintain cells in which aerobic respiration is the biosynthetic hub.
Glycolysis and glutaminolysis both share the capacity to generate NADPH and the secretion
of lactate (Figure 1). As mentioned previously, the initial step of glutaminolysis is the conver‐
sion of glutamine to glutamate, which is used, intracellularly, as a primary source of energy
for proliferating cells. This rate-limiting step of glutamine metabolism is the deamidation
reaction catalyzed by GLS. The products formed from this reaction, glutamate and ammonia,
are released into the cytosolic compartment of the inner mitochondrial membrane. Glutamate
is then further metabolized by conversion to α-ketoglutarate via either oxidative deamination
by glutamate dehydrogenase (GIDH) or alanine transaminase (ALT). The deamination
reaction is localized to the mitochondrial matrix compartment and yields both α-ketoglutarate
and ammonium. The transamination can occur in either the cytosolic and mitochondrial
compartments and produces α-ketoglutarate and alanine. Alpha-ketoglutarate is a key
intermediate in the citric acid cycle where it is metabolized to regenerate oxaloacetate (OAA)
through the production of malate. Mitochondrial metabolism of α-ketoglutarate into malate
also generates NADPH via oxidation into pyruvate in the cytosol [6]. The NADPH produced
is used by the rapidly metabolizing cell as a required electron donor in lipid synthesis and
nucleotide metabolism as well as in antioxidant defense by maintaining glutathione (GSH) in
its reduced state. GSH is the major thiol-containing endogenous antioxidant used by the cell
to protect against various sources of oxidative stress. Maintaining a supply of GSH is critical
for tumor cell survival since the elevated metabolic demand of the rapidly growing cell
generates DNA-damaging byproducts that lead to oxidative stress [7].
Proliferating cancer cells consume vast amounts of glucose but only a small portion of which
undergoes oxidative phosphorylation, even in the presence of sufficient oxygen [1]. It has been
established that these rapidly dividing cells prefer to utilize glycolysis, which yields less net
ATP molecules per glucose molecule. However, glycolysis can occur in hypoxic conditions
that are usually associated with the highly necrotic regions of rapidly proliferating tumor
masses. The end-product of glycolysis, pyruvate, can then enter the TCA cycle or is reduced
into lactate by lactate dehydrogenase A, which is then excreted in the interstitial fluid. Within
a tumor mass is a composition of genetically heterogeneous subpopulations of cancer cells that
differ in their energy production pathways. It is possible that these subpopulations have the
ability to function symbiotically within the tumor mass; one subpopulation of cells, consisting
of hypoxic, glucose-dependent cells, secretes lactate as waste while the other subpopulation,
located in a region that is more oxygenated, preferentially imports and utilizes the lactate
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Figure 1. Metabolic pathways including glycolysis and glutaminolysis. Glycolysis produces NADPH and 5-carbon ribose
via the pentose phosphate pathway (PPP) at glucose-6-phosphate (G-6-P) and detours toward lactate production
(aerobic glycolysis) at pyruvate. The carbons of glucose are further diverted into various synthetic pathways to gener‐
ate the precursors of hexosamines, amino acids and lipids. Mitochondria are fueled by the anapleurotic substrate, αketoglutarate (α-KG), generated from glutamate. Depending on the oxygen supply, α-ketoglutarate metabolizes
through the tricarboxylic acid (TCA) cycle to malate and oxaloacetate (OAA) providing energy and a carbon resource
for lipids.
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produced by the first subpopulation to be used in the citric acid cycle [8, 9]. The idea of
“metabolic symbiosis“ that exists between hypoxic and aerobic cells in which lactate produced
by hypoxic cells and taken up by aerobic cells to be used in oxidative support the bioenergetic
needs of rapidly proliferating cancer cells within a solid tumor mass.
Cancer cells utilize TCA cycle intermediates to provide proliferating tumor cells with biosyn‐
thetic precursors (cataplerosis) as well as the production of ATP. The influx of metabolic
intermediates in an attempt to maintain the mitochondrial TCA cycle (anaplerosis) is due to,
in large part, glutaminolysis in which the first step is the conversion of glutamine to glutamate.
Beyond its role in intermediary metabolism and biomass production, glutamate is also
involved in influencing signal transduction pathways involved in promoting cellular prolif‐
eration, survival, and tumorigenesis. In the next section, we will review glutamate signaling
and its role in the process of cellular transformation.

3. Aberrant expression of G-protein coupled receptors in neoplastic
transformation
GPCRs are able to transduce extracellular signals into the cell via the activation of heterotri‐
meric G proteins. Malignant cells have been shown to appropriate the normal physiological
functions of GPCR and utilize them to upregulate cell proliferation, invade surrounding tissue,
increase blood supply, and evade cell death. In this section we will address the roles of GPCRs
in tumor progression and metastasis.
3.1. G-Protein coupled receptors
Guanine nucleotide binding-protein coupled receptors (GPCRs; G-protein coupled recep‐
tors) comprise a large and diverse family of seven-pass membrane helix proteins found in
most eukaryotic organisms. Members of the GPCR superfamily are diverse in their primary
structure. The principal function of GPCRs is to transmit information about the extracellu‐
lar environment via recognition of a variety of ligands including peptide and non-pep‐
tide hormones and neurotransmitters, chemokines, prostanoids and proteinases, biogenic
amines, nucleosides, lipids, growth factors, odorant molecules and light to the interior of
the cell by interacting with G-proteins. G-proteins are heterotrimeric subunits, Gα, Gβ and
Gγ, associated with the inner surface of the plasma membrane where they function as
dimers. These G-proteins regulate the activity of small molecules that act as second
messengers. Most of the human GPCRs can be found divided into five families based on
phylogenetic criteria: Glutamate, Rhodopsin, Adhesion, Frizzled/Taste2 and Secretin (GRAFS
classification system) [10]. The total number of known and verified human GPCRs consists
of over 800 members. The Glutamate family consists of 22 human proteins categorized into
ionotropic receptors (iGluRs) and metabotropic receptors (mGluRs). The iGluR family
consists of N-methyl-D-aspartate receptors (NMDAR, α-amino-3-hydroxy-5-methyl-4isoazolepropionic acid receptors (AMPAR), and kainite receptors (KAR). The mGluR family
consists of eight different subtypes (mGluR1-8) [11]. The mGluRs are coupled to G-
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proteins, which distinguishes them from iGluRs, which contain ligand-gated ion-chan‐
nels. The mGluRs are key receptors in the modulation of excitatory synaptic transmission
in the central nervous system (CNS). The eight subtypes of mGluRs are further classified
into three groups (I, II, III) based on sequence homology, signal transduction pathways,
and agonist selectivity. mGluR1 and 5 belonging to subgroup I; mGluR2 and 3 belonging
to subgroup II; and mGluRs 6, 7, and 8 belonging to subgroup III. The structures of mGluRs
are composed of a heterotrimeric extracellular region, a seven-α helical transmembrane
region and a cytoplasmic region. The extracellular region is further divided into the ligandbinding region (LBR) and the cysteine–rich region. The LBR has a sequence homologous
with the extracellular regions of both iGluR and the γ-amino butyric acid (GABA) receptor
[12, 13]. Table 1 lists the expression of mGluRs in non-neuronal cells.
Cell Type

GPCR

Reference

Melanocytes

mGluR5

Frati et al.,2000

Kerotinocytes

mGluR1, 2

Genever et al.,1999

Osteoclasts

mGluR8

Morimoto et al.,2006

Pancreatic Islets/β cells

mGluR5,8

Hepatocytes

mGluR5

Storto et al.,2000b

Myocytes

mGluR1,2,3,5

Gill et al.,1999

Thymocytes

mGluR1,2,3,5

Storto et al.,2000a

Embryonic Stem Cells

mGluR4,5

Melchiorri et al.,2007

Storto et al.,2006
Tong et al.,2002

Table 1. Expression of mGluRs in select non-neuronal cells

3.2. GPCR signaling
The two principal signal transduction pathways involving GPCRs are the cAMP signaling
pathway and the phosphatidylinositol signaling pathway. Glutamate-stimulated activation
causes a conformational change in the extracellular domains, which catalyze the exchange of
a GTP for a GDP on the Gα subunit of the intracellularly coupled G-protein. This exchange
decreases the affinity of the Gα subunit for the Gβγ monomer at which time they either
dissociate or rearrange [14, 15]. The dissociated Gα and Gβγ subunits interact with and
modulate downstream signaling targets including adenylyl cyclases, phosphodiesterases,
phosphlipases, tyrosine kinases, and ion channels.[16, 17]. Group I mGluRs are coupled to
Gαq/Gα/11 G-proteins that, upon glutamate-mediated activation, result in stimulation of
phospholipase C beta (PLCβ). Activation of PLCβ causes hydrolytic cleavage of phosphatidy‐
linositol-4, 5-diphosphate (PIP2) resulting in the formation of diacyl glycerol (DAG) and
inositol 1, 4, 5-triphosphate (IP3). DAG remains bound to the membrane while IP3 is released
as a soluble structure into the cytosol. Release of these secondary messengers results in
increased calcium release from the endoplasmic reticulum and activation of protein kinase C

Glutamate Signaling in Human Cancers
http://dx.doi.org/10.5772/55174

(PKC) which phosphorylates other molecules, leading to altered cellular activity (Figure 2).
Group II and III mGluRs are coupled to Gαi/o G-proteins that, upon activation prevent the
formation of cyclic adenosine monophosphate (cAMP). Upon activation, group II mGluRs
couple to Gαi/o subunit. Gαi/o G-proteins can inhibit adenylyl cyclase activity. Activation of the
Gαi/o results in Gαi/o -mediated inhibition of adenylyl cyclase causing a reduced production of
cyclic adenosine monophosphate (cAMP).

Figure 2. Signal transduction pathways activated by mGluR1 stimulation. Activation of mGluR1 by its ligand, gluta‐
mate, results in the activation of signaling pathways that upregulate cell proliferation (MAPK) and promotes cell sur‐
vival (PI3K/AKT).

3.3. G-protein coupled receptors and cellular transformation
GPCRs comprise the largest known family of cell surface receptors that mediate cellular
responses to a diverse array of signaling molecules including hormones, neurotransmit‐
ters, and chemokines. In addition, potent mitogens such as thrombin, bombesin, lysophos‐
phatidic acid (LPA), gastrin-releasing peptide (GRP), endothelin and prostaglandins can
stimulate cell proliferation by interacting with their cognate GPCR in various homolo‐
gous cell types [18, 19, 20, 21, 22].
A fundamental trait of cancer cells involves their ability to sustain chronic proliferation. In
normal cells, the production and release of growth-promoting signals that allow entry and
progression through the cell cycle are tightly regulated. This regulation maintains cellular
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homeostasis promoting normal tissue structure and function and is controlled, in part, by
growth factors that bind cell-surface receptors, which usually transmit signals through
branched signaling pathways. By deregulating these signals, cancer cells are able to bypass
regulatory control allowing them to proliferate and grow unconditionally. Cancer cells can
acquire the ability to sustain proliferative signaling by producing these growth factors
themselves in which the cells respond through the expression of cognate receptors resulting
in autocrine proliferative stimulation. Alternatively, cancer cells may send signals to the
surrounding tissue in a paracrine-like manner causing them to release various growth factors
that promote growth of the cancer cells [23]. Activation of the surface receptors may also cause
the constitutive activation of downstream signaling pathways.
Overexpression of GPCRs is detected in various cancer types, contributing to tumor cell
growth once activated by circulating or locally produced ligands. The oncogenic potential of
G protein-coupled receptors was revealed with the discovery of the MAS receptor in 1986,
which provided a direct link between misregulated cell growth and GPCRs [24]. In contrast
to most oncogenes identified at that time, MAS did not harbor genetic mutations resulting in
its constitutive activation. Subsequent to its discovery, studies demonstrated that wild-type
GPCRs have the ability to become tumorigenic when exposed to an excess of locally produced
or circulating ligands and agonists while other GPCRs harboring mutations in key conserved
residues can have transforming activity even in the absence of their ligands [14, 16, 17, 25, 26,
27, 28]. It has also been found that the level of expression of GPCRs is not as imperative to
oncogenesis as is the receptor simply being expressed [28]. Since then, abnormal functioning
of GPCR pathways have been shown to be the cause of several human diseases, and a large
body of evidence links aberrant G-protein signaling to the development and progression of
certain cancers [17].
The oncogenic transformation of cell types by way of GPCRs occurs, in part, by the establish‐
ment of autocrine or paracrine feedback in which the cell releases the ligand which binds and
activates the receptor, maintaining its activation, as well as that of downstream effector
proteins leading to enhanced cell proliferation [29, 30]. mGluRs are members of GPCR with
glutamate as the natural ligand [31, 32]. Glutamate is the predominant excitatory neurotrans‐
mitter in the central nervous system and stimulates both ionotropic (ligand-gated ion channels)
and metabotropic (G-protein-coupled) glutamate receptors [33]. Previously, glutamate
signaling was believed to be exclusive to the central nervous system (CNS). It has since become
apparent that various peripheral, non-neuronal cells express different types of glutamate
receptors and these receptors are required for normal physiological function [34]. Studies have
demonstrated that not only are mGluRs involved in the normal maintenance and regulation
of physiological homeostasis, but they can also be involved in the progression of a variety of
human malignancies. Initially, because of prior implications of GPCR expression being
exclusive to the CNS, the first speculations of mGluRs in human cancers were in neuronal
tumors such as neuroblastoma, medulloblastoma and glioma [35, 36, 37]. It was found that
among these neuronal tumors that released excess amount of glutamate into the surrounding
microenvironment were growing at a much-increased rate compared to neuronal tumors that
were not secreting glutamate into their surroundings [38]. Subsequent studies revealed that
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inhibition of glutamate release correlated with a decrease in the proliferation of not only
neuroblastoma, rhabdomyosarcoma, brain astrocytoma, but also thyroid carcinoma, lung
carcinoma, colon adenocarcinoma and breast carcinoma while having no effect on the growth
rates of normal human fibroblast or bone marrow stromal cells [37].
Subclass

Malignancy

Reference
Chen et al 1996

Melanoma

Pollock et al.,2003
Ohtani et al 2008

mGluR1
Group I

Aronica et al.,2003
Glioma

Albasanz et al.,1997

Breast

Shinno et al.,1994
Speyer et al 2011
Kalariti et al.,2007

Osteosarcoma
mGluR5

mGluR2

Oral squamous cell carcinoma

Park et al.,2007

Melanoma

Choi et al 2011

Glioma

D’Onofrio et al.,2003
D’Onofrio et al.,2003,

Group II

mGluR3

Glioma

Aronica et al , 2003
Arcella et al 2005

Melaonma

Prickett et al 2011

Colorectal adenocarcinoma
Malignant Melanoma
mGluR4

Squamous cell carcinoma

Chang et al.,2005

Breast carcinoma

Group III

Medulloblastoma

Lacovelli et al.,2006

mGluR6

-

mGluR7

-

mGluR8

Melanoma

Prickett et al 2011

Table 2. Implications of mGluRs in human cancer

3.4. Ectopic expression of mGluR1
Our group has previously described an unknown mechanism of melanoma pathogenesis in
which the expression of an otherwise normal receptor, metabotropic glutamate receptor 1
(mGluR1) in an unnatural cellular environment (melanocytes) is able to upregulate cell
proliferation and tumor development in vitro and in vivo. Chen and colleagues have establish‐
ed a transgenic mouse line (TG-3) that spontaneously develops melanoma with 100%
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penetrance that was constructed using a 2-kb genomic fragment, termed clone B, which was
previously shown to commit fibroblasts to undergo adipocyte differentiation [39, 40]. In an
attempt to establish an animal model of obesity, five founder animals were established using
clone B DNA: TG-1 through -5. Instead of the expected obese phenotype, one of the five
founders, TG-3, developed heavily pigmented lesions on the ears, around the eyes, and the
perianal region at approximately eight months of age. Upon histological analyses these
pigmented lesions were identified as melanoma, Further examination shown these lesions
were metastatic as evident by detecting these pigmented lesions in distant organs includ‐
ing the lymph nodes, brain, bone, lung and muscle. Using physical mapping we identified a
single insertion of clone B in mouse chromosome 10, region A2, which is orthologous to
human chromosome 6q23-24. Further molecular mapping found a concurrent insertion of
clone B in a head-to-head, head-to-tail, tail-to-tail configuration and a deletion of approxi‐
mately 70-kb of the host sequences located in intron 3 of the gene encoding mGluR1.
Assessment of mGluR1 at both the protein and mRNA levels revealed the expression of the
murine form of metabotropic glutamate receptor 1 only in the pigmented lesion but not
normal counterpart. These results suggested that ectopic expression of mGluR1 in melano‐
cytes might be the driving basis for melanoma development [41]. To verify this hypothesis,
we engineered a new transgenic mouse line [TG(Grm1)EPv] directing mGluR1 expression in
melanocytes under the control of a melanocyte-specific promoter, dopachrome tautomerase
(DCT). This new transgenic line displays a melanoma susceptibility phenotype and progres‐
sion very similar to the TG-3 line [42]. It was concluded that in vivo, aberrant mGluR1
expression in melanocytes is sufficient to induce spontaneous melanoma development with
100% penetrance. Progeny that are heterozygous at the transgenic integration site develop
melanotic lesions as soon as 4 months post-natal while those homozygous at the integra‐
tion site develop lesions within 30 days after birth. Ohtani and co-workers confirmed our
observation with an inducible mGluR1 transgenic mouse model, when the expression of
mGluR1 is conditionally activated in adult mice melanoma develops in these animals 100%
of the time [43]. The results that mGluR1 has a role in melanocytic neoplasia in the murine
system prompted our group to examine human melanoma for ectopic expression of the
human form of metabotropic glutamate receptor 1. Examination of numerous melanoma
biopsies and cell lines demonstrated aberrant expression of the receptor in approximately
60% of the samples suggesting that mGluR1 may be involved in the oncogenesis of a subset
of human melanomas [41, 44]. These findings as well as those by others prompted our group
to explore the underlying mechanisms of mGluR1- mediated melanocytic transformation. In
a set of studies we confirmed that mGluR1 expression in melanocytes confers oncogenic
activities in vitro and is sufficient to cause malignant phenotype in vivo [45].
In both the murine and human melanoma cell lines, stimulation of mGluR1 by glutamate
results in similar if not identical formation of second messengers as described above for the
CNS. One of the second messengers, DAG, stimulates PKC. PKC plays a key role in a multitude
of cellular processes including apoptosis, malignant transformation, and metastasis [46] and
once it is activated it in turn can activate the MAPK and PI3K/AKT pathways [47, 48, 49, 50,
51]. It is well known that the RAS-RAF-MEK-ERK module of the MAPK signaling cascade
regulates cell proliferation and inhibits apoptosis. PI3K/AKT pathway activation is important
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for tumor cell survival, epithelial-mesenchymal transition (EMT), and angiogenesis [52]. In
addition, gain-of-function mutations causing constitutive activation in G-proteins also result
in the activation of downstream effector pathways leading to uncontrolled cell proliferation
and cell survival. This is often a consequence of specific amino acid substitutions in the GTP
binding region of the Gα subunit resulting in defective GTPase activity. The inability for GTP
to be cleaved to GDP allows constitutive activation of downstream effector molecules. Such
hypermorphic mutant G proteins in melanocytes were initially found to cause increased
dermal pigmentation in transgenic mice. It was later found that the two functionally related
G protein subunits, GNAQ and GNA11 encoding the stimulatory Gαq and Gα11 subunits of
heterotrimeric G-proteins respectively, are genetic hotspots for somatic mutations found in
early uveal melanoma pathogenesis [53]. These mutations were also detected in benign
intradermal melanocytic tumors as well as primary and metastatic ocular melanocytic tumors.
Therefore, activation of ectopically expressed metabotropic glutamate receptors in human cells
upregulate signaling pathways known to be important in the pathogenesis of human cancers
associated with increased growth and angiogenesis while interruption of such pathways
would result in a decrease in cell proliferation and survival.
The acquisition of tumor phenotypes is dependent not on one, but on successive alterations
in the genomes of neoplastic cells. Specific genotypes confer selective advantages on
subclones of cells enabling them to outgrow, and eventually dominate, the local tissue
environment. This idea of multistage tumor progression can be viewed as a succession of
clonal expansion each triggered by chance acquisition of mutant genotypes transitioning a
cell from normal through pre-malignant and eventually cancer. One stage involved in
malignant transformation of cell types is the ability of a cell to maintain its capacity to spread
and divide in the absence of a stable or inter surface to attach. In a study performed by Prickett
et al, exon capture sequencing of GPCRs in malignant melanoma specimens identified
activating mutations within a region encoding for a member of the group II metabotropic
glutamate receptors, mGluR3. The mutations were found throughout the coding region and
affected the extracellular domains as well as the seven-transmembrane domain with two minihotspots located proximal to the transmembrane domains. Four somatic mutations
(mGluR3E767K, mGluR3S610L, mGluR3G561E, and mGluR3E870K) were found to selectively regu‐
late the phosphorylation of MEK1/2 kinase in vivo and induce micro metastasis in vivo. This
activation resulted in the increased migration and anchorage independence growth of
melanoma cells. These studies suggest the existence of a melanoma tumor type in which
activating mutations in mGluR3 can lead to hypersensitivity to agonist stimulation of the
MEK-MAPK pathway that bypasses the RAF/RAS genotypes.
In addition to melanoma, inappropriate glutamatergic signaling has been shown to be
sufficient in the dysregulating growth leading to the transformation of other cell types. The
ectopic expression of mGluR1 alone was able to induce the neoplastic transformation of
immortalized baby mouse epithelial cells (iBMK) in vitro and promote tumor cell proliferation
in vivo [54, 55]. The iBMK cell model was engineered to be immortal but not tumorigenic while
also retaining normal epithelial characteristics. It was shown that full-length wild-type
mGluR1 is tumorigenic when ectopically expressed in epithelial cells via stimulated MAPK
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and AKT signaling pathways. Additionally, studies performed by Speyer and colleagues
(2011) described mGluR1 expression in several triple-negative breast cancer cell lines (TNBC)
in which shRNA-mediated knockdown of mGluR1 expression as well as antagonists to the
receptor inhibited cell proliferation in TNBC lines. Malignancies involving other mGluRs
include mGluR4 first reported by Chang and colleagues that mGluR4 is overexpressed in more
than 40% of colorectal adenocarcinomas, malignant melanomas, laryngeal squamous cell
carcinomas, and breast carcinomas tested [56]. Among these cancers, there was a correlation
with mGluR4 overexpression and increased mortality rate in patients with colorectal carcino‐
ma. mGluR5 overexpression was found to induce melanoma in transgenic mice [57]. The
increased expression in mGluR5 in the mouse melanocytes was correlated with enhanced
levels of MAPK activation. These studies suggested that glutamatergic signaling plays a
significant role in the initiation, progression and maintenance in human malignancies.

4. mGluR1 expression is required to maintain transformed phenotype
In an attempt to maintain tumor phenotypes, cancer cells are able to limit or bypass apoptotic
cell response. In addition to manipulating cellular signals that control proliferation, oncogenic
mutations have a profound effect in the disruption of apoptosis. These disruptions cause
evasion of death response signals and have been shown to promote tumor initiation and
progression leading to multistage carcinogenesis [58, 59, 60]. Indeed, defects in apoptotic
pathways contribute to a number of human disease phenotypes from neurodegeneration to
malignancy. The phosphatidylinositol 3-kinase (PI3K), phosphatase and tensin homolog
deleted on chromosome 10 (PTEN) have critical roles in the transmission of signals that control
multiple functions such as cell metabolism, proliferation, cell-cycle progression, and survival.
PI3Ks are divided into three types (type I, II and III) with type I being further divided into two
sub classes, class IA and IB. PI3Ks belonging to class IA are activated by receptor tyrosine
kinases (RTKs) and those classified in class IB are activated by GPCRs [61]. All type I PI3Ks
catalyze the conversion of the lipid phosphatidylinositol-4,5-bisphosphate (PIP2) to phospha‐
tidylinositol-3,4,5-triphosphate (PIP3) from activation of upstream receptors such as epider‐
mal growth factor receptor (EGFR), fibroblast growth factor receptor (FGFR), platelet-derived
growth factor receptor (PDGFR) and insulin-like growth factor 1 receptor (IGF-1R), which
interact with the p85 regulatory subunit of PI3K [62, 63]. The Ras protein interacts by directly
activating p110 catalytic subunit of PI3K in a GTP-dependent manner. The activation of Ras is
regulated by the extracellular stimuli that interact with cell surface receptors of the tyrosine
kinase or seven transmembrane-spanning families [64]. Once activated Ras phosphorylates
MEK, the mitogen activated protein (MAP) kinase kinase, which in turn activates MAP kinase.
This cascade stimulates the MAP kinase pathway leading to phosphorylation of transcription
factor that promote cellular proliferation and survival.
4.1. PI3K/AKT/PTEN
The serine-threonine protein kinase, AKT (also known as protein kinase B or PKB) and
phosphoinositide-dependent kinase 1 (PDK1) are important downstream targets of PI3K. The
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main biological consequences of AKT activation are cell survival and increased cell growth.
AKT activation is known to involve in both mitogenic signaling and cell survival in a number
of human cancer types. Human AKT exists in three isoforms: AKT1, AKT2 and AKT3. PI3K
mediates cleavage of PIP2,which produce PIP3 at the inner surface of the plasma mem‐
brane. PIP which acts as a second messenger to recruit AKT through interaction of its
pleckstrin homology (PH) domain, a domain conserved in signaling proteins that accumu‐
late at sites of PI3K activation. Phosphorylation of AKT is dependent on phosphorylation, in
part, by PDK1 [61, 65]. Activated AKT in turn mediates signaling through the phosphorylat‐
ing inactivation of a multitude of downstream targets involved in apoptosis, including the
phosphorylation of cyclic AMP response element--binding protein (CREB) as well as IκB
kinase (IKK), which further activates central regulators of cell death: nuclear factor –κB (NFκB) and p53. AKT-mediated induction of NF-κB occurs via activation of IκB which induces
degradation of the NF-κB inhibitor IκB leading to release of NF-κB from the cytoplasm and
translocation to the nucleus leading to the expression of survival genes such as IAP that
promotes survival by inhibiting downstream activation of caspase-9 and -3 [66, 67, 68, 69, 70].
AKT influences p53 activity through phosphorylation of the p53-binding protein, MDM2.
MDM2 regulates p53 function by targeting p53 for degradation by its E3 ubiquitin ligase.
AKT phosphorylation of MDM2 allows increased translocation of the proteasome to the
nucleus where it binds p53 resulting in its degradation [70, 71]. In addition, the oncological
significance of amplified AKT expression has been well documented in gastric carcinoma,
ovarian, pancreatic and breast tumors [72, 73, 74]. AKT phosphorylation of the apoptosisinducing protein, Bad, prevents binding of Bad to the antiapoptotic Bcl-2-type proteins, Bcl-2
and Bcl- xL. Bad promotes cell death by forming a non-functional hetero-dimer with the
survival factor Bcl-xL. Upregulation of Bcl-xL promotes survival by regulating coupled
respiration through supporting ATP/ADP exchange across the outer mitochondrial mem‐
brane [75]. Phosphorylation of Bad by AKT prevents heterodimerization with Bcl- xL restoring
its antiapoptotic function. In addition, it has also been implicated that PI3K-AKT has effects
on tumor-induced angiogenesis, mediated in part through hypoxia-induced factor-1α and
NF-κB induced expression of the proangiogenic growth factor, vascular endothelial growth
factor (VEGF) and suppression the endogenous antiangiogenic molecule, thrombospon‐
din-1 (TSP-1). VEGF and its receptor, VEGFR are major angiogenesis inducers associated with
tumor angiogenesis in numerous malignancies [76].
The PTEN tumor suppressor is a dual-specificity phosphatase, which has protein phosphatase
activity and lipid phosphatase activity that antagonizes the PI3K-AKT pathway and is found
to contain inactivating mutations in many human cancers. PTEN negatively regulates PIP3mediated signaling cascades by hydrolyzing the 3-phosphate to generate PIP2 making PTEN
critical in phosphatidylinositol homeostasis and regulating the proliferation and invasion of
many cancer cells [77].
AKT is an important regulator of cell growth and apoptosis that activate downstream from
PI3K and is inhibited by the actions of the tumor suppressor PTEN. The ability to promote cell
growth and suppress cell death suggests the PI3K/AKT /PTEN pathways are critical partici‐
pants in tumorigenesis. As previously stated, the ectopic expression of mGluR1 was detected
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in approximately 60% of human melanoma biopsies and cell lines examined while its expres‐
sion was not found in in normal skin or benign nevi [42, 44]. Stimulation of mGluR1 by an
agonist of the receptor, L-quisqualate, results in the activation of MAPK in mouse and human
melanoma cell lines independent of the presence of the most common NRAS/BRAF-activating
mutations [46]. Constitutively activated MAPK pathway is common in many human cancers
including melanoma, frequently due to mutations in the BRAF and RAS genes. In melanomas,
mutation rates for BRAF is ~60% and NRAS is ~20% [44, 78, 79]. Treatment of human melanoma
cells with a competitive antagonist of mGluR1, LY367385, which binds to the same catalytic
site as glutamate, showed dose-dependent inhibition of cell proliferation via suppression of
ERK activation [80]. In addition, a noncompetitive mGluR1 antagonist which binds to the
transmembrane domain of the receptor resulting in stabilization of inactive conformation,
BAY36-7620, suppressed cell growth and promoted apoptosis in cultured melanoma cells that
express mGluR1 [81]. Both LY367385 and BAY36-7620 were shown to result in a decrease in
the levels of the secondary messengers, IP3 and DAG, in these studies. Further investigation
of mGluR1 functionality and activity using dominant-negative mGluR1 (dn-mGluR1) mutant
yielded in an increase in the number of apoptotic cells as demonstrated by the increased
cleavage of poly-ADP ribose polymerase (PARP), a well-known marker of apoptosis. The dnmGluR1 mutants derived from small deletions or single base substitutions in the intracellular
loop 2 or 3, which have been shown previously to be essential in mGluR1 signaling [44, 46,
82]. These studies demonstrated that ablation of the functionality of mGluR1 in melanoma
cells, we were able to reduce cell proliferation and induce cell death in vitro without affecting
normal cell types [44].

5. Inhibition of mGluR1
Targeting strategies for cancer therapy differ from chemotherapy and radiotherapy in their
potential to provide tumor specificity. Preclinical studies have demonstrated that inhibition
of glutamatergic signaling results in decreased tumor cell growth and increased cell death.
Identifying key upstream molecular targets that lead to the activation of proliferation and
survival pathways is important in cancer drug discovery. Gene-targeting techniques that
selectively inactivate gene expression assist in the validation of novel proteins involved in
disease pathogenesis.
5.1. Suppression of mGluR1 by siRNA
Gene silencing by short-interfering RNAs (siRNAs) has been used to investigate their roles in
different cell types and in various organisms. However, constitutive suppression the expres‐
sion of a gene could have deleterious consequences therefore, inducible silencing RNA
approaches could be useful by relying on small molecules that act as inducers to modify
synthetic transcription factors thereby regulating the expression of a target gene [83-87]. The
tetracycline operon based tetracycline inducible system and the non-mammalian steroid based
ecdysone inducible system are two complementary approaches we have used. Previous
attempts to inhibit mGluR1 expression in human melanoma cells using constitutively ex‐
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pressed mGluR1 specific siRNAs resulted in the cells exhibiting a dormancy-like state prior to
dying. Employing the inducible knock-down of mGluR1 was shown to result in suppression
of MAPK as evident by a decrease in the phosphorylated form of ERK as well as inhibition of
the PI3/AKT cell survival pathway seen by the reduced form of activated AKT [84]. Our
previous studies on mouse melanoma cells as well as mouse melanocytic clones that stably
expressed mGluR1 showed elevated levels of glutamate were released into their surroundings
compared to normal mouse melanocytes or vector controls [85]. This finding correlated with
earlier works in rats in which suppression of glutamate uptake coupled with stimulation of
group I mGluRs results in an increase in the accumulation of extracellular glutamate. It was
implicated that these mGluRs may work systematically with cystine-glutamate exchangers to
regulate extracellular glutamate concentrations [86, 87]. From this discovery, Chen and coworkers hypothesized that instead of inhibiting mGluR1 directly, if they were able to interrupt
the autocrine/paracrine activity by limiting the amount of free ligand this would result in a
similar decrease in cell proliferation/survival.
5.2. Suppression of mGluR1 using an inhibitor of glutamate release
Glutamate is a major excitatory neurotransmitter in the CNS. The over activation of neu‐
rons by excessive glutamate stimulation is excitotoxic, resulting in neuronal death [88].
Interestingly, the brain is one of the most common sites of metastatic melanoma. It is possible
the excessive glutamate found in the brain promotes tumor growth while inducing excitotox‐
icity to the surrounding neuronal tissue. Because of this, Chen and co-workers took advant‐
age of using an inhibitor of glutamate release, riluzole, a Food and Drug Administration
(FDA)-approved drug for the treatment of amyotrophic lateral sclerosis (ALS or Lou Gehrig’s
disease). ALS is a degenerative motor neuron disease of the upper and lower motor neu‐
rons that progressively causes weakness, muscle atrophy and fasciculation. Riluzole is known
to inhibit the release of glutamate from the presynapse resulting in a decrease of the molecule
in the synaptic cleft resulting in a decrease in excitotoxicity caused by the neurotransmitter.
This leads to a decreased progression of ALS [89]. Riluzole treated melanoma cells showed
a reduction in the levels of glutamate in the surroundings in vitro, which correlated with a
decrease in cell growth in vivo when compared to normal cells exposed to the drug. Addition‐
ally, melanoma cells treated with relatively low concentrations of riluzole were shown to
undergo apoptosis by an increase in the levels of the cleaved form of PARP after riluzole
treatment. The therapeutic potential of riluzole was validated in vivo using a human
melanoma cell xenograft model where animals were treated with a human equivalent of the
maximally allowed daily amount of riluzole per body weight per day via p.o. gavage for 18
days. The use of riluzole as a putative antagonist of mGluR1 to inhibit glutamate signaling
resulted in a reduction in tumor volume in treated animals vs. control. These results were
translated to the clinic.
5.3. Translational study in patients
Clinical trials involving new compounds are classified into four phases: Phase 0, I, II and
III. Phase 0 is the designation for exploratory, first-in-human trials conducted with the U.S.

177

178

Recent Advances in the Biology, Therapy and Management of Melanoma

FDA’s guidelines on Exploratory Investigational New Drug Studies (IND). Phase 0 trials
are designed to speed-up the development of promising drugs or imaging agents by
establishing very early on whether the drug or agent behaves in human subjects as was
anticipated from preclinical studies. Based on results from previous findings in preclini‐
cal studies using riluzole, a phase 0 trial using the compound in patients with stage III
and IV melanoma was performed to see if in itds presence the target, glutamatergic
signaling, is reduced. The trial resulted in a significant short-term response rate of 34% of
patients. Tumors from patients that displayed shrinkage of tumors showed an inhibition
of signaling through both the MAPK and PI3K/AKT pathways, reflecting results that were
previously observed in preclinical studies [44, 90]. Positron Emission tomography (PET)
documented complete resolve of multiple nodal and cutaneous metastases in several
patients. One patient having six different tumors measured by PET/CT demonstrated
shrinkage of the lesions by 10% to 20%. Out of eleven patients that completed the study,
only two had shown progression of the disease after treatment [90]. The tumor samples
were a composed of patients harboring both V600E BRAF as well as Q61K NRAS muta‐
tions. In addition all the patients admitted into the trial expressed mGluR1, although
mGluR1 expression status was not a requirement for entry. It is possible that, from this
observation, that more advanced tumors, those found in stage III and IV metastases, have
a higher frequency of mGluR1 expression and that ectopic mGluR1 occurs and is more
frequent in more progressed stages of the disease.

6. Conclusion
Melanoma is a genetically diverse disease owing to the dysfunction of multiple regulato‐
ry pathways. As such, it is important to test the therapeutic potential of agents that reflect
the genetic diversity of this disease. In addition to ectopic expression of mGluR1, muta‐
tions in BRAF have been identified in more than 60% of melanomas, most of these due to
the substitution of a single amino acid at residue 600 in the B-RAF kinase domain resulting
in constitutive activation of the RAF/MAP/ERK kinase signaling pathway [91]. Melanoma
cells with aberrant glutamate receptor signaling also exhibit hyperactive PI3K/AKT and
MEK/MAPK pathways [44, 92, 93]. Additionally, a recent examination of a publicly
available gene expression data bank identified a variety of GPCRs that are over-ex‐
pressed in diverse types of cancer tissues [94]. These findings illustrate the role that
glutamate receptors and transporters play in the cellular signaling somatic cell types. The
molecular physiology of GPCRs allow them to be regulated by many agonists and
antagonists and are the target, directly and indirectly, of approximately 50% of pharmaceut‐
ical agents used to treat various human diseases. GPCRs have been shown to have a role
in both normal and aberrant mitogenic signaling in functions that regulate cell migration
in tumor metastasis and angiogenesis as well as key molecular events implicated in cancer
progression and invasion. Based on these findings, it is perhaps not surprising that
interruption of the glutamatergic signaling pathway by targeting GPCRs in cancers could
result in more effective the treatment of this devastating disease.
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1. Introduction
Malignant melanoma is a tumor that originates from the melanocytes and manifests mainly
on the skin. Melanomas are usually strongly pigmented, however amelanotic forms have been
observed. Relative to the tumor mass, melanomas have an early tendency to metastasize; the
prognosis is therefore poor. Malignant melanoma is responsible for about 90% of skin cancer
related mortality [1]. Several risk factors for the development of melanoma have been identi‐
fied. Ethnic origin is particularly important with a disease that mostly affects people of
European origin. Epidemiological studies have shown that exposure to the sun, especially in
childhood, is a major environmental cause of melanoma, and that up to 65% of the cases of
melanoma are frequently related to sunburn [2,3].
While it is easy for cancer prevention, the incidence of melanoma has increased dramatically
over the last four decades and melanoma is now one of the most common forms of cancer,
with significant morbidity and high mortality due to its propensity to metastasize. It has a high
propensity for haematogenous and lymphatic dissemination to regional and distant sites and
is poorly responsive to most systemic therapies. The 5-year survival rate for metastatic
melanoma is dismal, ranging from 5% to 10% with a median survival of less than eight months
with treatment [4,5].
The therapies used in advanced cases, such as chemotherapy, radiotherapy, biochemotherapy
and vaccine, seem unable to provide a cure or improved survival of becoming a melanoma
tumors most refractory to treatment [6,7]. Although surgery and radiation therapy are very
important in the treatment of metastatic disease, systemic treatment remains the basis of
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therapy for the majority of patients, including chemotherapy, immunotherapy, or a combina‐
tion of approaches such as biochemotherapy [8]. Many compounds have been investigated for
antitumor activity in melanoma, but the current treatment options for patients with metastatic
disease are limited and non-curative in the majority of cases.
Chemotherapy with cytotoxic agents has been used for the treatment of metastatic melanoma
for over three decades. Among the antitumoral agents, efficacy is modest in metastatic
melanoma including alkylating agents (dacarbazine, temozolomide, nitrosoureas), analogues
of platinum (cisplatin, carboplatin) and microtubular toxins (vincas and taxanes), which have
been used alone or in combination [8]. Specifically in relation to cytotoxic chemotherapy,
dacarbazine used as a chemotherapeutic agent still represents the single most common option
[8]. It was demonstrated that combinations of cytotoxic agents can produce low response rates,
although higher than monotherapy with dacarbazine, which are associated with increased
toxicity and do not extend significantly the survival of patients [8]. Although of limited
therapeutic effect, dacarbazine cannot be dismissed as standard therapy for disseminated
melanoma, as in evidence-based analysis no other regimen had greater benefits for the patients’
survival [9]. By 2011, only two drugs for metastatic melanoma therapy had been approved by
the Food and Drug Administration (FDA), which were dacarbazine and a high dose of
interleukin 2 (IL-2). In 2011, the FDA approval of vermurafenib (chemotherapy agent) and
ipilimumab (monoclonal antibody) for clinical studies raised optimism for the treatment of
metastatic melanoma, since the therapies used until then had had serious limitations, and thus
the use of novel strategies for melanoma treatment seemed promising. However, the use of
these drugs is limited [10]. The strategies to increase the responsiveness of new therapies are
the association with other drugs currently in clinical use, such as dacarbazine, although these
therapies are under investigation in vitro and in vivo models.
Other new chemotherapies, including drugs that target biological receptors, are currently in
development. Among these are bevacizumab, an endothelial growth factor antibody, and
sorafenib, a cellular pathway inhibitor [11]. These agents have shown some efficacy in early
clinical trials. The lenalidomide is a thalidomide derivative designed to be more effective and
less toxic [12]. In a phase I trial, it was found to be well tolerated by patients with metastatic
melanoma and to produce immune activation. Another agent of interest that has shown
promising results are the anti Bcl-2 antisense (oblimersen), tested in metastatic melanoma. A
combination of Bcl-2 antisense and dacarbazine showed better response than dacarbazine
alone, although no significant improvement in overall survival was observed [13,14].
Several clinical trials are being carried out to investigate the antitumor efficacy of new agents
as well as diverse immunosuppressive therapeutic strategies, including the use of dendritic
cells, high-doses of interferon-α (IFN-α) and/or IL-2 and anti-cytotoxic T lymphocyte-associ‐
ated antigen 4 (CTLA-4) antibody, alone or in combination with current therapies for treating
locally advanced, metastatic and recurrent melanomas [15].
Significant advancements made in the last few years have provided important information on
the molecular signalling pathways and gene products, which are frequently deregulated in
melanoma stem/progenitor cells and their progenies during melanoma formation and
progression to locally advanced and metastatic disease states. Consequently, the combination
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of different molecular biomarkers or cytotoxic agents targeting distinct gene products altered
during melanoma development may constitute more promising therapeutic strategies. Several
other signal transduction pathways have been found to be constitutively active or mutated in
other subsets of melanoma tumors that are potentially targetable with new agents. Among
these, NF-kB is another pathway that melanoma tumors use to achieve survival, proliferation,
resistance to apoptosis and metastasis. In fact, it has been demonstrated that up regulation of
the NF-kB levels is involved in both the progression of melanoma and an increase of its
metastatic potential. Therefore, inhibition of NF-kB activation seems to be a promising target
for anti-cancer therapies [16,17].
Recent studies have shown that proteasome inhibitors such as bortezomib represent a new
class of anticancer agents by degradation inhibition of cell cycle regulatory proteins, such as
cyclin-dependent kinase inhibitors and I-kB protein. The efficacy of bortezomib was recently
explored in another 2-stage phase 2 clinical trials in combination with other chemotherapeutic
agents, including paclitaxel and carboplatin, in patients with advanced solid tumors. The
results from these studies evidenced narrow clinical benefit and significant toxicity, hindrances
that limit the use of bortezomib [18].
Another compound known to exert numerous pharmacological properties - mostly antioxi‐
dant, anti-inflammatory and antiproliferative - is curcumin, a polyphenol present in in
Curcuma longa, a species belonging to the ginger family (Zingiberaceae). With regard to
antiproliferative activity, it showed pro-apoptotic activity in a variety of tumors in vitro. To
achieve these results, curcumin was used in experiments based on melanoma either in vitro
or in vivo models. The importance of curcumin also lies in the fact that this drug seems to
reduce the metastatic potential of melanoma, which is the main cause of death [19].
Understanding and overcoming resistance pathways by combining current and future agents,
identifying biomarkers to improve therapy and discover new therapeutic targets are promis‐
ing advances in the treatment of melanoma. In light of this, the purpose of this chapter is to
summarize the recent advances in the treatment of metastatic melanoma and to describe the
current limitations, as well as to comment on promising future strategies to overcome the
limitations.

2. Single agent chemotherapy
Melanoma is considered a chemotherapy-resistant tumor, but in fact several chemotherapeutic
agents show single-agent activity at the level of 10% to 15%, similar to the efficacy of the
chemotherapeutic armamentarium used against other tumor types. Several combination
chemotherapy regimens have been tested, but no survival benefit has been demonstrated. Few
of these trials have been compared with standard dacarbazine (DTIC) in an adequately
powered randomized trial, and even the most extensive of these trials only aimed to detect
unrealistically large improvements in overall survival [20]. For the systemic monotherapy of
advanced melanoma, several substances are available whose clinical efficacy is comparable.
Palliative monochemotherapy can shrink tumors and thus achieve a reduction in tumor-
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related symptoms. The more active agents are the alkylants (dacarbazine, temozolomide,
fotemustine, carmustine, semustine), platinum drugs (cisplatin and carboplatin), vinca
alkaloids (vindezine and vinblastine), taxanes (docetaxel and paclitaxel), and tamoxifen [7,21].
Table 1 shows the drugs and dosages for monotherapy to melanoma.
Drugs

Dosage

Overall response

Dacarbazine

250 mg/m2/day for 5 days every 3-4 weeks

5.3 – 25%

Temozolomide

150-200 mg/m2/day for 5 days every 4 weeks

13.5-21%

Carmustine

75-110 mg/m2

13-18%

Semustine

130 mg/m

16%

Fotemustine

100 mg/m /day every 3 weeks

7.4-25%

Cisplatin

60-150 mg/m

15%

Carboplatin

400 mg/m2 every 4 weeks

19%

Vindezine

3 mg/m2 every 14 days

12-26%

Vinblastine

6-8 mg/m2 every 1 week

13%

Docetaxel

100 mg/m every 21 days

14%

Paclitaxel

125-275 mg/m

15%

Tamoxifen

20 mg/day

4-13%

Interferon α

9m-18m IU/m2 3x/week continuous administration

13-25%

Interleukin-2

600 000 IU/Kg as 15 minute short infusion i.v. every 8 hours on days 1-5 16-21.6%

2
2

2

2

2

(maximum 14 individual doses) repeat cycle day 14
Adapted by Garbe et al. (2008) [21] and Mouawad et al. (2010) [7].
Table 1. Single drugs, dosage and their activity in melanoma.

2.1. Alkylants agents
2.1.1. Triazenes
The alkylating agent dacarbazine (DTIC, dimethyltriazeno imidazole carboxamide) was
first introduced some 30 years ago, and it is considered to be the reference of single agent
for the management of advanced melanoma. This compound was initially designed as an
antimetabolite because it is an analogue of 5-aminoimidazole-4-carboxamide, an intermedi‐
ate in purine biosynthesis. However, it presented cytotoxicity that is related to the
generation of methyldiazonium, which methylates DNA during its metabolism [22].
Methyldiazonium has a half-life of about 0.4 s in aqueous solution, sufficient time to allow
it to reach its target. In 1975 this carboxamide was approved by the Food and Drug
Administration (FDA), and has since been considered the standard of metastatic melano‐
ma care. Single-agent DTIC has remained the standard of care for 3 decades, with response

Current Therapies and New Pharmacologic Targets for Metastatic Melanoma
http://dx.doi.org/10.5772/55192

rates of 8% to 20% and mean duration of response of approximately four to six months.
Several studies of dacarbazine in the management of metastatic melanoma were publish‐
ed in the early 1970s [23,24]. The first of these trials demonstrated a 19% response rate in
110 evaluable patients who received dacarbazine in 3-weekly cycles, most frequently at a
dose of 250 mg/m2 daily for five days [25]. A second study showed an overall response
rate of 28% in 115 evaluable patients receiving dacarbazine 2.5 or 4.5 mg/kg daily for ten
days of a thirty-day cycle, and another showed response rates approaching 20% with
dacarbazine 150 mg/m2 daily for five days of a thirty-day cycle in 112 evaluable patients
[24]. The typical dacarbazine dose is 850 to 1,000 mg/m2 every three weeks [26].
Among the randomized trials in which dacarbazine was used as a comparator arm, the patients
treated with dacarbazine with an overall response rate of 13.4% and median survivals ranging
from about six months to eleven months. Given the low response rate, it is unrealistic to expect
dacarbazine to have an effect on median survival [27].
Studies suggest that less than 5% of patients achieve a complete response to therapies with
dacarbazine alone or in combination, and less than 2% of patients survive five years more. The
majority of previous reports suggest that long-term survival is restricted to patients with
favourable clinical features, such as nodal, cutaneous or pulmonary metastasis [28].
Although dacarbazine presents a relatively small therapeutic response, it is still considered
the standard drug for the treatment of melanoma, whereas the drug combination and the use
of other drugs do not show effect as monotherapy.
Another problem with associated dacarbazine is the high toxicity. The major toxic effects
associated with dacarbazine are the development of neutropenia, thrombocytopenia, alopecia,
nausea or vomiting, fatigue and liver damage [29].
Besides its toxicity, dacarbazine has several drawbacks because of its hydrophilicity, which
leads to slow and incomplete oral absorption, and therefore the alternative is intravenous
administration. Another disadvantage is its high photosensitivity, with a very short half-life
(about 30 min), decomposing to 2-azah hypoxanthine via an intermediate diazonium species.
For this reason, intravenous infusion bags of dacarbazine must be protected from light. These
problems have stimulated the synthesis of dacarbazine analogues, the most important of which
is temozolomide [20].
Temozolomide is an oral alkylated compound similar to dacarbazine (the most active single
agent in primary melanoma), which has 100% of oral bioavailability and considerable pene‐
tration in Central Nervous System tissue, mainly due to its lipophilic character [30]. Moreover,
for its acid-stability the molecule remains in cerebro-spinal fluid, where it reaches 30–40% of
plasmatic concentration [31]. For this reason, differently from dacarbazine, temozolomide is
employed in the treatment of primitive [32] and metastatic brain tumors [31]. Although the
FDA has not approved it for melanoma, temozolomide is widely used and has response rates
similar to dacarbazine in melanoma [26,33].
Despite the absence of approval, temozolomide is also used ‘‘off-label’’ in patients with
malignant melanoma after standard treatment. Temozolomide has been proven to have an
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equal efficacy (with a 10–20% response rate) to that of dacarbazine, the most commonly used
chemotherapy agent in metastatic melanoma, in a randomized phase III trial [34,35]. However,
TMZ administered in monotherapy did not show significant improvement in the overall
response rate or median survival time. Nonetheless, the works of Biswas et al. (2006) [36],
Chang et al. (2007) [37], Platta et al. (2007) [38] and Mehta et al. (2010) [39] show the efficacy
and modest side effects of single-agent TMZ in patients with recurrent or progressive brain
metastases.
In a randomized trial comparing temozolomide given for five days every month with dacar‐
bazine given once every 3 weeks, there was no difference in response rate or survival [26].
Despite this, temozolomide offers two potential advantages over dacarbazine. Temozolomide
readily crosses the intact blood-brain barrier, which provides enhanced activity against brain
metastases. Unfortunately, the objective response rate of melanoma brain metastases to
temozolomide is low [37], although there is some indication that treatment with temozolomide
is associated with a lower incidence of disease progression in the brain [38,39]. Another
potential advantage of temozolomide is that, as an oral agent, continuous dosing is feasible.
An extended-dosing schedule of 75 mg/m2/day for 42 days followed by 14 days off has been
used in several clinical trials. This schedule provides six weeks of continuous drug exposure
and delivers 50% more drug over two months compared with the standard schedule of five
days every month. However, a phase II trial using extended-dosing temozolomide showed
only a 12.5% response rate [40], which is not different from what would be expected with
standard-dosing of temozolomide or of dacarbazine.
Patients that received oral temozolomide at a starting dosage of 200 mg/m2/d for five days
every 28 days showed median survival time of about eight months, while patients treated with
dacarbazine of about seven months. These results showed that treatment with temozolomide
presented significantly longer survival, nevertheless no major difference in drug safety was
observed. Temozolomide was well tolerated and produced a noncumulative, transient
myelosuppression late in the 28-day cycle. The most common nonhematologic toxicities
observed were mild to moderate nausea and vomiting, which were easily managed. Temozo‐
lomide therapy improved health-related life quality [26].
The most common hematologic side-effect of temozolomide is myelosuppression (similar to
that produced by dacarbazine), particularly neutropenia and thrombocytopenia (dose-limiting
toxicity). In contrast, nausea and vomiting are limited (10–15%), whereas the same side effects
are remarkably severe and very frequent (i.e. of the order of 90%) in patients treated with
dacarbazine. Both drugs can induce headache, fatigue, liver toxicity and constipation [34].
Nevertheless, the development of resistance against the treatment is very common. There
are likely multiple mechanisms of chemotherapy resistance specifically for dacarbazine or
temozolomide, such as DNA repair of the adduct formation (O6-guanine) with the O6methylguanine-DNA methyltransferase [26,41]. Other mechanisms of resistance include
Bcl-2 overexpression, silencing of apoptotic protease activating factor-1 gene (a key mediator
of apoptosis), and activation of proliferative and antiapoptotic signalling pathways,
including the mitogen-activated protein kinase and phosphoinositide 3-kinase/Akt path‐
ways [34,35,42-44]. In addition, NF-κB activation of its down-stream target genes (angiogen‐
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esis, adhesion, antiapoptosis, and chemokine growth factors) likely plays a central role in
the proliferation and chemotherapy resistance observed in melanoma [45-47]. It is well
established that chemotherapy itself can induce NF-κB activation in cancer cells [46,47].
Any number of these or other biological processes are likely important to chemotherapy
resistance in melanoma.
In an attempt to reduce resistance to chemotherapy in patients with melanoma, new therapies
are introduced including the combination of temozolomide and dacarbazine with other
chemotherapeutic drugs that have similar mechanism of action or act in different ways.
Alternatives used in polychemotherapy in treating melanoma or as monotherapy are the
nitrosoureas such as fotemustine.
2.1.2. Nitrosoureas
The nitrosoureas (carmustine, lomustine, semustine and fotemustine) all have single agent
activity in melanoma because they cross the blood-brain barrier, thus enabling its use in the
treatment of metastatic melanoma. However, at conventional doses, little or no activity was
observed against melanoma brain metastases, and overall response rates were low, with only
a few complete remissions and short response durations [7,48]. Fotemustine is probably the
most active nitrosourea against metastatic melanoma, and especially against cerebral meta‐
stasis; its efficacy has been widely demonstrated through several phase II studies.
In patients without brain metastasis treated with fotemustine, the median time for the
development of brain metastasis was longer as compared to patients treated with dacarbazine
(22.7 months vs. 7.2 months) [49]. It has been widely tested in Europe and has shown overall
response of 20-25%, including 5-8% of complete response rates, and it was the first drug to
show significant efficacy in brain metastases [50,51].
A multicenter trial of monotherapy was undertaken in 153 evaluable French patients, in which
a response rate of 24.2% was obtained. In phase II studies fotemustine was administered
intravenously as a rapid infusion, at a dose of 100 mg/m2 on days 1, 8, 15, then after four to
five weeks every three weeks for maintenance. These studies showed response rates between
16% and 47% in non-visceral metastasis, and long-term survival without metastasis was
reported [50,52,53].
In a phase III clinical trial of fotemustine (100 mg/m2 weekly for three weeks) versus dacarba‐
zine (250 mg/m2/ day for five days every four weeks), the response rate for fotemustine was
15.2% versus 6.8% for dacarbazine [49].
Previous preclinical studies have indicated that fotemustine inhibits enzymes involved in the
ribonucleotide reduction pathway (i.e. DNA synthesis), whereby responding patients ap‐
peared to favour the thioredoxin reductase/thioredoxin electron transfer to ribonucleotide
reductase, whereas non-responders expressed the alternate glutathione reductase/glutaredox‐
in mechanism. The 47% response rate obtained in these studies vs. the 24% reported previously
for fotemustine may reflect variations in enzymes in the ribonucleotide reduction pathway in
different patients. However, the efficacy of fotemustine against advanced melanoma warrants
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more extensive trials of this drug, especially because the quality of life of the patients during
and after chemotherapy was not severely affected [54].
Fotemustine was well tolerated by the patients, with the only mild side effects being throm‐
bocytopenia, leukocytopenia in 40% patients, and easily controlled nausea/vomiting [55].
2.2. Platinum derivatives
Cisplatin and carboplatin have shown modest activity as single agent therapy in patients with
metastatic melanoma. Cisplatin and carboplatin showed good activity against human mela‐
noma cell line, but during in vivo study it did not improve the response comparing with other
drugs used in monoterapy of melanoma treatment. It has been shown that cisplatin induced
a 15% response rate with a short median duration of three months [8]. Evidence that the activity
of cisplatin may be dose-dependent has come from single institution studies. Cisplatin is also
used as a palliative in selected patients with malignant melanoma and central nervous system
metastases. It was shown that cisplatin can be administered alone via intracarotid infusion in
doses varying from 40 to 75mg/m2, but the response is not satisfactory, as only about 13% of
the patients presented stabilization of the disease [56]. With regard to carboplatin, in a study
on 26 chemotherapy naive metastatic melanoma patients, a response rate of 19% with five
partial responses has been reported, and thrombocytopenia was the dose-limiting toxicity [57].
Oxaliplatin is a platinum analogue, which cytotoxic activity observed in an in vitro assay
appears to be significantly superior to that of carboplatin. Its activity becomes comparatively
closer to that of cisplatin as exposure time increases. Indeed, at a 24 h exposure oxaliplatin
appears to be significantly more active than cisplatin [58]. Preclinical data have confirmed its
non-overlapping spectrum of activity with cisplatin, including acquired and intrinsic platinum
resistant cell lines [59]. In a small phase II trial by Evans et al. (1987) [60], no objective response
was observed from 10 patients who had previously failed to respond to chemotherapy.
2.3. Vinca alkaloids
The vinca alkaloids, especially vindesine and vinblastine, are usually used in melanoma
treatment. A phase II study by Mohammed et al. (2000) [61] with vinorelbine 30mg/m2/week
by intravenous bolus with 21 patients no complete or partial response was observed. The
estimated median progression-free survival was two months, and the estimated median
overall survival was six months. Patients received vinorelbine at a dose of 30 mg/m2 on days
one and eight of a 21-day cycle, on an outpatient basis. Thirteen patients were included in the
study, and received 64 cycles. All patients were assessable for response, toxicity and survival.
The median progression-free survival was 3.3 months and the estimated median overall
survival was 8.1 months. Vinorelbine as a single agent on days one and eight of a 21-day cycle
has a favourable toxicity profile, but seems to have no relevant clinical activity in patients with
metastatic melanoma [62] Vindesine is frequently included in combination regimens for the
treatment of malignant melanoma and head and neck cancer, although its single-agent activity
in these diseases is modest (average of 14 and 12% response rates, respectively) [63]. Similarly,
another study that investigated the usefulness of vindesine monotherapy as salvage therapy
in stage IV melanoma patients who had previously failed to respond to chemotherapies also
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failed; the treatment with vindesine 3mg/m2 given to the patients every two weeks in a median
of three treatments was stopped due to the disease progression. The median survival after
starting vindesine therapy was four months. In this study the authors concluded that vindesine
monotherapy is ineffective in stage IV melanoma patients [64]. A phase II study by Retsas et
al. (1979) [68] showed a 30% rate response in 25 patients’ treatment with vindesine, but with
pronounced side effects. Apart from a low rate response the vinorelbine showed significant
toxicity, including febrile neutropenia, granulocytopenia, leukopenia, asthenia, nausea,
neuropathy, myalgia, dyspnea and fatigue [61].
2.4. Taxol
Preclinical studies indicate that taxanes disturb the cytoskeleton architecture and stabilize
microtubules, causing mitotic arrest [65]. Taxol is a major new antitumor agent with significant
activity against a number of human cancers. Preclinical investigation demonstrated significant
activity against B16 melanoma and against cells derived from melanoma in a human stem cell
assay [66]. Studies in phases II and III have shown that taxol has activity against melanoma,
but the responses were partial with 16.2% rate response and median duration of approximately
five months [67]. Another study with paclitaxel administered at a dose of 100mg/m2 intrave‐
nously on day one each week for six weeks, the median survival was 209 days [68]. In a phase
I trial with paclitaxel administered at 200 to 275 mg/m2 over 24 hours every three weeks, there
were four partial responses observed in the 12 patients enrolled [69]. A phase II trial with
paclitaxel administered at 250 mg/m2 over 24 hours every three weeks in 25 patients resulted
in three partial responses (12%); an additional four patients had durable objective regression
although failing to qualify for partial response [74]. An additional 28 evaluated patients were
studied in a second phase II study with paclitaxel administered at 250 mg/m2 over 24 hours.
Four patients (14%) had objective responses with three complete responses [70]. In another
study phase II clinical trial, patients received paclitaxel at 80 mg/m2 over one hour, weekly for
three weeks, followed by a one-week rest period; the disease status was assessed every other
cycle and the treatment was continued until the patients experienced either disease progres‐
sion or unacceptable toxicity. All patients were considered to be evaluable for toxicity and all
patients were included for response assessment in an intention-to-treat analysis. Patients
received paclitaxel for a median of two cycles. None of the 27 patients showed a response to
treatment; eight patients had stable disease. The median progression-free survival was 1.8
months and the median survival was 7.6 months [76]. A phase II trial achieved with paclitaxel
administered at 90 mg/m2 on days one, five, and nine every three weeks demonstrated a 15.6%
response in 5/32 patients [71].
Docetaxel showed an average response rate of 11.4% in three phase II clinical trials. In an assay
performed by the Enzig group, they administered 100 mg/m2 docetaxel every three weeks to
chemotherapy naive patients. Two out of 35 (6%) of the patients responded with one complete
response. Both these responses lasted longer than two years [65]. In a phase II clinical trial, 38
patients were also treated with 100 mg/m2 docetaxel every three weeks and evaluated after
two cycles; five partial responses were noted in the 30 evaluable patients (17%) [72].
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The most common toxicity of taxois is haematological, mainly related with neutropenia.
Additional toxicities included hypersensitivity reaction and diarrhoea, peripheral neuropathy,
fatigue, fluid retention and oral mucositis [72,73].
2.5. Tamoxifen
In 1976, Fischer and collaborators reported the presence of estrogen receptors on human
melanoma cells derived from metastatic tumors [74]. Following a preliminary report, studies
were performed with tamoxifen in the treatment of melanoma, either as a single agent or more
commonly in combination with other chemotherapeutic agents. In a meta-analysis study it
was demonstrated that tamoxifen does not improve the overall response rate, complete
response rate or survival rate when administered as chemotherapy regimens. The rate
responses ranged from zero to 10% [75]. However, for women 50 years of age or older treated
with tamoxifen alone, a response rate of 25% was observed. Despite these promising results,
a subsequent phase II trial published in 1992 showed a response rate of only 4.9% in postmenopausal women treated with tamoxifen 40 mg daily (14). In phase II studies the patients
treated with tamoxifen 100 mg/m2 did not show objective response [76,77]. Another study by
Aamdal et al. (1994) [78] reported that the enzyme tyrosinase could mimic estrogen receptors
binding, leading to the possibility that this or other interfering substances could account for
apparent estrogen receptors activity and the failure to correlate this activity with response to
tamoxifen. A remaining controversial question is the inclusion of the antiestrogen in different
active chemotherapy regimens, because clinical investigations on the role of tamoxifen in
single agent of melanoma have produced inconclusive results.
2.6. Immunotherapy
The relationship between melanoma and the immune system has been recognized, spontane‐
ous tumor regression in patients with metastatic melanoma have suggested that immuno‐
therapy might have a greater impact on the outcome of metastatic melanoma than in other
cancers [7]. Immune based treatment using biologic response modifiers, especially interleu‐
kin-2 and interferon-α, which have important roles in both adjuvant therapy and in the
treatment of metastatic melanoma, may became an antimelanoma strategy [7,79]. However,
the landscape for late-stage treatment options has changed recently, with FDA approval in
March 2011 for a new immunotherapy drug ipilimumab for treatment of metastatic melanoma
[80]. The Ipilimumab, a humanized monoclonal antibody against CTLA-4, is actually a unique
way of enhancing patients’ immune response against tumors [81].
2.6.1. Interferon alpha (IFN-α)
Interferons represent a family of glycoproteins with a broad spectrum of effects including
antiviral, immunomodulatory, antiproliferative, prodifferentiating and antiangiogenic [82,83].
Interferon-α (INF-α) has shown antitumor activity in metastatic malignant melanoma, both as
single-agent therapy and in combination with chemotherapeutic agents. As a single agent,
IFN-α yields an objective response rate of approximately 15% of responses with less than 5%
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of complete response rates and median response duration of between six and nine months
with a maximum of 12 months for the best studies [84,85]. Patients that received INF-α
intravenously for one month and 10 MIU/m2 subcutaneously three times per week for 48 weeks
showed a significantly increased overall survival rate, with a median follow-up of 6.9 years
(Kirkwood et al., 1996)
In a controlled trial of two lower doses of IFN-α conducted in patients in observation or in
other regimen of treatment, with an intermediate dose of IFN-α (four weeks with 10 MIU/m2
administered five times per week, followed by 10 MIU/m2 three times per week for one year
or five MIU/m2 three times per week for two years) for 13 or 25 months, intermediate dose
IFN-α did not significantly improve distant metastasis free interval or overall survival
outcomes [28]. Low-dose IFN-α also failed to improve survival outcomes versus observation
alone when patients were treated with three MIU/m2 two times weekly for six months or three
MIU/m2 three times weekly for two or three years [86-88]. Clinical data were recorded by IFNα dose: high (20 MIU/m2), intermediate (5–10 MIU/m2), low (3 MIU/m2), and very low (1 MIU/
m2) doses. Groups were also stratified by duration of treatment (6 months, 12–18 months or
24 months). Although there was a statistically significant overall survival benefit for treatment
of patients with IFN-α, this assimilation did not find evidence of a clear difference in overall
survival with different dose levels or duration of the treatments [89]. The mechanism of the
therapeutic effects of IFN-α is not completely known. Additional data from Håkansson et al.
(1998) [95] and Yurkovetsky et al. (2007) [96] revealed significant decreases of serum levels of
immunosuppressive and tumor angiogenic/growth stimulatory factors and increased levels
of antiangiogenic. This study also demonstrated a profile of pro-inflammatory cytokines that
may help to predict response to therapy. A fundamental question has been raised regarding
whether the benefit of IFNs such as immunologic, antiangiogenic, or other antitumor effects
would persist long-term or if it would require prolonged, and perhaps indefinite, exposure to
IFN-α [90]. When using IFN-α in the long term, the tolerability needs to be weighed up. IFNα induces acute flu like symptoms and widespread haematological and nonhaematological
organ toxicity, dose-dependent fatigue/anorexia, and neuropsychiatric side effects that may
endanger compliance over the course of several years’ therapy [21].
2.6.2. Interleukin-2 (IL-2)
IL-2, a natural product secreted by CD4+ T lymphocytes, was described as a T cell growth factor,
which plays a central role in immune regulation. However, IL-2 can also modulate immuno‐
logical effects by stimulating HLA-restricted or non-restricted cytotoxic cell, activate natural
killer cells, B lymphocytes, macrophages and induce lymphokine-actived killer cells in vitro
as well as the production of other cytokines [7]. The FDA initially approved IL-2 for the
treatment of patients with metastatic melanoma in 1998. High-doses of IL-2 (600.000-720.000
IU/Kg every eight hours on days 1-5 and 15-19) produce overall response rates in 15-20% of
patients with complete responses in 4-6% [91-93]. In phase II trials in patients with metastatic
melanoma, a high-dose regimen of 600.000 U/Kg IL-2 was administered every eight hours for
up to 14 doses; only 16% presented objective response and a small percentage of patients (5%)
experienced long-term, durable complete response, which has been interpreted as a potential
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cure [84]. However, this therapy has not been shown to improve overall survival in the patient
population and has never been evaluated in a phase III setting [94,95]. In addition, IL-2
treatment-related toxicity is severe, which include hemodynamic toxicity (e.g. hypotension,
edema, weight gain and decreased renal function), respiratory insufficiency, and neurotoxicity
[96,97]. Based on the available data assessing prognostic factors and patient selection, patients
with non-visceral metastases and fewer metastatic sites have a much higher response rate. In
these select patients, high dose IL-2 may be considered for first-line therapy [98].
2.6.3. Ipilimumab a new hope for metastatic melanoma
Stimulation of tumor-expressed Cytotoxic T-Lymphocyte Antigen 4 (CTLA-4) with soluble
ligands or agonistic mAb triggers the apoptosis [99,100], as well as inhibition of proliferation
and secretion of angiogenic cytokines [101]. Preclinical studies showed that blocking CTLA-4
results in anti-tumor activity and tumor regression in many mice tumor models (prostate,
breast, lymphoma, melanoma) [102,103]. Two anti-CTLA-4 monoclonal antibodies, generated
by different companies, were tested in clinical trials in metastatic melanoma patients: treme‐
limumab (Pfizer) and ipilimumab/Yervoy (Bristol Myers Squibb), but only the latter was
successful in phase III studies. Based on its ability to prolong survival of previously treated as
well as untreated metastatic melanoma patients [104,105], ipilimumab received European
Union (2010) [106] and FDA (March 2011) approval.
Widely touted as a therapeutic breakthrough, ipilimumab works by enhancing T-cell activity
by modifying the function of the CTLA-4 inhibitory receptor. Ipilimumab is directed against
the CTLA-4 antigen present on the surface of cytotoxic T-lymphocytes. The presence of the
CTLA-4 antigen negatively regulates the activity of T-lymphocytes, ultimately suppressing
the immune response [107]. Evidence for ipilimumab offers hope for patients with a clearly
lethal disease, but also highlights some of the dangers and relative infancy of immunotherapies
in the clinical setting [108].
Blocking the CTLA-4 antigen with ipilimumab will stimulate the patient's own immune
response, which will be helpful in destroying cancerous cells [109]. Ipilimumab has been
studied in more than 2,000 patients with metastatic melanoma and response patterns showing
shrinkage of baseline lesions, a decline of tumor burden with a complete response in few
patients. An objective response rate of above 30% was observed in later stages of clinical trials,
after failing in the initial stages of the treatment, in which the response rate was 10%. The
results of the advanced phase III trials indicate that one third of the patients taking Ipilimumab
will receive long-term survival benefits [104]. Objective response rates combining complete
response and partial response were in the range of 5–20% [104,110]. Disease control rates were
reported averaging 15–30%. In contrast, the two therapies approved by the FDA, high-dose of
IL- 2 and dacarbazine, are both associated with response rates of only 10 to 20% and a small
percentage of complete response. They are not thought to improve overall survival [104]. Two
exciting phase III studies tested the clinical effects of Ipilimumab in advanced metastatic
melanoma patients. In the first, 676 participants from 125 different medical centers, who had
already been given standard treatments, received Ipilimumab or gp100 vaccine separately, or
a combination of both, in a randomized, double-blind manner. Treatment with Ipilimumab
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improved median overall survival rates (10.0 and 10.1 months in the Ipilimumab-treated
groups as compared with 6.4 months in the gp100-only treated group). In the second trial [105],
502 patients who had not previously been treated received either dacarbazine (DTIC, standard
care chemotherapy) or Ipilimumab in combination with dacarbazine in a double-blind,
placebo-controlled manner. In this experiment, Ipilimumab increased overall survival rates
from 9.1 to 11.2 months and 3-year survival from 12.2% to 20.8%. A study of single agent
Ipilimumab with intra-patient dose escalation every 2 cycles of therapy also resulted in an
increased toxicity with no improvement in the response rates [111]. In this study, patients were
initially dosed at 3 mg/kg every three weeks for two doses. If there was no objective response
or higher autoimmune toxicity, the dose was increased to 5 mg/kg for two doses and then to
9 mg/kg for two doses. Five out of 46 patients (11%) achieved an objective clinical response at
the expense of 35% of patients experiencing significant toxicities. The authors concluded that
increasing doses of Ipilimumab to increase autoimmune toxicities did not seem to increase the
antitumor activity [111]. Adverse effects, mainly immune related in the skin and gastrointestinal track, were experienced by nearly all patients in the two trials, with about half of the
patients suffering from severe adverse effects in the second trial and several severe immune
effects-related deaths in the first trial. Therefore, these exciting results also demonstrate the
complicity of specifically manipulating immune responses.

3. Multi-drugs combinations
The disappointing results with single agent chemotherapy led to the evaluation of multi-drug
combinations regimens in the 1980s in an effort to improve outcome and enhance response
rates in patients with metastatic disease. The combinations of different chemotherapeutic
drugs)or cytotoxic agents with cytokines occasionally yield substantially higher remission
rates without prolonging overall survival [7,21]. The therapeutic schemes that have become
established for melanoma are listed in Table 2. The toxicity of combined chemotherapeutics
regimes is significantly higher than with monotherapy. Multi-drug combinations can, how‐
ever, be of palliative use in individual cases and can provide effective treatment for tumor
related symptoms. Since regimes are potentially toxic, intensive supportive treatment is crucial
for the patient’s quality of life [7].
Many of the combination regimens tested in melanoma (see Table 2) have combined dacarba‐
zine with immunologic agents (e.g., IFN, IL-2), hormones (e.g., tamoxifen) or novel biologic
agents, each of which individually has shown little single-agent activity. Some of the common
combinations of cytotoxic chemotherapeutic regimens used in melanoma are discussed and
the few phase III randomized trials that have been published are highlighted.
Historically, promising combination regimens like BOLD (bleomycin, vincristine, lomustine
and DTIC) and CVD (cisplatin, vinblastine and DTIC) have induced responses on metastatic
lesions in the liver, bone and brain, commonly unresponsive to DTIC alone, even though they
have failed to have an impact on patient survival. Several other studies have suggested a
significant enhancement of antitumor effect associated with the addition of tamoxifen to
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various cytotoxic regimens [112]. The other drug combinations have been observed and some
authors recommend the combination of cisplatin, carmustine, dacarbazine and tamoxifen as
reference therapy, even though recently presented results of a randomized phase III trial of
this combination versus dacarbazine alone show no statistical difference in survival between
the two groups. While a survival benefit from dacarbazine based chemotherapy or dacarbazine
alone has never been shown in metastatic melanoma patients and, therefore, the survival has
remained unchanged over the past 30 years, some long term survivors have been reported
after receiving the "Dartmouth regimen" (Dacarbazine /Carmustine /Cisplatin /Tamoxifen)
and/or high doses of IL-2 based regimens, whose role is going to be defined in prospective
randomized phase III trials [112].
Scheme

Drugs/dosage

Overall response

BCNU 150 mg/m2 i.v. day 1, only every 2nd cycle/Hydroxyurea
BHD scheme

1500 mg/m2 oral days 1-5/Dacarbazine 150 mg/m2 i.v. days

12.7-30.4%

1-5 every 4 weeks
Belomycin 15 mg i.v. days 1 + 4/Vincristine 1 mg/m2 i.v days
BOLD scheme

1+ 5/CCNU 80 mg/m2 p.o day 1/Dacarbazine 200 mg/m2 i.v.

22-40%

days 1-5 every 4-6 weeks
DVP scheme
DVP scheme

Dacarbazine 250 mg/m2 i.v. days 1-5/Vindesine 3 mg/m2 i.v
day 1/Cisplatin 100 mg/m2 i.v day 1 every 3-4 weeks
Dacarbazine 450 mg/m2 i.v. days 1 + 8/Vindesine 3 mg/m2 i.v
day 1 + 8/Cisplatin 50 mg/m2 i.v day 1 + 8 every 3-4 weeks

CarboTax

Carboplatin AUC6 i.v day 1, after 4 cycles reduce dose to

scheme

AUC5/Paclitaxel 225 mg/m2 i.v. day 1 every 3 weeks

GemTreo scheme

31.4-45%
24%
12.1% (second-line)

Gemcitabine 1000 mg/m2 i.v. days1 + 8/Treosulfan 3500

33.3% (partial remission and

mg/m2 i.v. days 1 + 8 every 4 weeks

stable disease)

Carmustine 150 mg/m i.v. + Vincristine 2 mg/m i.v. on day 1
2

2

only

25%

Cisplatin 20 mg/m2/day for 4 days starting on day 2 +
Vinblastine 1.6 mg/m2/day x 5 days + Dacarbazine 800

24%

mg/m2 i.v. on day 1
Tamoxifen 10 mg twice daily by mouth 1 week before
chemotherapy + Carmustine 150 mg/m2 on day 1 +

18.5%

Dacarbazine 220 mg/m2 i.v. + Cisplatin 25 mg/m2/days 1–3
Dacarbazine 250 mg/m2 i.v days 1–4 every 3 weeks +
Detorubicin 120 mg/m2 i.v. every 3 weeks

36%

Carmustine 150 mg/m2 i.v. on day 1 + Cisplatin 25 mg/
m i.v./day on days 1–3 + Dacarbazine 220 mg/m2 i.v./day on
2

days 1–3 + Tamoxifen 160 mg orally/day x 7 days prior to
chemotherapy. Treatment cycles repeated every 28 days,
BCNU every 2 cycles

26%
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Scheme

Drugs/dosage

Overall response

Dacarbazine 2.5 mg/m i.v. by means of bolus injection on
2

days 1–4 every 4 weeks + Corynebacterium parvum 7mg i.m. 1

27%

week before starting DTIC and at 4-week intervals thereafter
Dacarbazine 250 mg/m2 i.v. x 5 days, every 3-weeks +
Tamoxifen 20 mg/m2 orally daily
CCNU 200 mg/m2 once every 6 weeks/Dacarbazine 150
mg/m2 i.v. x 5 days/3 weeks + CCNU 130 mg/m2 1/6 weeks
Dacarbazine 250 mg/m2 i.v./day on days 1–5 + Epirubicin 90
mg/m2 on day 1 every 3 weeks

28%
15%
21%

Vinblastine 6 mg/m2/day i.v. on days 1–2 + 24-h infusion of
Bleomycin 15 units/m2 from days 1–5 + Cisplatin 50 mg/m2 1
h i.v. infusion on day 5. After four courses, vinblastine and

10%

Cisplatin were given alone. Courses repeated on a cycle of 4
weeks
Dacarbazine 100 mg/m2 8 h x 6 days every month/
Carmustine 150 mg/m2 + Vincristine 2 mg/m2 every 30 days
Dacarbazine 250 mg/m2/day i.v. x 5 days every 4 weeks +
Vindesine 3 mg/m2/week
Dacarbazine 220 mg/m2 on day 1–3 + Carboplatine AUC 5,
day 1, 21 Days

24-29%
25%
21.3%

IFN-α 15MU/m2/day i.v. days 1–5 x 3 weeks, then 10MU/m2
s.c. 3x/week + Dacarbazine 200 mg/m2 daily i.v. days 1–5

21%

starting on day 22, every 28 days
Tamoxifen 20 mg/day v.o. starting day 1 + Dacarbazine 200
mg/m2/day i.v. days 1–5 every 28 days

18%

IFN-γ 15MU/m2/day i.v. days 1–5 x 3 weeks, then 10MU/m2
s.c. 3x/week + orally Tamoxifen 20 mg/day starting day 1 +

19%

Dacarbazine 200 mg/m2/day i.v. days 1–5/28 days
Dacarbazine 800 mg/m2 i.v. days 1 and 21 + daily INF-α i.m. 3
MIU at days 1–3, 6 MlU days 4–6, and 9 MIU daily thereafter.

28%

Started concomitantly
Dacarbazine 800 mg/m2 i.v. days 1 and 21 + INF-α i.m. 3MIU 3
x /week. Started concomitantly

23%

Dacarbazine i.v. escalating dose 200 mg/m2, 400 mg/m2, 800
mg/m2/3 weeks; IFN-α s.c. starting at 3 MU/day on days 1–3,
9 MU/day on days 4–70, then 9 MU 3 x /week
BCNU = 1,3-bis(chroethyl)-1-nitrosourea (Carmustine) CCNU = Lomustine
Adapted by Garbe et al. (2008) [21] and Mouawad et al. (2010) [7].
Table 2. Multi-drug combinations and their activity in melanoma.

21%

203

204

Recent Advances in the Biology, Therapy and Management of Melanoma

The Dartmouth Regimen was described for the first time in 1984 with the treatment of 20
patients with melanoma. This association showed promising results, with high response rates
of 40% to 50% [113,114]. However, another study shows a response rate of 18.5% with this
combination [115]. In another randomized phase II trial, Dartmouth Regimen was compared
with dacarbazine alone in patients with melanoma, wherein 60 patients were randomly
assigned to receive carmustine 150 mg/m2 intravenously on day one, cisplatin 25 mg/m2
intravenously daily on days one to three, dacarbazine 220 mg/m2 intravenously daily on days
one to three, and tamoxifen 160 mg orally daily for seven days. The overall response was 26%,
complete responses were 2.5%, with median progression-free survival and the median survival
four and nine months respectively. These results show that the combination had limited impact
on overall survival when compared with dacarbazine alone, with the additional drawback of
high toxicity [116].
In a multicenter phase III trial, 240 patients with measurable stage IV melanoma were ran‐
domly selected to receive the Dartmouth regimen (dacarbazine 220 mg/m2 and cisplatin 25
mg/m2 on days one to three, carmustine 150 mg/m2 on day one every other cycle and tamoxifen
10 mg orally bid). The treatment was repeated every three weeks. The results showed median
survival time from randomization of seven months; response rate was 18.5% when compared
with dacarbazine alone this treatment was not better [115]. In addition to the low activity, the
Dartmounth Regimen showed high toxicity, mainly bone marrow suppression, nausea,
vomiting and fatigue. Although advanced melanoma is often not curable with systemic
therapy, the considered use of currently available regimens can induce clinically significant
remissions and, possibly, prolong the life of some patients.
Su et al. (2011) [124] evaluated the combination of carmustine (150 mg/m2, on day one every
eight weeks), cisplatin (25 mg/m2, days one to three every four weeks), dacarbazine (220
mg/m2 days one to three every four weeks), tamoxifen (10 mg twice a day) and IL-2 18 Million
International Units in divided doses by subcutaneous injection three times a week for four
weeks. The treatment was repeated for a total of six cycles or until disease progression or
unbearable toxicity. The response rate was 32.5% including 5% with a complete response,
27.5% with a partial response and 17.5% with a stable disease. The median progression-free
survival was 6.2 months and median overall survival was 11.3 months. The toxicity associated
with IL-2 included indurate injection site, fever, chills, itchy skin, bone pain and myalgia and
eosinophilia.
The Dartmouth Regimen was associated with IL-2 and IFN-α. In those patients who received
sequential immunotherapy, each cycle of chemotherapy was followed by outpatient s.c. IL-2
(10 x 106 IU/m2, on days three to five, week four; 5 x 106 IU/m2, on days one, three and five,
week five) and s.c. IFN-α (5 x 106 IU/m2, on day one, week four; on days one, three and five,
week five). The overall response rate of patients treated with the combination of chemotherapy
and IL-2/IFN-α was 34.3% with complete responses (10.9%) and partial responses (23.4%). In
patients treated with chemotherapy only, the overall response rate was 29.9% with complete
responses (13.3%) and partial responses (16.6%). There was no significant difference in median
progression-free survival (zero months vs. four months) and in median overall survival (12
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months vs. 13 months) for combined chemoimmunotherapy and for chemotherapy, respec‐
tively [117].
A prospective randomized phase III clinical trial was performed to assess whether the addition
of tamoxifen to the Dartmounth Regimen would ameliorate the responses. The median
survival observed was 6.9 months, but the progression-free survival as well as the overall
survival was not different from the treatment with Dartmounth Regimen alone [118].
Other chemotherapeutic agents have also been combined with tamoxifen for the treat‐
ment of metastatic melanoma. Bajetta et al. (1993) [119] treated two groups of patients
sequentially; the first group received carboplatin and cytarabine alone and for the second
group, tamoxifen 40 mg was added daily throughout the cycle. Of 21 evaluable patients
in the first group, 19% responded. In contrast, 8% of patients responded in the tamoxifentreated group. All patients had received prior chemotherapy and/or immunotherapy. In an
attempt to confirm synergism between tamoxifen and cisplatin and to overcome clinical‐
ly established cisplatin resistance, McClay et al. (1995) [120] treated 24 metastatic melano‐
ma patients with cisplatin 100 mg/m2 every three weeks; 13% of patients responded. Those
who failed to respond clinically (cisplatin resistant) were then treated with the same dose
of cisplatin plus tamoxifen 160 mg on day one, followed by 20 mg daily throughout the
three-week cycle. In 19 assessable patients, 16% achieved a complete response or partial
response as conventionally defined; however, when the authors included mixed respons‐
es, the overall response rate (32%) was statistically significantly. In a phase I study, McClay
et al. (1995) [120] treated successive groups of patients with escalating doses of tamoxi‐
fen and weekly cisplatin 80 mg/m2. Patients received up to 320 mg/m2 at the time of the
report and none of the patients responded at doses less than 240 mg/m2.
Studies have combined chemotherapy, immunomodulators and tamoxifen. Antoine et al.
(1995) [121] added tamoxifen to a regimen of cisplatin, IL-2, and IFN-γ. The response rate with
tamoxifen (41%) was lower than the response rate observed without tamoxifen (54%). Rixe et
al. (1994) [122] treated 91 patients with high-dose cisplatin, IL-2, IFN-α and tamoxifen. The
trial was stopped prematurely due to an increased frequency of sepsis and because the
response rates were similar to those observed in historical controls that did not receive
tamoxifen.
Fierro et al. (1993) [123] treated 32 patients with a combination including carmustine, cisplatin,
dacarbazine and tamoxifen, which showed an overall response rate of 47%, complete response
of 16%, partial response of 31% and median survival of 10 months. The pretreatment with INFα did not modify the survival or the response rate.
In a phase II trial with a high dose of tamoxifen and cisplatin administered weekly were used;
tamoxifen was started on day one with a dose of 240 mg/day. Cisplatin (80 mg/m2) was started
on day two and repeated weekly for a total of three weeks. During week four, the patient was
not treated with cisplatin but was evaluated for response. If disease stabilization or regression
was documented, the patient received a second three-week cycle of cisplatin and was then reevaluated for response. Patients with progressive disease at any evaluation were removed
from the study. In 28 consecutive patients, the overall response rate was 32%. Toxicity was
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primarily nausea and vomiting. While this combination presented activity, the overall
response rate was not significantly better that that observed with the original Dartmouth
regimen and besides, the toxicity is substantial [128].
The cisplatin, vinblastine and bleomycin were combined in the treatment of 51 patients with
metastatic melanoma; among these patients only 22% had complete or partial response.
However, the response durations were brief and the toxicity was substantial. The authors
concluded that such a combination was not sufficiently beneficial to warrant its use in
metastatic melanoma [132] Bajetta et al. (1982) [133] treated 22 patients with metastatic
melanoma with vinblastine, bleomycin and cisplatin. In this study, the survival rate was 10
months and the results showed that this combination did not exceed the treatment with
dacarbazine. Nathanson et al. (1981) [134] also studied this combination and the patients
showed a median duration of response of 26 weeks associated with significant toxicity, marrow
suppressive, gastrointestinal, pulmonary and mucocutaneous.
The BOLD scheme (bleomycin, vincristine, lomustine plus dacarbazine) included bleomy‐
cin at 7.5 units subcutaneously in the first course and 15 units in subsequent courses on
days one and four; vincristine at 1mg/m2 intravenously on days one and five; lomustine
at 80 mg/m2 on day one and dacarbazine 200 mg/m2 intravenously on days one through
five. These treatments showed 9% complete response, 31% partial response and 17%
stabilization of disease and overall median survival of 31 weeks. The authors concluded
that the BOLD scheme was an effective alternative treatment for metastatic melanoma,
because the overall toxicity was moderate [135]. Several other works that used the BOLD
scheme in combination with IFN-α showed better results with response rates from 13 to
24%, which is not significant when compared with the treatment with the BOLD scheme
alone, but patients with soft tissue or lung metastases may achieve more complete response
[124]. Another study reported the treatment of twenty-two patients with metastatic
melanoma with the BOLD scheme every four weeks, together with IFN-α 3 x 106 IU daily
for six weeks, followed by 6 x 106 IU three times per week. This treatment showed median
progression-free survival of four months and median overall survival of 12 months,
associated with moderate toxicity [137]. A similar scheme was used in a study reported by
Atzpodien et al. (2002) [125], in which the median progression-free survival was 1.9 months
and overall survival 10.6 months, but the scheme showed more toxicity in 13% of the
patients (alopecia and neurotoxicity). The regimen of BOLD plus interferon is active in the
treatment of metastatic uveal melanoma. The precise role of the regimen has to be defined
in light of its toxicity, particularly the unpredictable pulmonary toxicity. The pattern of
occurrence of these pulmonary events is most consistent with either an acquired hypersen‐
sitivity reaction, or a cumulative toxic effect from two or more agents. Patients consid‐
ered for treatment with this regimen must be judiciously selected. Those with no clear
contraindications may benefit from a trial of this regimen, but they must be monitored
closely.
Another regimen that has shown good results was the combination of bleomycin 15 mg
administered subcutaneously on days one and four, vindesine 3 mg/m2 administered intra‐
venously on days one and five and lomustine 80 mg/m2 orally on day one and dacarbazine
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200 mg/m2 intravenously on days one through five in a phase III study. This combined response
rate of 45% is considerably better than that seen in single- or dual-agent chemotherapy. The
toxicity was tolerable. The median survival for all treated patients was 43 weeks, and the
median follow-up time was now 63 weeks [139]. Stables et al. (1992) [140] evaluated the
treatment of 72 patients with melanoma with a regime combination including bleomycin,
vindesine, lomustine and dacarbazine. This study showed a complete response in 17.6% of the
patients, partial response in 14.7% of the patients and overall median survival of 38 weeks.
These results are comparable with other combinations of chemotherapy regimens, which have
not yet been supplanted by the newer biological therapies.
Based on the independent activity of cisplatin, vinblastine, and dacarbazine (CVD), a
combination of these agents was used in the treatment of patients with advanced melano‐
ma. Different doses are used in this treatment scheme, but the most common combina‐
tion is vinblastine in a dose of 1.6 mg/m2/d for five days, dacarbazine in a dose of 800 mg/
m2 intravenously on day one, and cisplatin in a dose of 20 mg/m2/d for four days starting
on day two of chemotherapy or, 3-week cycles of cisplatin 20 mg/m2/day x 4; vinblastine
2 mg/m2/day x 4, and dacarbazine 800 mg/m2 on day one [141]. In a phase II trial with 50
evaluable patients, a response rate of 40% was achieved with an estimated 1-year surviv‐
al of 50% [141]. In a randomized trial using biochemotherapy, in which CVD was the
control arm, the same investigators reported that CVD showed an objective response rate
of 27% and an estimated 1-year survival of approximately 40% [142]. The median dura‐
tion of the response was nine months and the median survival time of the responders was
12 months. The treatment was associated with significant toxicity consisting of nausea,
vomiting, diarrhoea and partial hair loss. Additionally, neutropenia with a median nadir
granulocyte count of 500/microliters was observed, and significant anaemia required blood
transfusions in a majority of the patients after three to four courses of chemotherapy. The
dose-limiting toxicity was peripheral neuropathy, which required discontinuation of
cisplatin after six to eight courses of chemotherapy [141].
Another study used a combination of dacarbazine 250 mg/m2/day one to three, cisplatin 30
mg/m2/day i.v. on days one to three and IFN-α 10 x 106 U/m2/day subcutaneously on days one
to five, and one group received the combination mentioned, plus IL-2 as a continuous i.v.
infusion in a decreasing schedule starting on day 5 with 18 million U/m2 over 6 hours followed
by 18 million U/m2 over 12 hours, 18 million U/m2 over 24 hours, and a maintenance dose of
4.5 million U/m2/24 hours for an additional 72 hours. Cycles were repeated every four weeks
for a maximum of four cycles. This study showed that the combination was not better than the
CVD combination, and was associated with low efficacy and higher toxicity. The authors
concluded that the combination neither conferred a clinically meaningful survival benefit for
most patients with advanced melanoma, nor conferred an increase in rate response or
progression time [94].
Another study has shown results related to the treatment of patients with metastatic melanoma
with six concurrent biochemotherapy dose levels. The doses were programed as follows:
dacarbazine 800 mg/m2 or 1000 mg/m2 (Day 1); cisplatin 25 mg/m2 or 30 mg/m2 (Days 1-4);
vinblastine 1.6 mg/m2 or 1.8 mg/m2 (Days 1-5); interleukin-2 9 million units (MU) per m2 or 12
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MU/m2 as a 24 h continuous infusion (Days 1-4); and interferon-alpha-2b 5 MU/m2, 10
MU/m2, or 15 MU/m2 (Days 1-5) and 5 MU/m2 (Days 7, 9, and 11) administered subcutaneously.
The dose of IFN-α was reduced in some patients because of thrombocytopenia after five days,
and other toxic effects observed included encephalopathy, renal and hepatic dysfunction,
pancreatitis and ileus. This treatment showed a median time to disease progression of 6.9
months, and median survival duration of 12.2 months [143]. In a study reported by Legha et
al. (1996) [90] e treatment with CVD plus IL-2 or IFN-α reached an overall response rate of
60%, although the duration of partial response was short (median eight months), the median
survival of patients receiving sequential biochemotherapy was 13 months compared to nine
months observed in the CVD treated group. The treatment with biochemotherapy was
associated with severe toxicity including intense myelosuppression, infections; IL-2 induced
constitutional toxicity and hypotension. The biochemotherapy regimen produced an apparent
increase in the median survival compared to that observed with the CVD regimen.
In a randomized study, 176 patients received cisplatin and dacarbazine with or without
carmustine every 21 days, or the same regimen followed by low-dose subcutaneous IL-2 for
eight days and IFN-α three times a week, both for six cycles. The regimen without IL-2 and
IFN-α resulted in a median overall survival of 9.5 months and the regimen with IL-2 and IFNα of 11.0 months. The regimen with low-dose immunotherapy did not produce a statistically
significant advantage in overall survival, time to progression or overall response when
compared with the regimen without immunotherapy. However, the results were not different
from the treatment with high dose IL-2 [87].
In a phase III study, 326 patients with metastatic melanoma received the treatment consisting
of a combination of dacarbazine (250 mg/m2 intravenously days one to five every four weeks)
and vindesine (3 mg/m2 intravenously day one weekly), with or without the addition of
cisplatin (100 mg/m2 intravenously day one every four weeks). In this study the authors did
not observe a significant difference in overall survival with addition of cisplatin, but the
median time to progression was significantly longer in patients treated with dacarbazine,
vindesine and cisplatin than patients that did not receive cisplatin (4.2 versus 2.2 months
respectively). However, the combination of the three drugs did not change overall survival
but did significantly increase toxicity such as leukopenia, alopecia and nausea/vomiting [144].
Similar treatment was used in a phase II study with forty patients with disseminated malignant
melanoma. In this study, the authors observed a 38% response rate and median response
duration of four months, but the toxicity was intolerable with symptoms such as nephrotox‐
icity, ototoxicity, hypotonia and nausea/vomiting [126].
Fotemustine has also been used in combination with dacarbazine, in patients with metastatic
melanoma. The response rate was 27.2%, confirming the activity of fotemustine. The combi‐
nation of two drugs showed significant toxicity, mainly haematological with leukopenia and
thrombocytopenia. This schedule with sequential dacarbazine and fotemustine had low
activity against metastatic melanoma, and the response rate for cerebral metastases was not
superior to that shown in other studies with single agent fotemustine, however, the treatment
was well tolerated and can be prescribed to outpatients [54].
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Preclinical studies have shown some clinical activity against melanoma. It consisted of a
combination of carboplatin at an area under the curve (AUC) of 7.5 and paclitaxel at 175
mg/m2 over three hours administered to 17 patients [127]. There was a 20% response rate with
three partial responders in the 15 evaluable patients, with a median survival of nine months.
Another phase II study showed results with the administration of paclitaxel either as mono‐
therapy or combined with carboplatin. In the first treatment paclitaxel was administered at a
dose of 100 mg/m2 intravenously on day one each week for six weeks; in the second treatment
paclitaxel was administered at a dose of 80 mg/m2 intravenously followed by carboplatin 200
mg/m2 on day one each week for six weeks. The next cycle was administered after a two-week
intermission. This study showed median survival time of 209 days in patients that received
only paclitaxel, and 218 days for those treated with paclitaxel/carboplatin, with overall
response rates of less than 10% for both treatments [68]. Paclitaxel at a dose of 100 mg/m2 and
carboplatin of 2 AUC was administered on days one, eight and 15 of a 28 day cycle. This
treatment showed 26% partial response and 19% stable disease and a median overall survival
of 7.8 months [128].
Kottschade et al. (2011) [148] conducted a study in which the patients were treated with
paclitaxel 100 mg/m2 and carboplatin AUC six administered on days one, eight and 15 every
28 days. The median number of treatment cycles was four. This treatment showed 25.6%
responses and median overall survival of 11.1 months. In a study conducted by Pflugfelder et
al. (2011) [149], patients received intravenous paclitaxel 225 mg/m2 plus intravenous carbo‐
platin AUC 6 on day one of a 21 day cycle, with a dose reduction after the fourth cycle to
carboplatin AUC five and paclitaxel 175 mg/m2. This study showed median progression-free
survival of 10 weeks and median overall survival of 31 weeks. Response, progression-free, and
overall survival were equivalent in first and second line patients. Sixty patients out of 61 died
after a median follow-up of seven months. This treatment showed, in all studies, severe
toxicities including neutropenia, thrombocytopenia, neurosensory problems, fatigue, nausea
and vomiting [68,127,129].
The development of targeted therapies has provided new options for the management of
patients with advanced melanoma. There has been particular interest in agents that target the
mitogen-activated protein kinase pathway, which controls tumor growth and survival, and
promotes angiogenesis. Recently, sorafenib, an oral multikinase inhibitor has been tested in
combination with carboplatin and paclitaxel. A phase I trial conducted with 38 patients, who
received either 100, 200, or 400 mg of sorafenib twice daily on days 2 to 19 of a 21-day cycle
with carboplatin at AUC 6 and paclitaxel at 225 mg/m2 administered on day one [130]. The
overall response was 10 out of 24 treated patients with one complete response. Another study,
however, showed that the treatment of 270 patients with paclitaxel at 225 mg/m2 and carbo‐
platin at AUC 6 once every three weeks with or without sorafenib at 400 mg twice daily on
days two to 19. There was no difference in progression-free survival, which was the primary
endpoint, or in response rate [131]. The control group (no sorafenib) showed a response rate
of 11% with a median progression-free survival of 17.4 weeks; the median overall survival was
42 weeks. The cohort receiving sorafenib had essentially identical outcomes. The conclusion
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was that the addition of sorafenib to carboplatin/paclitaxel did not improve the response rate
in contrast to the original observations in the phase I trial [130].
Recently, patients were randomly assigned in a two-to-one ratio to carboplatin (AUC, 5) plus
paclitaxel (175 mg/m2) and bevacizumab (15 mg/kg) administered intravenously once every
three weeks. This study showed an overall response rate of 25.5%. The study did not meet the
primary objective of statistically significant improvement in median survival with the addition
of bevacizumab to carboplatin plus paclitaxel. A larger phase III study will be necessary to
determine whether there is any benefit to the addition of bevacizumab to carboplatin plus
paclitaxel in this disease setting [132].
Schmittel et al. (2006) [133] compared the combination of gemcitabine plus treosulfan with
treosulfan alone in patients with metastatic melanoma; the patients received 1000 mg/m2 of
gemcitabine plus 3500 mg/m2 of treosulfan or 3500 mg/m2 of treosulfan on days one and eight,
and in both groups the cycle was repeated on day 29. Median progression-free survival was
three months and two months for patients undergoing the treatment with gemcitabine plus
treosulfan and treosulfan, respectively. In a phase II clinical trial, gemcitabine plus treosulfan
were tested in patients with metastatic melanoma. The patients received 1000 mg/m2 of
gemcitabine and treosulfan at a dose of 2500 or 3000 mg/m2 in group one, and 3500 or 4000
mg/m2 in group two on days one and eight every four weeks. In the group of patients that
were treated with treosulfan in a dose less or equal to 3000 mg/m2, the response rate was not
observed. Among the patients treated with a dose equal to or more than 3500 mg/m2, a 5%
partial remission was observed, with median survival time of nine months [134]. Another
study by Schmittel et al. (2005) [154] combined gemcitabine plus treosulfan and cisplatin, in
which the patients received 30 or 40 mg/m2 of cisplatin, 1000 mg/m2 of gemcitabine and 3000
mg/m2 of treosulfan on days one and eight repeated on day 29; the median overall survival
was 7.7 months, associated with excessive haematological toxicity.
Dacarbazine 250 mg/m2/day was combined with epirubicin 90 mg/m2 on day one every three
weeks. Partial response of 21.1% was observed [135].
Another phase III study of ipilimumab was carried out in patients with previously untreated
metastatic melanoma. In this case, ipilimumab in combination with dacarbazine was compared
with dacarbazine plus placebo, showing improved overall survival with the antibody therapy.
Responses with the combined therapies seemed to be higher than the therapies with a single
agent (17% compared to 5%) [105]. Data from preclinical and clinical studies have shown that
ipilimumab can cause tumor regression in patients with metastatic melanoma with response
rates of 5.8-22%. Phase III trials have demonstrated a benefit to median overall survival in the
first-line setting in combination with dacarbazine versus dacarbazine alone (11.2 versus 9.1
months), and in the second-line setting in combination with glycoprotein 100 peptide vaccine
(gp100) vs. gp100 alone (10.1 versus 6.4 months). The main toxicities of ipilimumab are immune
related, most commonly skin and gastrointestinal troubles. Bowel perforation and treatmentrelated deaths have occurred, although prompt use of steroids and other immunosuppressive
agents can minimize these risks [136].
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In phase II study patients with metastatic melanoma received ipilimumab at three mg/kg every
four weeks for four doses, either alone or with up to six-five-day courses of dacarbazine 250
mg/m2/day. The response rate was 14.3% with ipilimumab plus dacarbazine and median
overall survival was 14.3 months [137].

4. News strategies for treatment of metastatic melanoma
4.1. Signalling molecules targeted therapy
One of the most common signalling pathways affected by mutations in melanoma is the RAF/
MEK/ERK pathway, a highly conserved group of proteins that regulate cell growth, division
and death. In melanoma, the most common mutations are in proteins like BRAF, NRAS, HRAS,
and KIT and lead to constitutive activation of the RAF/MEK/ERK pathway, which stimulates
pro-proliferative genes. BRAF, the serine/threonine specific protein kinase, is triggered by
somatic mutations in 50–70% of melanoma cases. A substitution of glutamic acid for valine at
codon 600 (V600E) is the most common BRAF mutation known [138]. Recently, genotypeselected metastatic melanoma patients with positive BRAF mutation have been submitted to
clinical trials with drabafenib (accelerated dose titration with 12 mg initial dose), an inhibitor
of BRAF kinase, selective for mutations in BRAF. High response rates were achieved in patients
with melanoma brain metastases leading to nine out of ten patients with a size reduction of
brain lesions [139]. A phase III trial comparing drabafenib (150 mg twice daily, orally) with
dacarbazine (1000 mg/m² intravenously every 3 weeks), higher median progression-free
survival was observed in the drabafenib group than those for dacarbazine. However, dose
reduction of drabafenib was needed in 28% of patients due to adverse effects including nausea,
vomiting, fatigue and neutropenia. Dose reduction was also necessary in patients receiving
dacarbazine (17%) [131].
Despite these front line studies that validated BRAF inhibition and genotyping analysis of
BRAF mutational status as a feasible tool in patients undergoing clinical trials with signalling
molecules targeted therapy, side effects remain the most important concern during therapy.
In this field, another BRAF inhibitor, vemurafenib, was compared to dacarbazine, and studies
demonstrated that vemurafenib-treated patients had higher overall survival rate and final
analysis for progression-free survival than those who received dacarbazine. Also, the vemur‐
afenib-treated group had relative reduction of 63% in the risk of death and of 74% in the risk
of either death or disease progression, as compared to dacarbazine. Regarding adverse effects,
18% of patients treated with vemurafenib presented cutaneous squamous-cell carcinoma,
keratoacanthoma, or both [10].
However, after genetic status assessment, Falchook et al. (2012) [140] demonstrated that
trametinib, a reversible selective allosteric inhibitor of MEK1 and MEK2, had a good clinical
activity in patients with melanoma, suggesting that MEK could be a valid therapeutic target
in BRAF-mutant melanoma. Interestingly, patients were free of proliferative skin lesions such
as squamous-cell carcinoma, a common adverse effect associated with BRAF inhibitors,
representing an advantage of trametinib in treating early-stage diseases [140].
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With regard to drug resistance, antiapoptotic proteins of the Bcl-2 family are closely involved
in this process. This group of proteins regulates apoptosis by blocking the release of cyto‐
chrome c and the overexpression of Bcl-2, which has been partially associated with drug
resistance phenomena (Soengas et al., 2003). In this field, antisense Bcl-2 therapy may be an
alternative coadjutant therapy in melanoma clinical trials. In the past, in vitro experimental
transfection of Bcl-2 was performed in both haematological and solid tumor cells, leading to
multidrug resistant phenotype [141] and recently, oblimersen sodium was combined with
dacarbazine in a clinical trial involving 771 patients with advanced melanoma [13]. This new
drug decreased the expression of Bcl-2 protein by increasing the cleavage of Bcl-2 mRNA by
RNase H [142,143].
Another mechanism of tumor resistance is related to the repair process of damaged DNA.
The poly (ADP-ribose) polymerase-1 (PARP) is the nuclear key enzyme of this process and
mediates the recruitment and activation of repair factors in the DNA break leading to base
excision repair [144]. The first phase I clinical trial with inhibitor of PARP was conduct‐
ed with AG014699, a prodrug of AG014447, a potent inhibitor of PARP, combined with
temozolomide in patients with solid tumors and metastatic melanoma. In this clinical trial,
AG014699 was well tolerated and proved to be highly and selectively toxic to cells that
underwent DNA repair [145].
Finally, one of the most studied signalling molecules is NF-κB, a pathway that melanoma cells
use to increase survival, proliferation and resistance to apoptosis, leading to progression of
tumor and metastasis appearance [146,147]. One of the first NF-κB inhibitors used in clinical
trials was bortezomib. Combined with temozolomide, a phase I clinical trial was conducted
in order to establish a schedule use of these drugs, define phase II doses and assess the NF-κB
activity in blood. Results demonstrated that bortezomib failed to inhibit NF-κB, and toxicities
including neurotoxicity, fatigue, diarrhoea and rash were reported [18]. Furthermore, two
years later another phase I trial with patients with advanced solid tumors was conducted in
order to establish new maximum tolerated doses for the combination of bortezomib and
temozolomide with inconclusive results [148]. In addition, both groups of authors suggested
that new studies with strong preclinical rationale have to be conducted in order to cover all
the changes undergone at tumor sites [18,148].
4.2. Electrochemotherapy
After years of experience in delivering genes, DNA and drugs into mammalian cells using
electroporation [149,150], a local tumor ablation modality, the electrochemotherapy (ECT) has
been used effectively in the treatment of various solid tumors, particularly melanoma. ECT
combines chemotherapy and electroporation to increase drug uptake into cancer cells [151].
The European Standard Operating Procedures of Electrochemotherapy (ESOPE) was the
largest study reported so far in patients with melanoma [152]. In this huge clinical trial, the
efficacy and safety of ECT were evaluated according to the drug used, route of administration
and types of electrodes for electroporation. The ESOPE project consisted of the administration
of bleomycin (ineffective for systemic conventional therapy), both intravenously (15000
IU/m2) and intratumorally (1000 IU/cm3), followed by eletroportation. Cisplatin was also
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administered in some patients (only intratumorally), because previous reports had not
substantiated the high efficacy of electrochemotherapy using intravenous injection of cisplatin
[153]. Almost 74% of patients had complete response rate achieved on the electrochemotherapy
treated tumor nodules. Furthermore, side effects were minor and acceptable by patients and
showed great advantages regarding cost and effectiveness.
Recently, another approach using ECT, based on the ESOPE study, has been conducted in
patients with cutaneous and subcutaneous melanoma metastases. Bleomycin was also used as
a drug of choice for most cases, and ECT was conducted after intravenous administration of
bleomycin (15 mg/m2). Results demonstrated that 62% of patients had an objective response
rate for all treated metastases. The authors also observed that 23% of patients had complete
response of metastatic nodules and only 8% of patients showed disease progression. Because
ECT was achieved using low doses of bleomycin, no systemic side effects were observed [154].
Regarding disseminated superficial metastasis, Campana et al. (2012) [175] demonstrated that
several ECT cycles on metastases, unsuitable for resection or unresponsive to conventional
chemotherapy, were effective only in patients with few and small metastases on the lower
limb. Besides the restricted response, ECT was well tolerated and side effects were limited.
4.3. Transarterial chemoembolization
In an attempt to manage metastatic melanoma, especially liver metastases, new approaches
have been tested using the dual blood vessels supply of the liver in combination with anti‐
cancer drugs such as irinotecan and cisplatin. This new approach, the so-called transarterial
chemoembolization (TACE), takes therapeutic advantage of the hepatic artery and branches
of the portal vein. By infusing chemotherapeutic agents directly into vessels followed by
infusion of embolic microspheres, localized therapy and the concentration of the drug in tumor
are achieved. In this field, Venturini et al. (2012) [155] enrolled five chemotherapy-naive
patients with liver metastasis of uveal melanoma in an irinotecan-eluting chemoembolization
trial. TACE was successfully achieved and well-tolerated in all five patients. In addition, a
response rate of 80% was achieved in relation to lesion size and remission. Apart from local
pain and one isolated case of cholecystitis, no further side effects were observed.
In a more complex study design including cisplatin, carboplatin, fotemustine or melphalan
infusion followed by polyvinyl alcohol particles for embolization, 11 patients were monitored
for five to 58 months, and 57% of them presented partial response compared to 29% with stable
disease, and 14% presented new lesions detected during the follow up period. Median survival
of all patients was 11.5 months after metastasis diagnosis [156]. In addition, abdominal and
local pain seems to be the most common effect after TACE procedures. Huppert et al. (2010)
[177] reported that pain began 1-4h after embolization and lasted around one to three days,
and that morphine was necessary in some cases.
Transarterial chemoembolization has the advantages of reducing systemic toxicity of drugs
and increasing intratumor effects leading to better results. However, Schusser et al. (2010)
[178] also reported serious side effects after TACE protocol using fotemustin (100 mg/m2) as a
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first choice, followed by cisplatin (50 mg), including splenic infarction, thrombocytopenia and
gastric ulcer; all events required conservative treatment and prolonged hospitalization.
4.4. Adoptive T cells therapy
Immunotherapy has been widely reported as a promising alternative for a variety of malig‐
nancies including melanoma [157]. To divert the majority of the immune cells to react against
tumor has been a huge challenge among physicians. Particularly, adoptive T cells (ATC)
optimally expanded ex-vivo, in theory, could enhance anti-tumor immune response and form
memory protection against recurrence. A well-established expansion of tumor-infiltrating
lymphocytes (TIL) has been carefully used in clinical trials, especially in metastatic melanoma
patients [79,158-160]. Recently, 93 patients with metastatic melanoma were treated with the
ATC transfer of autologous TIL and IL-2 with a median follow-up of 62 months. 22% of patients
showed complete regression and durable complete responses were seen in patients who had
a median of three different organ sites of metastases including lung, liver, adrenal, muscle,
lymphonodes, and skin [161]. However, some limitation was observed in ATC therapy. Joseph
et al. (2011) [184] reported a negative influence in initial TIL outgrowth in samples obtained
from patients who received systemic therapy 30 days before tumor harvest. This data sug‐
gested that parameters like prior systemic chemotherapy should be considered as important
criteria for patients undergoing ATC therapy. The success of autologous TIL derived from
metastatic tumor tissue is dependent on the TIL initial outgrowth and the tumor characteristics,
rate of TIL and parallel systemic chemotherapy, because the latter determines the rate of TIL
harvested [162].
In an attempt to make up for some limitations of ATC therapy, especially those related to
TIL harvested outgrowth and based on the observation that melanoma-reactive TIL could
be generated from only 50% of harvested samples [163], autologous T cells transduction
with T-cell receptors (TCR) against the antigen NY-ESO-1 was carried out. A retroviral
vector encoding a TCR, which recognizes the peptide NY-ESO-1, an antigen highly
expressed in almost 50% of melanoma metastases, was transfected into T-cells of pa‐
tients, cultured ex-vivo and transferred to patients together with HD IL-2, as a complemen‐
tary therapy. Results from this vanguard clinical trial showed that five of the 11 patients
with metastatic melanoma experienced an objective response including two complete
responses during the follow-up period (20 months), and 2 patients demonstrated com‐
plete regressions that persisted after one year.

5. Insights in side effects prevention
It is clear that the cure for malignant melanoma is still a challenge. One can conceive of many
strategies to combat the disease: i) prevention ii) several kinds of therapies, iii) amelioration
of side effects caused by the therapies. In this regard, there is evidence that natural or semi‐
synthetic compounds can feasibly allow for a wide variety of potential drugs to be employed
in a multitarget approach alone and/or in combined therapies.
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Syed and Muktar (2011) [164] summarized some options in a review article about several plant
products for the prevention and treatment of different kinds of cancer, including melanoma.
Among the compounds they mentioned: genistein, epigallocatechin gallate, resveratrol,
curcumin, fisetin, silymarin lupeol, which are able to stop the growth of tumor cells through
their own multitarget drug properties [164]. In the same context, several research groups,
including ours, have studied gallic acid and its ester derivatives [165-168]. It has been shown
that gallic acid and gallates differing only in the number of carbon atoms in the lateral chain
present antitumor properties, whose mechanism of action is also by a multitarget way,
including cell growth and metastasis inhibition, action against the drug efflux, helping to avoid
the development of resistance as well as a selective cytotoxicity

6. Conclusion
Significant advancements have been made in the last few years about melanoma treatment,
including important information on the molecular mechanism of action of the drugs and the
signalling pathways related to the disease. However, the treatment of patients with advanced
melanoma remains unsatisfactory. Single agent or combinations of chemotherapies including
new agents or biologic response modifiers have not resulted in response rates of durable
remissions high enough to affect median survival. The approval by the FDA of ipilimumab in
2011 brought some optimism among the clinicians who treat patients with metastatic mela‐
noma, but this therapy also has its limitations.
Promising sources of alternative molecules for cancer seem to be plants. In general, natural or
semi-synthetic compounds have shown effectiveness not only in the prevention of the disease
and the development of resistance, but also in important antitumoral activities in vitro and in
pre-clinical assays.
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1. Introduction
Malignant melanoma is an important healthcare issue. The incidence of melanoma has in‐
creased dramatically during the last few decades and melanoma is now one of the most com‐
mon forms of cancer. This aggressive form of skin cancer is characterized by its high capacity for
invasion and metastasis. Patients with advanced stages of the disease have universally poor
prognoses with a median survival of 3–11 months, depending on various prognostic factors.
Primary cutaneous melanomas are divided into four groups on the basis of histopathology: su‐
perficial spreading melanoma, nodular melanoma, lentigo maligna melanoma, and acral lenti‐
ginous melanoma. Superficial spreading melanoma is the most common form. In the early
growth phase, tumor cells spread laterally into the epidermis, forming an irregular pattern with
an uneven color on the skin. Nodular melanoma occurs most often on the chest or back where it
has a tendency to grow vertically into the skin, penetrating deeply if not removed. Nodular
melanoma lesions are often characterized by a darkly pigmented lump on the skin surface. Len‐
tigo maligna melanoma most commonly occurs on the facial areas of elderly people. It grows
slowly and may take several years to develop. Acral lentiginous melanoma is usually found on
the palms of the hands, the soles of the feet, or around the toenails. Melanoma is usually curable
in its early stages; however, the disease may be fatal if it spreads to other parts of the body. Ma‐
lignant melanoma usually develops via the transformation and proliferation of melanocytes
that reside in the basal cell layer of the epidermis. Melanoma can also develop when melano‐
cytes no longer respond to normal cellular growth control mechanisms, which allows the tumor
cells to metastasize into nearby tissues or other organs, where they invade and compromise or‐
gan function. Thus, the development of alternative treatment for melanoma is critically impor‐
tant. Recent advances in oncology have led to novel therapeutics that is capable of targeting
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known oncogenes and immunotherapeutic antibodies. Clinical trials of these agents have dem‐
onstrated measurable benefits to patients with metastatic melanoma. In this chapter, we review
clinical studies of recently developed targeted agents and summarize their current effective‐
ness in melanoma treatment.

2. Immune modulators for melanoma treatment
Melanoma is characterized as one of the most immunogenic tumors because of the presence
of tumor-infiltrating lymphocytes in resected melanoma, occasional spontaneous regression,
and clinical responses to immune stimulation. The immunogenicity of melanoma has led
investigators to study novel immune strategies for overcoming immune system evasion by
tumors. Therapies targeted at the immune checkpoints (e.g., cytotoxic T lymphocyte-associ‐
ated antigen 4, CTLA-4) have transformed the treatment of advanced melanoma in recent
years. T cells self-regulate their activation through CTLA-4 expression. CTLA-4 functions as a
negative co-stimulatory molecule for the T cell; therefore, therapies that antagonize CTLA-4
remove the brakes from T cells leading to a net effect of T cell hyper-responsiveness [1]. At
present, clinical trials of anti-CTLA-4 monoclonal antibody treatment are being conducted for
melanoma. Several human monoclonal antibodies, i.e., tremelimumab (CP-675,206; Pfizer
Pharmaceuticals, New York), ipilimumab (MDX-010; Bristol-Myers Squibb, Medarex, Prince‐
ton, NJ) and urelumab (BMS-663513), are under investigation. These antibodies have been
demonstrated to induce tumor regression and may prolong time to disease progression [2-3].
As shown in Table 1, three such antibodies, i.e., tremelimumab, ipilimumab, and urelumab,
are in clinical development.
Drug Name

Mechanisms

Tremelimumab (CP-675,206)

Anti-CTLA-4

Ipilimumab (MDX-010)

Anti-CTLA-4

Urelumab (BMS-663513)

Anti-CD137

Table 1. Clinical trials of selected monoclonal antibodies for melanoma treatment

2.1. Tremelimumab
Melanoma is an immunogenic tumor, which suggests that manipulation of the immune system
using monoclonal antibody treatment to suppress the CTLA-4 inhibitory function could
produce a favorable clinical result. Tremelimumab is a fully human IgG2 antibody, which is
directed against human CTLA-4. CTLA-4 plays a pivotal role in this interaction by dampening
immune responses to self-antigens. CTLA-4 is a cell surface receptor expressed on activated T
cells. In mice, the T cell-mediated killing of tumors is enhanced by blocking CTLA4 binding
to its natural ligands, such as CD80 and CD86, which are expressed on antigen-presenting
cells. Blocking antibodies to CTLA-4 were shown to induce tumor regression in selected mouse
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models [4]. When translated to the clinic, the administration of blocking antibodies to CTLA-4
produced objective tumor responses in a subset of patients with metastatic melanoma [5].
Tremelimumab is a fully human IgG2 monoclonal antibody tested in patients with cancer, the
majority of whom have had metastatic melanoma. Pfizer previously developed tremelimumab
for the potential intravenous (i.v.) treatment of cancers. They were also developing tremeli‐
mumab as a potential treatment for melanoma. Clinical trials using tremelimumab demon‐
strated that this antibody could induce long-lasting tumor regressions in 7%–10% of patients
with metastatic melanoma. These tumor responses are mediated by the intratumoral infiltra‐
tion of cytotoxic T cells, as demonstrated in patient-derived tumor biopsies. Grade 3 or 4
toxicities in the range of 20% to 25% are mainly inflammatory or autoimmune in nature, which
are on-target effects after inhibiting CTLA-4-mediated self-tolerance. The lack of any survival
advantage during the early analysis of a phase III clinical trial comparing tremelimumab with
standard chemotreatment for metastatic melanoma highlights the importance of gaining a
better understanding of how this antibody modulates the human immune system and how to
better select patients for this mode of treatment [6].
Tremelimumab is being developed by Pfizer for the treatment of various cancers. It is currently
in worldwide phase III development for malignant melanoma. Tremelimumab at 15 mg/kg ev‐
ery 3 months was compared with standard chemotreatment during a pivotal phase III clinical
trial in patients with previously untreated metastatic melanoma without brain metastasis and a
baseline lactate dehydrogenase level below double the upper normal limit. The Data Safety
Monitoring Board (DSMB) determined that the second interim analysis crossed the prospec‐
tively defined futility boundaries for improvement in overall survival (OS). The trial had a very
short follow-up, with most patients only followed for 6–11 months after the initial dose. During
that period, the survival curve of the tremelimumab group was ahead of the curve of the che‐
motreatment arm by 1 month [7]. The interim results of this trial have been updated recently;
however, insignificant improvements in survival were observed with tremelimumab. A subset
analysis suggested that patients with a low baseline C-reactive protein (CRP) had a markedly
improved outcome when treated with tremelimumab compared with chemotreatment. CRP
may be an indicator of the tumor microenviroment because this acute reactive protein is pro‐
duced in the liver in response to peripheral inflammation [8]. Furthermore, Pfizer and the De‐
biopharm Group entered into a co-development agreement to conduct a phase III trial of
tremelimumab for the treatment of patients with unresectable, stage IV melanoma. A biomark‐
er will be used to select patients considered likely to respond to tremelimumab. Under the
terms of the agreement, Debiopharm will assume responsibility for conducting the phase III tri‐
al of tremelimumab, while Pfizer will retain responsibility for the worldwide commercializa‐
tion of the compound. The financial terms of the agreement were not disclosed [9]. In addition,
tremelimumab had been discontinued for melanoma. Therefore, the clinical development of
tremelimumab has provided evidence of long-lasting responses in a small subset of patients
with metastatic melanoma.
2.2. Ipilimumab
Ipilimumab is a fully human monoclonal IgG1κ antibody against CTLA-4, an immune
inhibitory molecule expressed in activated T cells and suppressor T regulatory cells. Activation
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of the cellular immune response involves the interaction of T cell receptors with major
histocompatibility complex molecules on antigen-presenting cells (APCs). This requires costimulation where ligand B7 on APC binds to CD28 on T cells, which triggers T cell prolifer‐
ation. A negative co-stimulation signal is transduced by CTLA-4, which is present in T cells,
and interaction of CTLA-4 with the same B7 ligand inhibits T cell activation and proliferation
[10]. Ipilimumab is a human MAB against CTLA-4 that enhances the co-stimulation of
cytotoxic T cells, resulting in their proliferation and an antitumor response. It is licensed for
the treatment of unresectable or metastatic malignant melanoma, and multiple clinical trials
using this medication for the treatment of other malignancies are ongoing. As the clinical
response to ipilimumab is derived from immunostimulation, predictably it also generates
autoimmunity, leading to immune-related adverse events in the majority of patients [11].
Ipilimumab was approved by the Food and Drug Administration (FDA) in February 2011 and
by the European Medicines Agency in July 2011 for use in the treatment of advanced malignant
melanoma in patients not responding to chemotreatment, with or without previous exposure
to immunotreatment [12]. Two significant phase III clinical trials of ipilimumab in patients
with unresectable/metastatic malignant melanoma have been conducted. In the first trial,
ipilimumab at 3 mg/kg significantly improved OS from 6.4 to 10 months [13]. In the second
trial, ipilimumab at 10 mg/kg in combination with dacarbazine significantly improved the 3year survival rate from 12.8 to 20.2% compared with dacarbazine alone [14]. Therefore, the
dose of ipilimumab used in clinical trials ranged from 3 to 10 mg/kg.
Ipilimumab was approved by the FDA in March 2011 as a monotreatment (3 mg/kg every 3
weeks for 4 doses) for the treatment of advanced melanoma in pre-treated or chemotreatmentnaive patients. Four months later, ipilimumab received rapid approval by the European
Commission, after a positive opinion was expressed by the Committee for Medicinal Products
for Human Use. However, the EU limits its use to previously treated patients with advanced
melanoma. Phase III trials are testing ipilimumab in an adjuvant setting in patients with highrisk stage III or IV melanoma after surgical removal of the tumor. A neoadjuvant potential use
of ipilimumab is currently under evaluation in patients with stage IIIB/C melanoma before
lymphadenectomy. In this trial, ipilimumab is also administered after surgery as maintenance
treatment. The trial aims to analyze the host immune responses in nodal metastatic melanoma
and in the peripheral blood by comparing the immunological parameters at baseline and after
treatment. Data on 17 patients indicated that ipilimumab induces a significant increase in the
frequency of circulating regulatory T cells (Tregs), i.e., increase in the induction of tumorinfiltrating Tregs at 6 weeks [15]. Ipilimumab is the first agent that has been demonstrated to
improve OS in patients with metastatic melanoma, which has a very poor prognosis, in
randomized phase III clinical trials [16].
2.3. Urelumab (BMS-663513)
CD-137 is a member of the tumor necrosis factor receptor (TNFR) family and functions as a
costimulatory molecule. BMS-663513 is a fully human monoclonal antibody agonist of CD-137,
which is a TNFR expressed on the surfaces of activated white blood cells [17]. CD-137 stimu‐
lation enhances the immune response, specifically an antitumor immune response, via various
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mechanisms [18]. Phase I and II trials initially focused on patients with melanoma, but they
were expanded to patients with renal cell carcinoma (RCC) and ovarian cancer. Urelumab
(BMS-663513) was tolerable across a wide dose range (0.3–15 mg/kg). As a single agent,
urelumab has demonstrated clinical activity that justifies its further evaluation as a single agent
and in combination with other treatment modalities [19].

3. c-KIT inhibitors for melanoma treatment
Targeted treatments act by selectively inhibiting molecules, usually proteins, the expression
or overexpression of which have specific roles in the growth of the target neoplasm. Thus, one
of the main characteristics of targeted antineoplastic treatment is that the drugs act specifically
on their intended target and that those targets have specific effects on the tumor [20]. The
number of possible therapeutic targets in melanoma is increasing with an improvement in our
understanding of the biology of this tumor. One of these, c-KIT, has been considered a potential
therapeutic target in melanoma for a long time. Indeed, c-KIT is a protein that acts as a
fundamental growth factor receptor in epidermal melanocytes and has an essential role in the
differentiation and migration of melanocytic cells during embryonic development [21]. c-KIT
inhibitors have been used for melanoma treatment. c-KIT, which is also known as CD117, is a
receptor tyrosine kinase (RTK) that is mutated in approximately 20% of acral, mucosal, and
chronic sun-induced skin damage [22]. The ligand for KIT is stem cell factor (SCF) and binding
of SCF to c-KIT induces the activation of downstream signaling pathways that mediate growth
and survival signals within the cell, including the PI3K-AKT-mTOR and RAS-RAF-MEK-ERK
pathways. KIT has been implicated in the pathogenesis of several cancers including acute
myeloid leukemia (AML) and gastrointestinal stromal tumors (GIST). Unlike GIST, where cKIT mutations tend to be deletions or insertions in exon 11, c-KIT mutations in melanoma occur
at multiple sites in the gene, including the juxtamembrane domain at exons 11 and 13 and the
kinase domain at exon 17. They are usually point mutations that do not correlate with the KIT
copy number or CD117 expression [23]. As shown in Table 2, two c-KIT inhibitors, i.e., imatinib
and dasatinib, are under evaluation for treating melanoma.
Name

Mechanisms

Imatinib

c-KIT inhibitors

Dasatinib

c-KIT inhibitors

Table 2. Clinical trials of c-KIT inhibitors for treating melanoma

3.1. Imatinib
Targeting KIT may be a therapeutic strategy for patients with CSD, acral, or mucosal melano‐
mas that harbor an activating c-KIT mutation in exons 9, 11, or 13 [24]. Imatinib (Figure 1), an
oral tyrosine kinase inhibitor (TKI) with known activity against c-KIT-activated tumors, was
tested in three phase II trials in patients with melanomas that harbored c-KIT mutations. The
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first trial enrolled patients with metastatic melanomas that expressed at least one protein
tyrosine kinase [c-KIT, platelet-derived growth factor receptors (PDGFRs), c-abl, or abl-related
gene], and a response was observed in only 1 patient, i.e., in the patient who had the highest
level of c-KIT expression. Of note, c-KIT mutations were not required prior to entry in this
trial. In the second trial, 28 patients with c-KIT mutations and amplifications with advanced
unresectable melanoma arising from acral, mucosal, and chronic sun-induced skin damage
were orally administered 400 mg imatinib mesylate twice daily in 6-week cycles until disease
progression or unacceptable toxicity [25].

Figure 1. Chemical structure of imatinib.

Novartis developed and launched imatinib, an inhibitor of tyrosine kinases including Bcr-Abl
and c-KIT. The product is indicated for the treatment of newly diagnosed Philadelphia
chromosome-positive (Ph+) chronic myeloid leukemia (CML) and Ph+ CML in blast crisis
during the accelerated phase or chronic phase after interferon treatment. It is also indicated
for the treatment of KIT-positive GIST, including unresectable and/or metastatic disease and
resected disease after surgery, in adults with newly diagnosed Ph+ acute lymphoblastic
leukemia (ALL) in combination with chemotreatment, as a single agent for relapsed or
refractory Ph+ ALL. It is also indicated for the treatment of adults with unresectable, recurrent,
and/or metastatic dermatofibrosarcoma protuberans (DFSP); hypereosinophilic syndrome
(HES); chronic eosinophilic leukemia (CEL); aggressive systemic mastocytosis (ASM); and
myelodysplastic/myeloproliferative diseases (MDS/MPD) associated with PDGFR gene
rearrangements.
3.2. Dasatinib
Dasatinib (Figure 2, BMS-354825; Sprycel®; Bristol-Myers Squibb Co) is a multi-targeted
inhibitor of RTKs, including BCR-ABL fusion protein, stem cell factor receptor (c-KIT) and Src
family kinases (SFKs). The phase II trial results were presented at the 45th ASCO meeting in
2009, showing that daily treatment with dasatinib has modest activity in patients with
melanoma. Accrual is almost complete. Toxicity is frequent; therefore, alternate schedules to
allow breaks in dosing might be better and should be evaluated. Combination studies may be
warranted on the basis of preclinical evaluations of molecularly defined subsets of patients.
Dasatinib is indicated for the treatment of newly diagnosed adults with Ph+ CML in the chronic
phase and of adults with chronic, accelerated, myeloid, or lymphoid blast phase Ph+ CML with
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resistance or intolerance to prior treatment, including imatinib. Dasatinib is also indicated for
the treatment of adults with Ph+ ALL with resistance or intolerance to prior treatment,
including imatinib. Dasatinib was launched in the US in July 2006 for the second-line treatment
of CML and Ph+ ALL. The drug was launched in the UK and some European countries for the
second-line treatment of CML by the end of 2006. Dasatinib was launched in Japan in April
2009. In October 2010, the drug was approved in the US for the first-line treatment of Ph+ CML.
By December 2010, the drug was approved in the EC for the treatment of newly diagnosed,
chronic phase CML in adult patients. In June 2011, the drug was approved for the first-line
treatment of CML in Japan. The company is also developing the drug for other cancer
indications, including breast, prostate, and pancreatic cancers, and non-small-cell lung cancer
(NSCLC). By October 2008, phase III trials began for castration-resistant prostate cancer.
Therefore, an application for this indication was expected in 2012 or 2013. In December 2006,
phase II trials were initiated for breast cancer. By December 2006, a phase II trial for systemic
mastocytosis was also initiated. In May 2007, a phase II trial for sarcoma began in the US. A
phase II trial for NSCLC was initiated in November 2007. In December 2007, Bristol-Myers
Squibb were also investigating dasatinib for multiple myeloma (MM) and other hematological
malignancies, and a phase I/II trial was also underway for melanoma. By May 2009, a phase
II trial was ongoing for head and neck cancer. By October 2009, a phase II trial was completed
for polycythemia vera. By June 2010, a phase II trial began for colorectal cancer. In June 2011,
a phase II trial began in the US for locally advanced pancreatic cancer, while phase II trials also
began in Europe for pancreatic cancer by September 2011.

Figure 2. Chemical structure of dasatinib.

4. BRAF/MEK inhibitors for melanoma treatment
The mitogen-activated protein kinase (MAPK) pathway relays extracellular signals from the
plasma membrane of the cell to the nucleus via an ordered series of phosphorylation events.
MAPKs regulate diverse cellular programs including embryogenesis, proliferation, differen‐
tiation, and apoptosis via the cell surface sensing the metabolic state and environment of the
cell [26]. The RAS/RAF/MEK/ERK pathway plays a role in normal organogenesis; however, it
can lead to malignant cellular proliferation, inhibition of apoptosis, and invasion when
aberrantly activated. In melanoma, the most commonly mutated gene is BRAF, with a
frequency of 50%–70%. More than 90% of these mutations result in a substitution of valine for

237

238

Recent Advances in the Biology, Therapy and Management of Melanoma

glutamic acid at position 600 (V600E). BRAF V600E leads to ERK activation, which results in
the proliferation and survival advantage of melanoma cells [27-28]. BRAF phosphorylates
regulatory serine residues on MEK1/2, and BRAF mutation results in the activation of the RAS/
RAF/MEK/ERK pathway, leading to cellular proliferation and a series of antiapoptotic and
potentially immunoregulatory events that culminate in tumor progression. Advanced
melanomas harboring BRAF mutations appear to be associated with truncal primaries and an
earlier age at onset; however, chronic UV-induced skin damage may be absent. Clinically, the
disease associated with BRAF mutation has been shown to follow a more aggressive clinical
course with a shorter OS for patients not treated with BRAF inhibitors [29]. As shown in Table
3, five BRAF inhibitors are under evaluation for melanoma.
Name

Mechanisms

Sorafenib

Multi-target BRAF inhibitors

RAF265

Multi-target BRAF inhibitors

Dabrafenib

Selective BRAF inhibitors

Vemurafenib

BRAF V600E inhibitor

Selumetinib

MEK inhibitor

Table 3. Clinical trials of BRAF inhibitors for treating melanoma

4.1. Sorafenib
Sorafenib (Figure 3, Nexavar, BAY-43-9006; Bayer) is a small molecule and a multikinase
inhibitor (including the vascular endothelial growth factor receptors VEGFR-1, VEGFR-2,
and VEGFR-3, PDGFR, as well as FLT3, C-KIT, and BRAF). It yielded negative results in
metastatic melanoma trials when tested as a single agent and in combination with other
chemotherapeutic agents, despite its success in treating metastatic renal, hepatocellular
carcinomas (HCCs) [30], and thyroid cancer. In first-line treatment, a phase III, random‐
ized, double-blind, placebo-controlled trial using chemotreatment-naive patients with un‐
resectable stage III or IV melanoma was initiated for sorafenib treatment in 2005. The
objective was to compare improvements in OS in patients receiving sorafenib or placebo
in combination with both carboplatin and paclitaxel. In 2010, the results were presented
at the 46th ASCO meeting, showing that the addition of sorafenib to carboplatin and pa‐
clitaxel did not improve OS, i.e., no significant differences were observed between the
treatment groups in terms of OS, PFS, or RR. The median OS for the sorafenib combina‐
tion group was 11.1 months compared with 11.3 months for the carboplatin plus paclitax‐
el group. The median PFS was 4.9 months versus 4.1 months, respectively. Grade 3 or 4
adverse events occurred in 78% patients in the sorafenib group (versus 84%). As a sec‐
ond-line treatment, a total of 270 patients received placebo plus carboplatin and paclitax‐
el (median PFS, 17.9 weeks) or sorafenib plus carboplatin and paclitaxel (median PFS,
17.4 weeks). The addition of sorafenib to carboplatin and paclitaxel did not improve any
of the endpoints compared with that of placebo to carboplatin and paclitaxel. Therefore,
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it cannot be recommended in a second-line setting for patients with advanced melanoma
[31]. In the first phase II trial, which included 39 patients and used sorafenib as mono‐
treatment, one complete response and seven partial responses were achieved. In a second
phase I/II trial with 35 patients, where the drug was combined with carboplatin and pa‐
clitaxel, the number of partial responses increased to 11, while 19 minor responses were
observed. Subsequently, a two-armed phase II trial was undertaken. In this trial, an in‐
crease in the disease-free interval was observed in the group that received sorafenib, al‐
though there was no improvement in OS. Since then, other phase III trials have been
undertaken in which sorafenib has been combined with other cytostatic agents, such as
temozolomide, carboplatin, or paclitaxel. However, no improvements were observed in
the outcomes. In these trials, the response was not correlated with the presence of BRAF
V600E mutation. It is believed that sorafenib actually targets VEGFR-2 or PDGFR-β more
strongly than BRAF in these patients. At present, its main indications are for the treat‐
ment of clear cell renal carcinoma and unresectable HCC, where angiogenesis seems to
play a more important role [32]. Some preclinical studies suggest that sorafenib would be
more effective in the small group of melanomas with BRAF mutations, rather than in
melanomas with V600E mutation [33].

Figure 3. Chemical structure of sorafenib.

4.2. RAF265
RAF265 (Figure 4) is an orally bioavailable small molecule with preclinical antitumor activity
that is currently being tested in phase I clinical trials for locally advanced or metastatic
melanoma. RAF265 is a novel, orally dosed, small-molecule BRAF kinase and VEGFR-2
inhibitor with potent preclinical antitumor activity in mutant BRAF tumor models. The
preclinical effectiveness of RAF265 for the treatment of melanoma has been evaluated.
Advanced metastatic melanoma tumors from 34 patients were orthotopically implanted into
nude mice. The tumors that grew in mice (17 of 34) were evaluated to determine their response
to RAF265 (40 mg/kg/daily) for 30 days. Nine of the 17 successfully implanted (53%) tumors
had mutant BRAF, whereas 8 (47%) tumors had wild-type BRAF. Tumor implants from 7 of
17 patients (41%) responded to RAF265 treatment with a >50% reduction in tumor growth [34].
In 2011, the clinical data of this first human study were presented at the 47th ASCO meeting.
The first in human study, and RAF-265 was shown to be effective in patients with mutated
and wild-type BRAF melanomas. The observed 11-day mean half-life of RAF-265 indicated
that an intermittent dosing schedule should be investigated. At the 42nd ACSO meeting, the
MTD of oral RAF-265 was reported as 48 mg with a continuous daily dosing schedule. Dose-
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limiting hematological toxicities following qd dosing (67 mg) highlighted the need to explore
intermittent dosing. RAF265 is also a multitargeted small molecule inhibitor of the BRAF
V600E mutant and VEGFR. A phase I trial that treated advanced melanoma patients with
RAF265 demonstrated an overall response rate of 16% for patients with BRAF mutationpositive melanoma and 13% for patients with wild-type BRAF or unknown status of BRAF
mutation [35].

Figure 4. Chemical structure of RAF265.

4.3. Dabrafenib
Dabrafenib (Figure 5, GlaxoSmithKline PLC), a 4-(3-aminosulfonylphenyl)-5-(pyrimidin-3-yl)
thiazole, is a highly selective and potent adenosine triphosphate-competitive BRAF inhibitor
with >100-fold selectivity for mutant BRAF over wild-type BRAF in cell lines. In addition,
dabrafenib leads to dose-dependent inhibition of MEK and ERK phosphorylation in BRAF
mutant cell lines, and it induces tumor regression in melanoma xenografts. Dabrafenib was
first clinically tested in study BRF112680, which was the first phase I human dose escalation
study designed to evaluate its clinical efficacy, safety, and pharmacokinetics. Preliminary
analysis of the initial phase I trial and an extended phase II cohort indicated that dabrafenib
was active in the treatment of intracerebral melanoma metastases, with commensurate
extracranial activity. In 21 of 34 subjects with BRAF V600E mutant melanoma, the clinical
activity at dosages of 150 mg twice daily was determined on the basis of the objective tumor
responses, judged using RECIST criteria, observed as soon as 8 weeks after treatment initiation,
although the corresponding response rate in melanomas harboring V600K mutation was
considerably lower at 19% [36]. In August 2012, GSK applied for the US and EU approval of
dabrafenib for unresectable or metastatic melanoma with BRAF V600 mutations.
4.4. Vemurafenib
Recently, the highly specific and potent BRAF V600E inhibitor, designated as vemurafenib
(Figure 6, RO5185426, RG7204, PLX4032; Plexxikon Inc.), has delivered highly promising
results. It was launched in the US after FDA approval for BRAF V600E mutation-positive
unresectable or metastatic melanoma in 2011 and in the UK in 2012. In a phase III randomized,
controlled trial, patients with metastatic melanoma and BRAF mutation received first-line
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Figure 5. Chemical structure of dabrafenib.

treatment with vemurafenib or dacarbazine, and the primary endpoint was OS. These results
showed that in addition to improved OS, vemurafenib significantly reduced the risks of death
and disease progression by 63% and 74%, respectively, compared with dacarbazine. The
response rate in patients who received vemurafenib was 48.4%, which was almost 9 times
higher than that in patients who received chemotreatment (5.5%). Furthermore, 84% of the
patients who received vemurafenib were alive after 6 months compared with 64% who
received chemotreatment, i.e., the median OS with vemurafenib (10.5 months) was longer than
that with dacarbazine [37]. Vemurafenib produced improved OS and PFS rates in patients.
Thus, it offers a novel, first-line, personalized treatment for patients with mutated BRAF [38].

Figure 6. Chemical structure of vemurafenib.

4.5. Selumetinib
MEK is a protein that belongs to the MAPK pathway downstream of BRAF. Selumetinib
(Figure 7, AZD6244; AstraZeneca), an orally available selective inhibitor of MEK1/2, was
developed for the potential treatment of patients with cancers, such as NSCLC, pancreatic
cancer, colorectal cancer, biliary cancer, and thyroid carcinoma, in phase II trials [39]. By 2006,
a phase II trial was underway to compare selumetinib with temozolomide for unresectable
late-stage malignant melanoma. However, disappointing data were reported in December
2007, and Astra Zeneca reported that it did not plan to advance selumetinib as a monotreatment
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for melanoma and would investigate other options. In March 2010, the enrollment of 91
patients was completed in a phase II trial of selumetinib in combination with dacarbazine
compared with dacarbazine alone for the first-line treatment of melanoma with BRAF
mutation. In January 2012, the top-line data were expected in the first half of 2012. By No‐
vember 2010, AstraZeneca had begun a phase II trial of the drug plus temozolomide in patients
with metastatic melanoma of the eye. The trial was ongoing in January 2011. In May 2008, a
phase II trial of selumetinib plus chemotreatment for melanoma was planned to start in the
second half of 2008. By June 2006, selumetinib had entered a phase II trial for malignant
melanoma. The randomized, open-label, multicenter trial compared the drug with temozolo‐
mide in 180 patients with unresectable stage III/IV disease. Astra Zeneca began dosing patients
in the trial in September 2006. The top-line data reported in December 2007 showed that the
drug had failed to improve PFS. At that time, Astra Zeneca did not plan to conduct a phase III
trial for this indication and was considering other options. Additional data were presented at
the 44th ASCO annual meeting; however, no significant difference was observed in the primary
endpoint of PFS in the overall group or mutation subgroup between the two treatment arms.
Similar data were also reported in the interim analysis of OS. In February 2010, additional data
were presented at the Biomarkers Fifth Annual Congress in Manchester, UK. Patients harbor‐
ing bRaf gene mutations showed some signs of better clinical responses. In June 2010, similar
data were presented at the 46th ASCO meeting in Chicago, IL. A 12% response rate was
observed in patients with bRaf mutations. Further results were expected. By November 2010,
enrollment was completed.

Figure 7. Chemical structure of selumetinib.

5. AKT inhibitors for melanoma treatment
The phosphoinositide 3-kinase (PI3K) pathway is an important driver of cell proliferation and
survival, particularly in cells that respond to growth factor receptor engagement. The
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PI3K/AKT/mTOR pathway is another signaling transduction pathway that is aberrantly
activated in several cancers, including melanoma [40]. As shown in Table 4, AKT inhibitor
such as perifosine is under evaluation for melanoma.
Name

Mechanisms

Perifosine

AKT inhibitor

Table 4. Clinical trials of AKT inhibitors for treating melanoma

Aeterna Zentaris is developing perifosine (Figure 8), an oral alkylphosphocholine signal
transduction modulator that inhibits Akt activation in the PI3K pathway, for the potential
treatment of various cancers, but primarily MM, neuroblastoma, and RCC. In December 2009,
a phase III trial began for MM. In May 2012, Aeterna Zentaris stated that it was continuing
phase III MM trials in North America. In August 2011, a phase I trial for recurrent pediatric
solid tumors was ongoing. In June 2012, data from the phase I/Ib study were presented. Later
that month, the results of two RCC phase II trials were reported. The licensees, Handok
Pharmaceuticals, Yakult Honsha, and Hikma, are developing the drug for various cancers,
including colorectal cancer. In January 2012, Yakult Honsha initiated a phase I/II trial in
patients with refractory advanced colorectal cancer in Japan. In June 2012, Yakult Honsha
initiated a phase I combination trial for MM in Japan. Keryx previously collaborated with
Aeterna Zentaris for producing drugs to treat various cancers. In December 2009, Keryx began
a phase III trial for MM. In December 2011, it was reported that the trial was actively recruiting
patients in the US and Canada. In April 2012, Keryx and Aeterna Zentaris planned to evaluate
whether the phase III trials for MM would continue as planned. In January 2012, the potential
launch of the drug was anticipated by the end of the year, with the completion of the phase III
MM trial at the beginning of 2013. In July 2009, Keryx initiated a phase I trial in pediatric
patients with solid tumors. In June 2010, the data from the trial were reported. By June 2009,
Keryx was developing the drug for colorectal cancer. In April 2010, a phase III trial was
initiated. In April 2012, the results showed that the trial had failed to meet its primary endpoint.
Later that month, the indication was no longer listed in Keryx's future projects, while in June
2012, it was no longer listed in Aeterna Zentaris's future projects. In July 2007, a phase II trial
was initiated for RCC. In May 2009, the clinical data were presented. In June 2007, phase II
data were reported for macroglobulinemia. In January 2010, additional data were reported. In
February 2007, a phase I trial for ovarian cancer was initiated. In October 2011, the trial was
ongoing. In December 2006, Keryx started a phase II trial for rare sarcomas. In November 2007,
the preliminary results were reported. In October 2011, the trial was completed. In August
2006, a phase II trial was initiated for GIST. The trial was completed in October 2011. In March
2006, Keryx initiated phase II trials for refractory and relapsed leukemia. In October 2009,
another phase II trial was initiated, and the data were reported in December 2010. Aeterna
Zentaris had previously been developing the drug for NSCLC. In September 2005, a radio‐
treatment combination trial began for NSCLC. In June 2009, negative data were reported from
the trial and the company planned to concentrate on MM and metastatic colon cancer. Aeterna
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Zentaris was advised not to pursue trials in pancreatic cancer or head and neck cancer. Trials
have also been conducted in prostate cancer, liver cancer, breast cancer, melanoma, and
glioma.

Figure 8. Chemical structure of perifosine.

6. mTOR inhibitors for melanoma treatment
Everolimus (RAD001, Afinitor) is an orally active inhibitor of Mammalian Target of Rapamycin
complex 1 (mTORC1), a multifunctional signal transducing protein implicated in cancer [41].
Everolimus possesses antitumor and antiangiogenic/antivascular activities [42]. Previously, it
was shown that the antiangiogenic/antivascular activities produced by mTORC1 inhibition
using everolimus were partially overlapping, but they were also distinct from those following
VEGFR inhibition by the TKI PTK/ZK (PTK787/ZK 222584; vatalanib) [43]. As shown in Table
5, everolimus is under evaluation for melanoma.
Name

Mechanisms

Everolimus

mTOR inhibitor

Table 5. Clinical trials of mTOR inhibitors for treating melanoma

Novartis has developed and launched everolimus (Figure 9), an oral analog of the mTOR
inhibitor sirolimus, as an immunosuppressant to inhibit growth factor-induced cell prolifer‐
ation and angiogenesis. The product is indicated in Europe and Japan under the trade name
Certican for the prophylaxis of organ rejection in adults at low-to-moderate immunological
risk of receiving an allogeneic renal or cardiac transplant. This product is also indicated under
the trade name Zortress in the US to prevent organ rejection in adult kidney transplant
recipients. Under the name Afinitor, everolimus is indicated for the second-line treatment of
advanced RCC in Japan, after the failure of treatment with sunitinib or sorafenib in the US, or
after the failure of treatment with VEGF-targeted treatment in the EU. It is also indicated for
the treatment of patients with subependymal giant cell astrocytomas (SEGA) associated with
tuberous sclerosis complex (TSC) who require therapeutic intervention but are not candidates
for curative surgical resection, for the treatment of advanced neuroendocrine tumors (NET)
of pancreatic origin, for the treatment of non-cancerous renal angiomyolipoma tumors that do
not require immediate surgery in adult patients with TSC (in the US), and for use in combi‐
nation with exemestane for the treatment of postmenopausal women with advanced hormone-
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receptor positive, HER2-negative breast cancer after the failure of treatment with non-steroidal
aromatase inhibitors, including letrozole or anastrozole. In April 2004, everolimus was
launched as Certican in Germany for the prevention of heart and kidney transplant rejection
and then in EU in 2005. In April 2010, everolimus was launched as Zortress in the US for the
prevention of kidney transplant rejection in adults. In March 2007, everolimus was launched
for heart transplant rejection in Japan. It was approved for renal transplant rejection in Japan
in December 2011. In March 2009, everolimus was launched as Afinitor in the US for the
second-line treatment of advanced RCC. In August 2009, the EC approved Afinitor for the
second-line treatment of advanced RCC. In April 2010, Afinitor was launched in Japan for
RCC. By June 2010, a phase II trial was underway for treatment-naive papillary RCC. In
October 2010, Afinitor was approved in the US for the treatment of patients with SEGA
associated with TS, while EU approval was granted in September 2011 under the trade name
Votubia. In February 2012, a application was submitted in Japan for TS, while an additional
dispersible tablet formulation for pediatric use was also applied for at the same time. In May
2011, everolimus was approved by the FDA for pancreatic NET. In September 2011, everolimus
was approved in the EU for pancreatic NET. In December 2011, approval was granted in Japan
for pancreatic NET. In July 2012, the FDA approved everolimus for use in combination with
exemestane for the treatment of postmenopausal women with ER+/HER2− breast cancer after
the failure of treatment with letrozole or anastrozole. In July 2012, the EC approved the drug
for the treatment of ER+/HER2− advanced breast cancer in postmenopausal women without
symptomatic visceral disease after recurrence or progression following treatment with a nonsteroidal aromatase inhibitor. In April 2012, everolimus was approved in the US for the
treatment of non-cancerous renal angiomyolipoma tumors that do not require immediate
surgery in adult patients with TSC. An EU application for angiomyolipoma tumors not
requiring immediate surgery in adult patients with TSC was filed in January 2012. The drug
is also being developed for other solid tumor indications. By September 2008, phase III trials
were underway investigating the use of the drug plus octreotide in the treatment of carcinoid
tumors. In February 2009, applications for carcinoid cancer were planned for 2H09. A phase
II trial for bladder cancer began in December 2008. In May 2010, a phase III trial began for
advanced HCC. In January 2011, an application for HCC was expected in 2013. In June 2010,
a phase III program for advanced ER+ and HER2+ breast cancer was ongoing in first- and
second-line settings. In July 2009, phase II trials began for head and neck cancer. A phase I trial
for colorectal cancer began in June 2010. In October 2010, a phase I trial was planned for cervical
cancer. In June 2012, a phase I/II trial for glioma was planned to start in November 2012. A
phase II trial for neurofibromas associated with neurofibromatosis was planned for December
2011. A phase I trial for esophageal cancer was planned for January 2012. Drugs are being
developed for hematological tumors. A phase I trial for non-Hodgkin's lymphoma (NHL)
began in March 2008, while development for NHL was ongoing in January 2012. In June 2009,
phase III trials were initiated for diffuse large B-cell lymphoma. In January 2011, Novartis did
not expect an application for this indication before 2015. In January 2010, a phase II trial was
initiated for Hodgkin's lymphoma. The data were reported in December 2011. In June 2010,
the data were reported from a phase I/II trial for multiple myeloma. In February 2008, a phase
I trial began using patients with AML. In December 2011, a phase II extension study was
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planned. In December 2008, phase II data were presented for Waldenström's macroglobuli‐
nemia. Label extension during transplants was also ongoing. In March 2005, a phase III trial
was initiated for lung transplantation. In September 2011, a second phase III trial began for
lung transplant rejection. In January 2008, phase III trials for the prevention of liver transplant
rejection were ongoing. In October 2011, a US regulatory application for liver transplant
rejection was expected later in that year. Development for non-cancer indications was also
ongoing. In December 2006, a phase III trial began for autosomal dominant polycystic kidney
disease, and the results were published in August 2010. In February 2009, a phase II trial of
everolimus in combination with ranibizumab for the potential treatment of age-related
macular degeneration began. The drug was previously developed for the treatment of RA,
inflammatory bowel disease, and genetic disorders. However, no development has been
reported for these indications. In terms of cancer indications, everolimus was also previously
developed for Kaposi's sarcoma, although this indication was discontinued by June 2011
because of lack of efficacy in phase II trials. Phase II development was underway by May 2005
for GIST, for hormone-refractory prostate cancer by August 2005, for small cell lung cancer by
February 2006, and for NSCLC by June 2007. Phase II data for melanoma were also reported
in June 2009.

Figure 9. Chemical structure of everolimus.

7. Conclusions
This report reviews the clinical studies of recently developed targeted agents, including
immune modulators, c-KIT inhibitors, BRAF/MEK inhibitors, AKT inhibitors, and mTOR
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inhibitors, for the treatment of melanoma. Current research is focused on understanding the
intrinsic mechanisms of these drugs. This will lead to rationally designed combinations of firstand second-line therapies, which will hopefully improve the efficacy and tolerability in
selected groups of patients with melanoma. Understanding the molecular basis of melanoma
and translating this knowledge into targeted treatment that improve the survival of patients
with advanced melanoma is very important. Immune modulatory antibodies such as treme‐
limumab, ipilimumab, and BMS-663513 may have a crucial role in initiating and maintaining
a melanoma-specific immune response.
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1. Introduction
1.1. Melanoma — Background
In the United States, skin cancer is the most common type of cancer, which is further
divided into three types of cancer: basal cell, squamous cell and melanoma. Basal cell
and squamous cell cancers are the most common types of skin cancer, but they are less
deadly and more readily treated than melanoma. While it is the least common of the
skin cancers, more than 68,000 Americans are diagnosed with melanoma each year, and
an additional 48,000 are diagnosed with early forms of cancer that involve the top layer
of the skin. [1] It is the leading cause of death from skin cancer, due to its metastatic be‐
havior. The frequency of melanoma has more than doubled in the past thirty years, espe‐
cially in Western industrialized societies. [2]
Melanoma is a malignant tumor that originates in the melanocytes. Melanocytes are found
randomly throughout the basal cells and are found in the deepest portions of the epidermis.
They are responsible for making the pigments (melanin) found in the skin. The level of pigment
released by melanocytes is directly related to skin color. It has been found that exposure to
ultraviolet radiation triggers the melanocytes to create more pigments, which leads to what
we observe as tanned skin. Studies show that melanoma has different, common locations of
occurrence in men and women. [1] Men have been found to commonly develop melanoma on
the skin of the head, neck, between the shoulders and the hips, whereas women often develop
melanoma on the skin of the lower legs or between the shoulders or hips. Melanoma can occur
on any skin surface, but it is more prone to develop on preexisting moles. There are five stages
of melanoma [1]; Stage 0; Melanoma is only located in the top layer of the skin and the basil
lamina is intact. This is referred to as melanoma in situ, Stage I; the melanoma lies in the
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epidermis. The tumor is no more than 1 mm thick and has penetrated the basil lamina and
extended into the papillary dermis, Stage II; The tumor is between 1 and 2 mm thick and
extends into the papillary-reticular dermis interface, Stage III; The tumor extends into the
reticular dermis and the melanoma cells have spread into at least one lymph node or to nearby
tissues, and Stage IV; The cancer cells have metastasized to the lungs or other organs, skin
areas, or lymph nodes far from the original growth. The tumor has also extended into the
subcutaneous fat. Detecting melanoma early is crucial to the survival rate of the patient.

2. Risk factors for melanoma
There are several risk factors attributed to the development of melanoma in individuals.
Exposure to ultraviolet radiation has been shown to be a major risk factor in the development
of melanoma. Severe sunburns increase the likelihood of developing melanoma later in one’s
life. Although tanning decreases the likelihood of sunburns, it is not a method of counteracting
cancer, for it increases the duration of sun exposure. In addition, individuals with fair skin or
who are prone to severe, blistering sunburns are at a high risk of developing melanoma.
Melanoma is far less common in dark skinned individuals. In addition, the duration of sun
exposure over one’s life is a factor in the risk of radiation induced melanoma. A person who
has lived most of his/her life in an area of high sun exposure is more likely to develop
melanoma. Similarly, people who live in higher altitudes, where the sun is stronger, are at a
greater risk for developing melanoma than those who live at lower altitudes. Another risk
factor is personal history of melanoma. An individual who has been diagnosed with melanoma
before is likely to contract another form of melanoma. In addition, someone who has been
diagnosed with basal cell or squamous cell skin cancer is at a high risk of developing another
form of skin cancer, including melanoma. Family history of the disease is also a contributing
factor. Individuals who have ancestral cases of melanoma are at a high risk of developing the
disease themselves. The risk of developing melanoma is increased when the family incidences
are in one’s immediate family. Approximately 8-12% of cases of cutaneous melanoma are
inherited. [3]

3. Current treatment regimens for melanoma
There are several existing treatments for melanoma, including surgery, chemotherapy [4],
radiation therapy [5], biological therapy [6], and to a lesser extent, photodynamic therapy.
These treatments can be used in any combination to varying degrees of success. Since mela‐
noma is typically a more invasive form of skin cancer, many of these treatments act as
deterrents rather than cures. However, if the melanoma is diagnosed and treated early enough,
it can be cured with a high degree of success.
The primary treatment for melanoma is surgery. In the surgical process, the tumor is excised
along with some of the surrounding healthy tissue so that there is a minimal chance of leaving
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cancer cells in the area. Chemotherapy is another fairly common procedure for treating
melanoma. Chemotherapy is a type of cancer treatment that relies on drugs in order to stop
or slow the growth of cancer cells. However, chemotherapy indiscriminately harms healthy
cells that also grow rapidly, such as those located in the mouth, intestines, and hair. The
effectiveness of chemotherapy relies on the type and severity of the cancer in question, and
depending on the aforementioned factors, it can cure, control, or ease cancer. Chemotherapy
can be administered alone, but it is typically used in conjunction with other cancer treatments,
such as biological therapy, radiation therapy, or surgery. The treatment can be administered
in a variety of ways: injection, intra-arterial, intraperitoneal, intravenous, topical, or oral. The
therapy sessions are spread out so that there is a recovery period in between treatments.
Radiation therapy is another type of therapy used in the treatment of melanoma. Like
chemotherapy, radiation therapy can cure, stop, or slow cancer growth depending on the type
and severity of the disease. Also similar to chemotherapy, radiation therapy is indiscriminate
in its treatment, affecting nearby healthy cells in addition to the afflicted cells. Radiation
therapy employs radiation to kill cancer cells, and this radiation can be administered either
internally or externally. Because internal radiation therapy places the radiation source inside
the body, it allows for a more precise treatment of the cancer in question than external beam
treatment. Radiation therapy also possesses serious side effects, many of which can be more
severe if chemotherapy is received in addition to radiation therapy. The most common side
effects include fatigue and skin changes such as dryness, itching, peeling, or blistering.
Biological therapy is also used as a cancer treatment. Biological therapy, like chemotherapy,
relies on drugs in order to combat cancer. However, biological therapy differs from chemo‐
therapy because it aids the immune system in fighting cancer. Like many of the other treat‐
ments, biological therapy can be used to stop or slow growth, and it makes it easier for the
immune system to destroy cancer cells.
Although it has been around for over three decades and has been successfully used to treat
other forms of skin cancer, photodynamic therapy (PDT) has not received as much attention
especially in the United States as a treatment option for melanoma. The major reason for this
lack of attention stems from the fact that PDT requires visible light of specific wavelengths to
be effective; however, the pigments found particularly in melanoma block this light making
PDT less effective. As will be described in this chapter, researchers are looking at innovative
ways to develop PDT into a useful treatment option for melanoma.

4. Photodynamic Therapy (PDT)
4.1. Discovery and applications
Photodynamic therapy (PDT), the therapeutic use of light, was first discovered by Raab
[7] when he reported that the combination of acridine orange and light could destroy liv‐
ing organisms. In the 1920’s it was noted by Policard [8] that the effects of fluorescence
were inherently more for tumor tissue than the healthy tissue. A great deal of research
has been done on PDT, which represents an interesting treatment modality for numerous
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health related conditions, especially but not limited to cancer treatment. It is now be‐
lieved that PDT also treats immunological effects (new antibiotics) [9], inflammation [10]
and bacterial infections. [11]
Traditional cancer treatment includes radiation, surgery and/or chemotherapy, all of which
have deleterious side effects. As an alternative to these treatments PDT offers a more targeted
and less invasive treatment regimen. Until now, photodynamic therapy has been used for
treatment of bladder cancers, brain cancers, breast metastases, skin cancers, gynecological
malignancies, colorectal cancers, thoracic malignancies, and oral, head and neck cancers. [12]
Although it is not completely understood, researchers have reported that PDT activates and
suppresses the immune system, [13] by a combination of effects that begins after the light
treatment, the curative properties arise from the death of the irradiated cancer cells. The
damage to the plasma membrane and membrane of the cellular organelles by singlet oxygen
can trigger other events with far reaching consequences. The mechanism by which PDT
induces specific immune responses has been suggested by Korbelik. [14] Summarizing, PDTtreated tissue release large quantities of cell debris, and inflammatory signals, cytokines and
chemo-tactic agents which trigger the tissue to secrete immunosuppressive factors. The work
of Musser [15] showed that PDT-induced immune suppression was also a function of the
photosensitizer used.
Another PDT-induced effect is inflammation. It is reported that vascular destruction, observed
after PDT is similar to the inflammatory response after tissue injury or bacterial infection. [16]
This process is characterized by the release of a wide range of potent mediators including
vasoactive substances, components of clotting cascades, proteinases, peroxidases, radicals,
leucocytes, chemoattractants, cytokines, growth factors, and other immunoregulators.

5. Mechanisms of action for PDT
PDT typically utilizes a photosensitizer, molecular oxygen and light to destroy cancer cells.
Two mechanisms [17] of the actions for PDT are recognized, Fig 1. In anoxic environments,
the light induced excitation of the photosensitizer can promote an electron to a higher energy
state. At this point a variety of reactions can take place. For example, this excited photosensi‐
tizer can react directly with organic substrates by electron exchange, filling the hole vacated
by the excited electron, producing an oxidized substrate and reduced photosensitizer.
Guanine, the most susceptible base to oxidation, is the presumed target leading to the
formation of various oxo-guanine complexes and ultimately the decomposition of cellular
DNA. [18] The reduced photosensitizer can react with oxygen to produce superoxide anions
(O2-) which can then form the highly reactive hydroxyl radical (OH•). The excited photosen‐
sitizer can also react with superoxide radicals (O2•) to produce superoxide anions (O2-) which
can then create the highly reactive hydroxyl radical (OH•). Collectively these reactions are
classified as Type-I photoreactions and are characterized by a dependence on the targetsubstrate concentration, Fig 2.

Porphyrin and Phthalocyanine Photosensitizers as PDT Agents: A New Modality for the Treatment of Melanoma
http://dx.doi.org/10.5772/54940

3

O2

P2*

Type I

D
O2• −
superoxide

D

P1*
C
hν
E
A

B

Type II
F

1

O2

G

3

P0

O2

Photosensitizer

Molecular Oxygen
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The second mechanism also involves excitation of the photosensitizer with light but in this
mechanism energy is transferred to the ground state of molecular oxygen resulting in excited
singlet oxygen which goes on to destroy cellular function. [19] It was first identified that the
cyto-toxic product of the photochemical reaction for PDT to be singlet oxygen by Weishaupt
et al. in 1976. [20] The photosensitizer and oxygen interact through the triplet states because
oxygen has a unique, triplet-ground state and low-lying excited states. The energy required
for the triplet to singlet transition in oxygen is 22 kcal mol-1 which corresponds to the energy
of a wavelength of 1274 nm (infrared light). [21] The energy needed to produce singlet oxygen
is relatively low. Photochemical reactions of this type are known as Type-II photoreactions
and are characterized by a dependence on oxygen concentration, Fig 2. [22] It is believed that
the Type-II mechanism dominates during PDT. [23]

6. Photosensitizers
6.1. Development of photosensitizers and photofrin
Numerous attempts were made to treat tumor tissue with photosensitizing agents since the
potential of photo treatment was discovered. Before the 1960s, scientists applied natural
macrocycles to patients and tumor-bearing animals in an attempt to more accurately detect
tumor tissue by florescence. [24-27] During the 1960s, Schwartz isolated a tumor localizing
impurity from hematoporphyrin preparations that was later named hematoporphyrin
derivative (HpD), Fig 3. Meanwhile, Lipson was investigating how to detect tumor tissue by
fluorescence of hematoporphyrin. Unable to obtain reproducible results with hematopor‐
phyrin, Lipson began experimenting with Schwartz’s HpD. He used it as a tumor detection
agent, [28] and first recognized that it could work as a photosensitizer to destroy tumor tissue.
[29] In the 1970s, Dougherty’s group discovered that fluorescein diacetate could photody‐
namically destroy TA-3 cells in vitro [30] and found that it could be used as a photosensitizer.
[31] Following that, the group of Weishaupt identified that the cytotoxic product of photody‐
namic reaction to be singlet oxygen. [13] However, fluorescein has a low singlet oxygen
quantum yield and a long wavelength absorption in the green portion of the electromagnetic
spectrum that does not penetrate deeply into tissue. Macrocyclic photosensitizers were then
examined as photosensitizers because they are efficient singlet oxygen generators and have
absorption maxima in the red portion of the electromagnetic spectrum.
Eventually, Schwartz’s Hpd was rediscovered by Dougherty, which by then was known to
have a high singlet oxygen quantum yield, an absorption maximum in the red, and is selec‐
tively retained in tumor tissues. [30] After several years spent isolating and identifying the
active fractions of HpD, a purified version named Photofrin@, was approved for use in the
United States against early- and late-stage lung cancers and esophageal cancers and dyspla‐
sia with other indications pending. [30] This drug upon photoexcitation in the visible region
(red) of the spectrum generates singlet oxygen from triplet oxygen through energy transfer
(type II mechanism) resulting in cell death. [31]
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This chapter will focus on macrocycles (porphyrins and phthalocyanines) as potential
photosensitizers for the treatment of melanoma by photodynamic therapy. There are a number
of reviews of porphyrin and phthalocyanine photosensitizers and their use as PDT agents for
a variety of cancers. [32-41]

7. Porphyrin Photosensitizers
7.1. Porphyrin background
Porphyrins have been extensively studied as potential photosensitizers in photodynamic
therapy (PDT). [42]- [45] Their planar aromatic structure coupled with their photophysical
properties and synthetic versatility has made them attractive components for PDT. [46]
Although synthetic routes toward porphyrins leads to relatively low yields, their starting
materials are typically inexpensive and their synthesis is generally straightforward, as
illustrated for the porphyrin synthesis of meso-tetrapyridylporphyrin, Fig. 4. The synthesis
typically requires reaction of pyrrole with the aldehyde of choice to give the appropriate
substitution at the meso-positions. The meso-positions are indicated in Fig. 4 by the numbers 5,
10, 15, 20. Purification by column chromatography gives the desired porphyrin. As illustrated
in the electronic spectra of Fig. 4 porphyrins display a very intense Soret band at approximately
410 nm and four lower energy Q-bands. The lowest energy Q-band, with absorptivities in the
tens of thousands, at approximately 650 nm is the transition of interest for PDT. In addition,
porphyrins have been associated with high affinity for tumor sites and efficient formation of
ROS. [47] Specifically, cationic porphyrins have been studied primarily for their water
solubility and their strong electrostatic interactions with negatively charged phosphate oxygen
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atoms of the DNA backbone. [48] This section will focus on studies, performed in the past
decade, involving porphyrins as photosensitizers for the treatment of melanoma.

Figure 4. Synthesis and electronic spectra of meso-tetrapyridylporphyrin (H2TPP).

8. Porphyrins, PDT and melanoma
In 1999 Busetti, Soncin and coworkers studied the effects of PDT on melanoma tumors in mice.
[49] The inefficiency of Photofrin to treat highly pigmented melanoma has been related to the
absorption of the wavelengths of light necessary to activate Photofrin by the melanin in the
tumors. For this reason Busetti and coworkers chose a benzoporphyrin derivative monoacid
ring A (BPD-MA), verteporfin, trade name visudyne, Fig. 5. Verteporfin has been used to
eliminate abnormal blood vessels in the eye associated with macular degeneration.

Figure 5. Structure of verteporfin.
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The studies were conducted on C57/BL6 mice implanted with heavily pigmented melanoma
B16. Injection of the photosensitizer, 5.5 µmol/kg body weight, was allowed 3 h for a maximum
concentration to be reached in the cells. The researchers noted limited selectivity of BPD-MA
toward tumor cells and adjacent tissue. The majority of the BPD-MA was cleared through the
bile-gut pathway within 24 h of injection, with small amounts found in the liver. Irradiation
of the tumors involved an argon-pump dye laser at 690 nm, within the photodynamic window
of 600-800 nm. Three hours after injection of the photosensitizer the tumors were irradiated
with energy of 520 mJ cm-2. Large necrotic areas of the tumor were observed at this time as
well as reduction in tumor growth. The researchers noted that mice implanted with B16 tumors
and irradiated after injection of the photosensitizer were tumor free for up to two weeks after
treatment. The phototoxicity observed for BPD-MA treated mice was not observed in tumors
irradiated in the absence of the photosensitizer.
In a subsequent study researchers investigated a porphyrin dimer as a potential PDT agent for
the treatment of melanoma. The dimer, 10, 15, 20-tritolylporphyrin-5-(4-amidophenyl)-[5-(4phenyl)-10, 15, 20-tritolyporphyrin] (T-D), Fig. 6, was synthesized by the Adler method of
refluxing mixed aromatic aldehydes with pyrrole in propionic acid. [50] The dimer (T-D) was
synthesized from the monomeric porphyrin units by a known literature method.

Figure 6. Structure of 10, 15, 20-tritolylporphyrin-5-(4-amidophenyl)-[5-(4-phenyl)-10, 15, 20-tritolyporphyrin] (T-D)
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The electronic spectra of the dimer displayed an intense Soret band at 423 nm with less intense
Q-bands at 517, 552, 592, and 649 nm in organic solvents. Photoexcitation for PDT treatment
focused on the 649 band, although its molar absorptivity was relatively low (7550 M-1 cm-1).
Singlet oxygen generation for the excited dimer gave a very high quantum yield of 0.8. Due to
the complexes insolubility in aqueous buffer solutions the dimer was dissolved in dimethyl
sulfoxide (DMSO) and diluted to 10-8 to 10-5 M concentrations in aqueous phosphate buffer for
the cell studies.
Photodynamic experiments were performed on human (SKMEL 188) melanoma cells and
mouse (S91) melanoma cells. The melanoma cells were incubated with various concentrations
of the T-D solutions for 24 h before irradiation. Melanoma cells incubated with 10-7 M T-D
phosphate buffer solutions were irradiated with an LH313K lamp filtered to cut off wave‐
lengths below 630 nm. Energy doses between 13.5 and 82 J cm-2 were used with irradiation
times of 30 min. Cells were incubated for 36 h after irradiation before determining cell death.
Both human and mouse melanoma cells showed a 3-fold decrease in size compared to cells
irradiated without T-D at 81 J cm-2. Although the dimer is insoluble in aqueous solutions and
requires high energy irradiation for phototoxicity the authors point out that this complex has
some distinct advantages over Photofrin for the treatment of pigmented melanoma, namely,
chemical homogeneity, low aggregation (which can lead to excited state quenching), and good
solubility in hydrophobic base with relatively long-lived triplet excited states, leading to
significant singlet oxygen production.

9. Halogenated porphyrins
Synthetically enhancing porphyrins as PDT agents has been achieved through incorporation
of halogens into the porphyrin structure. [51-54] Halogens covalently bound to phenyl groups
at the meso-positions promote intersystem crossing, increasing singlet oxygen production; for
example, halogenated tetraaryl porphyrins combined through a diarylethyne linker (where
the halogens are chloro and fluoro substituted phenyl groups), Fig 7, had significantly longer
excited state lifetimes when compared to their non-halogenated analogs. [51]
In addition, PDT agents with fluorophenyl substituents have been efficiently converted to
porphyrin-saccharide conjugates to enhance their uptake in cancer cells, while in a separate
study water soluble fluorinated porphyrins have shown more efficient PDT activity than their
non-fluorinated counterparts. [53,54]
Researchers in 2007 looked at a water soluble porphyrin incorporating chloro groups. [55]
The porphyrin, 5, 10, 15, 20-tetrakis-(2-chloro-3-sulfophenyl)porphyrin (TCPPSO3H), Fig. 8,
was synthesized by reacting 2-chlorobenzaldeyde with pyrrole by the method of Adler and
Longo, followed by sulfonation. The electronic spectrum of the complex is typical of por‐
phyrins with an intense Soret band and four lower energy lower intensity Q-bands. The
lowest energy Q-band at 633 nm displayed a molar absorptivity of 504 M-1cm-1 in aqueous
pH 7 phosphate buffer. Singlet oxygen quantum yields were determined to be 0.74, signifi‐
cantly higher than the non-halogenated analog.
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Figure 8. Structure of 5, 10, 15, 20-tetrakis-(2-chloro-3-sulfophenyl)porphyrin (TCPPSO3H).
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The melanoma cells studied were mouse (S91) and human (SKEML 188). At concentrations of
TCPPSO3H of 2 x 10-4 M or greater dark toxicity in S91 melanoma cells was observed. The S91
melanoma cells were determined to be more sensitive to the photosensitizer in the dark than
the human SKMEL 188 cells; therefore, concentrations of 2 x 10-5 M buffered solutions of
TCPPSO3H were used for PDT experiments on both cell lines. Cellular uptake of TCPPSO3H
buffered solutions reached a peak after two hours with the S91 cells being five times greater
than the SKMEL 188 cells. Thirty minute irradiation with 4 J cm-2 or higher led to 90% cell
toxicity for both types of cells. S91 cells were still dead 24 h post PDT treatment with 20 µM
TCPPSO3H and 6.2 J cm-2 light doses.
In a more recent study halogenated porphyrin photosensitizers were studied as PDT agents,
Fig. 9, against A375 melanoma cells. [56] It has been noted that halogenated structures can
interfere with the activity of P-glycoprotein (P-gp). This can enhance drug therapy by pre‐
venting the function of the P-gp to eliminate these drugs from the cells. Complexes 2-5, Fig.
9, (the halogenated porphyrins) led to the highest quantum yields for singlet oxygen formation
compared to the non-halogenated complex, 1 Fig. 9. Photobleaching after 24 h of irradiation
was minimal for complexes 1-5. In addition, no dark toxicity was observed for the complexes
in the presence of melanoma cells.

Figure 9. Structure of halogenated porphyrins.

For the PDT experiments melanoma cells were incubated for 24 h with concentrations of
complexes 1-5 ranging from 50 nM to 10 µM. Irradiation of the cells after incubation with the
complexes, performed with 10 J cm-2, was evaluated 24 h post PDT treatment. Surprisingly, all
of the complexes, including the non-halogenated photosensitizer, showed thirty times the
efficiency for photokilling than Photofrin against A375 melanoma cells; however, no appreci‐
able difference was noted between the halogenated and non-halogenated complexes. Further
studies are needed to determine the effect of the halogenated porphyrins on P-gp inhibition.
Apart from production of singlet oxygen another mechanism of PDT action, as stated earlier,
is the formation of reactive oxygen species (ROS) within the cell. ROS, for example, hydrogen
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peroxide, hydroxyl radicals, or superoxide anions are highly reactive leading to oxidative
damage of cellular biomolecules. Cells are equipped with enzymes capable of counter acting
a limited amount of ROS; however, PDT can lead to an overproduction of ROS which cellular
mechanisms are unable to handle. To this end, researchers have synthesized and investigated
a series of water soluble porphyrins containing Zn(II), Pd(II) metal centers, as well as, the freebase porphyrin. [57] The sulfonated porphyrin analogs of meso-tetrakis-(4-sulfonatophen‐
yl)porphyrin (TPPS4) are illustrated in Fig. 10. Fluorescence probes were used to determine
the production of hydrogen peroxide after PDT treatment in human melanoma (G361) cells.
Production of hydrogen peroxide by PDT leads, through a series of reactions, to the formation
of hydroxyl radicals, the most reactive and deadly form of ROS. The photosensitizers in this
study were noted to be homogeneously distributed throughout the cells, excluding the
nucleus. The most effective of the photosensitizers in this study was the Zn(II)TPPS4 complex,
generating the highest concentration of ROS in the melanoma cells (G361) at 100 µM concen‐
trations and light doses of 5 J cm -2; however, the optimal concentration leading to photocyto‐
toxicity was determined to be 10 µM. Cell viability was linked to light dose, photosensitizer
concentration, and the type of photosensitizer.

Figure 10. Structure of meso-tetrakis-(4-sulfonatophenyl)porphyrin (TPPS4)

In a unique application, researchers have combined PDT with boron neutron capture therapy
(BNCT). [58] The porphyrin photosensitizer in this study was appended with 36 boron atoms,
meso-tetra-(4-nido-carboranylphenyl)porphyrin (H2TCP), as illustrated in Fig. 11.
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Figure 11. Structure of meso-tetra-(4-nido-carboranylphenyl)porphyrin (H2TCP).

As a PDT agent H2TCP was measured to generate singlet oxygen in aqueous solutions with a
quantum yield of 0.44. Boron neutron capture therapy (BNCT) is used for cancer treatment by
injection of a non-toxic radio-sensitizing agent. Irradiation of 10B-enriched tumor lesions with
low energy neutrons results in the release of highly toxic 4He2+ and 7Li3+ causing severe damage
to biological molecules and eventually leading to cell death. Like PDT, BNCT is a targeted
treatment modality which the authors anticipated could be used in a synergistic fashion to
give maximum tumor killing with minimal collateral damage to healthy cells.
For this study pigmented melanoma (B16F1) cells were subcutaneously transplanted into mice
through injection. After seven days tumors were measured at 0.6 cm in diameter, at this point
treatment was initiated. The photosensitizer H2TCP showed no photobleaching after 20 min
irradiation indicating its stability under these conditions. The appropriate solution for PDT
treatment was obtained when H2TCP was dissolved in 20% dimethylsulfoxide – 30% polye‐
thyleneglycol – 50% water. Distribution of the photosensitizer was observed in melanoma cells
after 24 h incubation. Irradiation with 600-700 nm light for 10 min led to complete cell death
at 20 µM concentrations of H2TCP. There was no dark toxicity toward the melanoma cells at
concentrations as high as 50 µM H2TCP. Fluorescence experiments of the cell studies suggest
that the predominant pathway to cell death was necrotic. Mouse studies indicated that
injections of H2TCP of 5 µg/kg were almost completely eliminated from the plasma within 3
h post injection. In addition, maximum tumor accumulation of the photosensitizer was
achieved at 3 h post injection with little change after 24 h. Unfortunately poor tumor selectivity
was also observed with equal amounts of the photosensitizer being recovered from the skin
as well as the tumor tissue. Before PDT and BNCT studies are conducted the authors feel it is
important to further investigate other methods of photosensitizer transport to enhance its
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localization in the tumor cells. This complex does offer the hope of a combined targeted therapy
for the treatment of melanoma.

10. Ruthenium complexes and ruthenated porphyrins
N
Although
Photofrin@ was approved by U.S. Food and Drug Administration (FDA) for use in
the United States, it suffers from dark toxicity and purification difficulties. In order to overcome
these, another class of compounds which have received a great deal of attention as potential
PDT agents are ruthenium complexes containing polypyridyl ligands. [59-62] For example,
excitation of the Metal to Ligand Charge Transfer (MLCT) state of a Ru(II) polypyridyl
complex, Fig 12, has been shown to lead to the formation of ROS resulting in efficient cleavage
of supercoiled DNA. [63] The Ru(II) polypyridyl complexes have intense, overlapping MLCT
transitions in the visible region of the spectrum for acceptor ligand and ligand-based π→π*
transitions in the UV region. The complexes efficiently absorb light throughout the UV and
visible allowing for efficient excitation. The MLCT emissions of these Ru complexes are
quenched by oxygen to produce 1O2.
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or 4,7-diphenyl- 1,10-phenanthroline (Ph2phen), with the polyazine bridging ligand 2,3-bis(2-pyridyl)pyrazine (dpp).

Ruthenium complexes coordinated to the periphery of porphyrin molecules have also been
shown to interact with DNA. [64-71] In one study a mono-ruthenated porphyrin, Fig 13, caused
single strand breaks of circular plasmid DNA when irradiated with UV light. It was suggested
that the mechanism of photocleavage was related to the formation of radical cations of guanine.
[66] A separate study of a tetra-ruthenated porphyrin, Fig 13, suggested electrostatic binding
to DNA and photocleavage of circular plasmid DNA through formation of singlet oxygen. [69]
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11. Melanoma and ruthenium porphyrins
Reactions of Ru(η6-arene)(µ-Cl) complexes with 5, 10, 15, 20-(4-pyridyl)porphyrin (TPP) in
refluxing methanol gave tetranuclear ruthenium porphyrins in excellent yield, Fig. 14. [72]

Figure 14. Structures of ruthenated tetraphenyl porphyrins.

The complexes in this study were used to investigate growth inhibition of human Me300
melanoma cells. The melanoma cells were incubated with various concentrations of complexes
1-5 over a 24 h period. Cell survival was determined by accepted protocol (MTT assay). Dark
toxicity experiments revealed that complexes 3 and 4 were moderately toxic while complexes
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1, 2, and 5 were less toxic to the cells. Localization of complex 2 in the cells cytoplasm was
determined by fluorescence measurements; however, nuclear localization was not observed.
Melanoma cells incubated with 10 µM concentrations of complexes 1-5 for 24 h were irradiated
using a red laser at 652 nm, with a light dosage range of 5-30 J cm-2. After irradiation 24 h was
allowed to lapse before cell cytotoxicity was measured. In the absence of the photosensitizers,
1-5, irradiation of the melanoma cells was determined to be ineffective at cell killing. Light
doses as low as 5 J cm-2 in the presence of the complexes indicated 60-80% melanoma cell killing.
Little difference in phototoxicity was observed for the complexes after PDT treatment under
the same conditions. Therrien and coworkers have studied a variety of interesting ruthenium
substituted porphyrin photosensitizers for their effects as PDT agents against pigmented
melanoma. [73-75]
In an attempt to combine the tumor affinity of porphyrins with the enhanced excited state
lifetimes afforded by halogens and the added benefits of coordinated ruthenium polyazine
groups we have investigated the synergistic effects of these substituents as PDT agents for the
treatment of melanoma. [76,77] In our most recent study we synthesized a series of ruthenated
pyridyl porphyrins containing one pentafluorophenyl group at the meso-position combined
with a series of transition metal ions, Fig. 15. [77]

Figure 15. Transition metal and free base ruthenium porphyrin analogs.

Early experiments of the free base porphyrin showed extraordinary ability to photocleave
circular plasmid DNA when irradiated with light above 400 nm. When various transition metal
ions (Ni(II), Cu(II), and Zn(II)) were inserted into the porphyrin the photocleavage ability was
markedly reduced. Cell studies were performed on human dermal skin fibroblast cells and
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malignant melanoma cells obtained from a 53 year old male. Normal and melanoma cells were
incubated for 24 h at 37 ºC in the dark with complex concentrations of 5 and 10 µM. The
complexes (I-IV) did not show any dark toxicity toward either normal fibroblast or melanoma
cells. PDT experiments were performed by irradiating the cultured cells (containing the
photosensitizers) for either 30 or 60 min intervals with a 60 W tungsten lamp. In the case of
the free base porphyrin (I) irradiation of 30 min at concentrations as low as 3 µM indicated
complete cell killing of both normal fibroblast and melanoma cells. In contrast, irradiation
times of 60 min at concentrations of the Ni(II) and Cu(II) complexes (II and III) of 10 µM showed
no cell damage for either the normal fibroblast or melanoma cells. The Zn(II) complex (IV)
showed the greatest potential as a PDT agent. Irradiation for 30 min at concentrations of the
Zn(II) porphyrin of 5 and 10 µM showed minimal cell damage of the normal fibroblast cells
but induced complete cell killing of the melanoma cells. Further studies are needed to
determine the effect of the central metal ions on the phototoxicity of these complexes.

12. Phthalocyanine photosensitizers – Background
Phthalocyanines represent another form of macrocyle, similar in many ways to porphyrins.
Synthetic routes to phthalocyanines vary; however, one common method involves reacting ocyanobenzamide with phthalimide to give the tetrabenzoporphyrazin, more commonly
named, phthalocyanince (Pc), Fig. 16.

Figure 16. Synthesis of phthalocyanine.

Phthalocyanines have the ability, like porphyrins, to coordinate metal ions within their
nitrogen core, they are a tetradentate ligand. This has offered numerous ways to synthetically
alter their physical properties. If not at the metal center, substitutions of Pc’s is typically made
at the benzo-periphery (positions 1-4, 8-11, 15-18, and 22-25, Fig. 16). Two advantages Pc’s
seem to have over porphyrins, as potential PDT agents, is their comparatively high yields and
their spectroscopic properties. Like porphyrins, Pc’s have a Soret band at higher energy ca.
400 nm and Q-bands at lower energy; however, in the case of Pc’s the low energy Q-bands
(650-750 nm) are typically much more intense than the Soret bands, opposite of porphyrins.
These intense absorptions fit very nicely within the photodynamic window needed for PDT.
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One major drawback is that Pc’s lack the specificity toward tumor cells that porphyrins possess,
this has led to numerous synthetic manipulations to try and find ways to get the Pc’s into the
tumor.

13. Phthalocyanines, PDT and melanoma
Researchers in 1999 compared Photofrin (HpD), Zn(II) phthalocyanine (ZnPc), Zn(II) naph‐
thalocyanine (ZnNc), and a newly synthesized tetrabenzamido-substituted Zn(II) phthalo‐
cyanine (ZnNcA) as PDT agents against B16 pigmented melanoma. Pathogen-free male
C57B1/6 mice between 6 and 8 weeks of age were transplanted with 1 mm3 pieces of melanoma
tumor tissue. Six days post-transplant, tumor diameters were between 3 and 4 mm, at this
point PDT treatment was initiated. [78] Tumor infected mice were injected with the photo‐
sensitizers and irradiated 24 h after injection with wavelengths between 630-780 nm. Twenty
one days after PDT treatment HpD and ZnPc treated mice showed no effect on the tumors.
Some tumor growth delay was observed 15 days post PDT treatment with the ZnNc photo‐
sensitizer. Higher photosensitizer concentrations and increased irradiation energy did not
produce increased phototherapeutic effects for these photosensitizers. In the case of the ZnNcA
photosensitizer treated mice pronounced tumor necrosis post irradiation was observed with
tumor diameters held at 4 mm up to 19 days after treatment. ZnNcA shows singlet oxygen
generation quantum yields of 0.33 with good accumulation in the tumor which has been linked
to its success against these particular tumors.
Aggregation is a common issue with macrocyclic complexes. To address this two new
silicon(IV) centered phthalocyanines have been synthesized, Fig. 17. [79]
Both of the complexes in Fig. 17 have electronic spectra displaying intense Q-bands at
668 nm. In this study M6 achromic melanoma cells were incubated with the desired pho‐
tosensitizer for 1 h prior to irradiation. Irradiation experiments involved a 250 W tung‐
sten-halogen lamp containing a filter to cut off wavelengths below 480 nm. After the
cells were irradiated they were washed with PBS buffer solutions and grown in a fresh
culture for 6 h. Due to low water solubility of HexSiPc, this photosensitizer was incorpo‐
rated in EYL (egg yolk lecithin) lisosomes. Under these conditions the maximum concen‐
tration of Cl2SiPc in M6 cells was 2.18 ng and 15.3 ng for HexSiPc, obtained after 90 min
of incubation. No evidence of dark toxicity was observed for concentrations of Cl2SiPc
between 10-10 and 10-8 M or for concentrations of HexSiPc between 10-10 and 10-5 M. The
Cl2SiPc complex showed little M6 killing after 1 h of incubation and 20 min irradiation
with a 250 W tungsten-halogen lamp. The HexSiPc photosensitizer, on the other hand,
(entrapped in EYL) gave LD90 of 3 x 10-7 M after 20 min of irradiation and 2 x 10-9 M af‐
ter 2 h of irradiation with a 250 W tungsten-halogen lamp. It was concluded that the su‐
perior photokilling observed for HexSiPc was linked to lipid peroxidation.
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Figure 17. Structure of (Cl2SiPc) and (HexSiPc).

Another study aimed at decreasing Pc aggregation while increasing its lipophilicity included
a series of SiPc complexes containing various substituents coordinated to the silicon metal
center, one of which is illustrated in Fig. 18. [80]

Figure 18. Structure of bis(cholesteryloxy) derivative of SiPc.

This study involved human pigmented melanoma cells SKMEL-2. The photosensitizers were
dissolved in tetrahydrofuran (THF) and entrapped in liposomes to increase tumor affinity.
Irradiation experiments were performed using a 250 W tungsten-halogen lamp filtered to cut
off wavelengths below 480 nm. The melanoma cells were incubated with the substituted SiPc
liposome entrapped complexes prior to irradiation for 20 min. Of the six Si-substituted Pc’s in
this study the best photokilling was observed for the complex illustrated in Fig. 18. Photokilling
efficacy of Chol-O-SiPc, in vitro, was seven to nine times greater than the known reference
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chloro-aluminum phthalocyanine with LD50 = 6-8 x 10-9 M. The mechanism of photokilling of
this complex was evaluated by kinetic studies indicating that faster mitochondrial mediated
apoptosis was occurring by PDT with this complex as compared to the reference Pc.
As noted earlier generation of ROS leads to cell death and blood vessel damage; crucial to
tumor regression. In a study of G361 human melanoma cells with a disulfonated chloroalu‐
minum phthalocyanine (ClAlPcS2) photosensitizer, researchers were interested in looking at
the generation of ROS and hydrogen peroxide after PDT treatment. The complex, ClAlPcS2,
was made water soluble by conversion to its ammonia salt. [81] The electronic spectra of this
complex displayed an intense Q-band at 670 nm. PDT experiments were performed by
irradiation with a semiconductor laser at 675 nm and energies of 10 and 20 J cm-2. At lower
light doses of energy (10 J cm-2) and higher concentrations of Pc, 7.5 and 75 µg/mL, increased
generation of ROS was observed; however, at light doses of 20 J cm-2 and concentrations of Pc
of 0.75 µg/mL larger amounts of ROS were generated as compared to higher concentrations
and higher light doses. The most ROS generated were at a concentration of 75 µg/mL and light
dose of 10 J cm-2. G361 melanoma cell viability studies indicated that the optimal phototoxicity
could be obtained with a light dose of 25 J cm-2 and concentrations of photosensitizer of 5 µg/
mL and 10 µg/mL.
Phthalocyanines, like porphyrins, have also been combined with boron isotopes in an attempt
to obtain a synergistic treatment method involving PDT and BNCT (boron neutron capture
therapy). The ZnPc coupled to boron, in this study, is illustrated in Fig. 19. [82]

Figure 19. Structure of ZnB4Pc.

Due to low water solubility the ZnB4Pc complex was incorporated into liposomes. The complex
was stable for one week in liposomal aqueous suspensions. The photosensitizer-liposome
suspension was used to study B16F1 melanotic melanoma cells. After 18 h of incubation with
the melanoma cells the peak concentration of ZnB4Pc complex obtained was 7 µm, with no
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dark toxicity observed. Red light irradiation of B16F1 cells incubated for 1 h with 7 µM
ZnB4Pc-liposomes resulted in > 95% cell death. No regrowth of melanotic melanoma cells after
several days post-irradiation was observed.
Pigmented melanoma cells were transplanted into C57BL/6 mice subcutaneously. The best
results for PDT treatment of melanoma transplanted mice after injection of ZnB4Pc was
observed with irradiation 3 h post injection with wavelengths between 600-700 nm. PDT
experiments conducted 24 and 48 h post injection were ineffective in shrinking the tumors,
leading the authors to conclude that the PDT treatment was affecting the blood vessels
associated with the tumor. Moreover, significant tumor growth delay was observed when
BNCT treatment was conducted 24 h post injection of the ZnB4Pc complex suggesting that this
complex offers a dual pathway toward melanoma treatment.
Various synthetic routes have been taken to reduce aggregation of phthalocyanines while
increasing their water solubility. A recent study looked at coordination of N-methylated
piperazine substituents at the axial positions of a silicon(IV) phthalocyanine. [83] N-methyla‐
tion lends a cationic charge to the complex making it water soluble while the bulky Sicoordinated substituents prevent aggregation, Fig. 20.

Figure 20. Structure of bis(4-(4-acetylpiperazine)phenoxy)phthalocyanoto silicon(IV) N-methyl derivative.

Suprisingly, this structurally complicated phthalocyanine was synthesized with a yield of 73%.
Electronic absorption spectra of the complex reveals an intense Q-band at 685 nm in N,Ndimethylformamide (DMF). In aqueous solution the Q-band shifts to lower energy, 690 nm,
while obeying the Beer-Lambert law, indicating no aggregation at the concentrations studied.
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Investigations of singlet oxygen production gave a quantum yield of 0.49. To enhance
biocompatibility and selectivity the phthalocyanine was complexed with bovine serum
albumin (BSA), a common protein carrier for anticancer drugs. Studies were conducted on B16
melanoma cells using 0.1 µM concentrations of photosensitizer. At this concentration no dark
toxicity was observed. PDT treatment was conducted with red light greater than 610 nm at 60
J cm-2 resulting in complete killing of the B16 melanoma cells.
There are a limited number of studies in which phthalocyanines have been combined with
ruthenium complexes for the purpose of PDT. Researchers in 2009 synthesized a Tb(III)
phthalocyanine capable of hydrogen bonding to a polypyridyl Ru(II) complex in aqueous
solution, Fig. 21. [84] The idea was to incorporate the photosensitizing ability of the phthalo‐
cyanine to generate singlet oxygen under oxygen rich conditions, when irradiated with low
energy light and photolytic release of nitric oxide from the ruthenium complex under hypoxic
conditions. This would give dual capabilities for photodynamic damage since nitric oxide has
been linked to antitumor activity.

Figure 21. Structure of cis-[Ru(H-dcbpy-)2(Cl)(NO)][Na4(Tb(TsPc)(acac)]

Although the complex was not isolated it was assumed to form hydrogen bonds in aqueous
solution. The electronic spectrum of a one to one mixture of the complexes in aqueous solution
reveals two intense absorption bands at 642 nm and 682 nm. PDT studies were performed on
B16F10 pigmented murine melanoma cells. When irradiated at 691 nm the quantum yield for
singlet oxygen production was measured to be 0.41. Some dark toxicity was observed;
however, upon irradiation, 80% of the melanoma cells had undergone photocytotoxicity. In
the absence of the phthalocyanine there was reduced cell viability which was linked to the
release of nitric oxide upon irradiation of the ruthenium complex.
Studies have indicated that nanoparticles enhance tumor targeting. To take advantage of this
property researchers have combined phthalocyanines with gold nanoparticles dispersed in an
emulsion, Fig. 22. Electronic spectra of the free C11Pc and C11Pc-Np display an intense Q-band
at 696 nm. [85]
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Figure 22. Structure of C11Pc.

Mice (C57) transplanted with B78H1 amelonotic clone of murine melanoma were used in this
study. At 10 to 15 days post melanoma transplantation (tumor external diameters of 0.4 to 0.6
cm) the C11Pc and C11Pc-Np emulsions were injected at a dose of 1.5 µmol/kg body weight.
The highest accumulation of photosensitizer found in the tumor was observed at 24 h post
injection, while at 3 h post injection significant amounts of photosensitizer was found in the
serum. Irradiation studies were performed at 3 h and 24 h post injection with wavelengths of
light between 600 nm and 700 nm. It was noted that untreated mice died within 3 weeks of
melanoma transplant. Suprisingly, little effect on tumor growth was observed when tumors
were irradiated 24 after photosensitizer injection, when the photosensitizer was at a maximum
concentration within the tumor. However, irradiation 3 h post injection led to significant tumor
growth delay for both C11Pc and C11Pc-Np. The authors indicate that the observed growth
delay was most likely due to vascular damage to the tumor cells leading to low blood flow to
the cells.

14. Other macrocycles for PDT of melanoma and concluding remarks
We would be remiss if we did not acknowledge the great deal of research devoted to photo‐
sensitizer macrocycles other than porphyrins and phthalocyanines for the treatment of
melanoma. Although this chapter has focused primarily on porphyrins and phthalocyanines
there are other similar complexes under investigation as PDT agents for melanoma. One of the
more promising photosensitizers being studied is based on the macrocycle texaphyrin. The
lutetium texaphyrin in this study, Fig. 23, showed water solubility and intense absorbance
between 700 nm and 760 nm. [86]
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Figure 23. Structure of Lu-texaphyrin (PCI-0123).

PCI-0123 was studied in C57BL/6 mice transplanted with the pigmented murine melanoma
B16F10. PDT studies of the tumor transplanted mice injected with PCI-0123 irradiated with
732 nm light showed delay in tumor growth and increased life spans. The interested reader is
encouraged to review the following references for further information on other macrocycles
being studied as PDT agents for the treatment of melanoma. [87-93]
It is clear that a great deal of research is ongoing toward finding new PDT agents for the
treatment of melanoma. This trend will certainly increase as the incidence of melanoma
continues to increase throughout the world. There are many challenges yet to be overcome;
however, photosensitizers capable of treating melanoma by PDT are continually being
developed. Two major hurdles which must be addressed are, first, overcoming the ability of
pigmented melanoma to absorb wavelengths needed to activate the photosensitizer and
second, the metastatic nature of melanoma. Great strides have been made to develop photo‐
sensitizers capable of phototoxicity in pigmented melanoma. Unfortunately, it is unlikely that
PDT will be a viable option (on its own) for the treatment of advanced stage melanoma which
has begun to metastasize. In combination with traditional melanoma treatments PDT is
becoming a more accepted regimen for the treatment of this most deadly form of skin cancer.
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Chapter 12

Gene Therapy for Melanoma: Progress and Perspectives
Bryan E. Strauss and Eugenia Costanzi-Strauss
Additional information is available at the end of the chapter
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1. Introduction
Gene therapy, the therapeutic transfer of genetic information to a target cell, continues to be a
promising alternative in the fight against cancer. In the case of melanoma, the use of an
experimental treatment is justified since this disease is incurable in its advanced stages. Is gene
therapy a viable option for the treatment of melanoma patients? In this chapter, we will attempt
to answer this question by exploring the intersection between the technology of gene therapy
and the biology of melanoma, a point at which opportunities for intervention are revealed.
The technology of gene therapy depends on our ability to create a vehicle that will deliv‐
er the therapeutic payload to the target cell. Today, a variety of vectors are available that
have the capacity to encode a therapeutic gene or sequences that are capable of blocking
gene expression, such as RNA interference (RNAi). The technology of viral and non-viral
vectors will be discussed. Viral vectors offer the benefit of using existing biological
mechanisms in order to enter the target cell. However, when choosing a gene transfer
vehicle, viral vectors must be carefully considered since each option will present a
unique profile of advantages and disadvantages, especially as related to the efficiency of
the virus in reaching the target cell and in the vector’s propensity to activate an immune
response. Alternatively, non-viral vectors, such as plasmids, offer the advantage of safety
and ease of manipulation, but may require the use of physical or chemical agents in or‐
der to pass the through the cytoplasmic membrane and enter the cell.
With these gene transfer tools in hand, now we can turn our attention to the options for
the therapeutic gene which will be inserted in the vector. Strategies for cancer gene ther‐
apy are many, but share the common goal of inhibiting or destroying the tumor cells.
This may be accomplished by the use of pro-apoptic genes, tumor suppressor genes, sui‐
cide genes or immune-modulating genes (among many other options). In fact, the thera‐
peutic sequence need not be a gene at all, but instead the RNAi system can be employed
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to block the expression of critical genes that contribute to tumor progression. Moreover,
the gene therapy strategy need not be performed directly in the tumor cells, but may be
applied to components of the immune system, such as T-cells or dendritic cells, that will
then carry out the anti-tumor activity.
The biology of melanoma presents several opportunities as well as challenges for its treatment
by gene therapy approaches. In particular, the high metastatic potential of late stage melanoma
represents one of these challenges. Is it realistic to expect that a virus delivered to the primary
treatment site will have an effect on distant or even not yet identified metastatic sites? The use
of a replicating virus may overcome this barrier since these ‘oncolytic’ vectors, which multiply
only in tumor cells, can spread from cell to cell. In addition, melanoma is considered to be an
immunogenic tumor, opening the possibility of generating tumor reactive immune cells with
the assistance of gene transfer technology. As an alternative to established modalities,
biochemotherapy may be reincarnated in the form of gene transfer of cytokines or interferons.
Some cutting edge research efforts include the development of oncolytic viruses that are armed
with an immune-modulating gene, creating a double-edged anti-tumor agent.
A growing body of pre-clinical work supports the notion that gene therapy may be a valuable
strategy for the treatment of melanoma. To date, quite a few clinical trials of menaloma gene
therapy have been performed. With the advances in our understanding of both the technology
of gene therapy and the biology of melanoma, we propose that an increasing number of these
experimental approaches will reach phase III trials and be offered to a growing number of
these patients who have such limited therapeutic options.

2. Gene therapy progress and pitfalls
For more than 20 years now, gene therapy has been applied in more than 1840 clinical trials
for the treatment of a great variety of indications (Journal of Gene Medicine’s Gene Therapy
Clinical Trials Worldwide, http://www.wiley.com/legacy/wileychi/genmed/clinical). Among
these trials, cancer represents the disease most commonly treated by therapies that include a
gene transfer component. Currently, only a few gene therapy products have been approved
for commercialization (Table 1) and the USA has yet to approve any such treatments.
The first gene therapy clinical trial was performed in the USA in 1990. This trial used an ex
vivo approach where gammaretrovirus was employed to transfer a normal copy of the
adenosine deaminase (ADA) gene to peripheral T-cells in two young patients suffering from
severe combined immunodeficiency (SCID) due to the lack of ADA function (ADA-SCID) [7].
Neither of the treated patients exhibited any adverse effects and one had clinical benefit lasting
well over a decade [8]. Since then, gene therapy for ADA-SCID has evolved and now uses ex
vivo genetic modification of hematopoietic stem cells resulting in proper immune function,
adenosine metabolism and no need for further treatment in 21 of 31 patients, none of whom
showed adverse effects [9].
A similar approach for the treatment of SCID-X1 (SCID due to a mutated IL2RG gene, the
common IL2 receptor gamma chain) and 18 of 20 patients have had their immune system
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restored. Unfortunately, 5 of these children developed leukemia due, in part, to the presence
of the therapeutic virus in the patients’ genome. Though 4 were successfully treated with
chemotherapy, one patient did succumb to the leukemia [9]. Many important lessons were
learned from the SCID trials, including the fact that the same vector can be innocuous in one
situation (ADA-SCID), yet dangerous in another (SCID-X1). The SCID-X1 trials were more
successful in achieving long term benefit (90% vs. 70%) and were less likely to provoke an
adverse effect (25% vs. 50%) when comparing the traditional treatment (allogenic bone marrow
transplant in particular) and gene therapy, respectively [9]. Efforts are underway to use
alternative vectors, such as lentivirus, that should be safer and should not provoke the side
effects seen with the gammaretroviral vectors.
Local

Company

Vector

Description

References

China (2003/

Shenzhen

Gendicine (Ad-

Non-replicating adenoviral vector

[1, 2]

SFDA)

Gentech

p53)

expressing wild-type p53 for the

(year/agency)

treatment of head and neck cancer.

SiBiono
China (2005/

Shanghai

Oncorine/H101

Conditionally replicating adenovirus

SFDA)

Sunway

(Onyx-015)

containing a mutant E1b protein

[1, 2]

which confers tumor-specific

Biotech

oncolysis. Approved for treatment of
head and neck cancers.
Phillipines (2007/

Epeius

Rexin-G*

BFAD)

Replication-incompetent retrovector

[3, 4]

targeted to the tumor matrix
(collagen) and expressing a cyclin-g
mutant that induces cell death.
Approved for treatment of all solid
tumors.

European Union

Amsterdam

Glybera

Adeno-associated virus encoding the

(2012/EMA-

Molecular

(alipogene

Ser(447)X variant of human

CHMP**)

Therapeutics

tiparvovec)

lipoprotein lipase (LPL) gene for the

[5, 6]

treatment of familial LPL deficiency.
*Orphan drug status approved by FDA in 2008 **Approval finalized in late 2012; orphan drug status granted in
2004.SFDA, State Food and Drug Administration of China; BFAD, Bureau of Food and Drugs; EMA-CHMP, European
Medicines Agency-Committee for Medicinal Products for Human Use; FDA, Food and Drug Administration, USA
Table 1. Gene therapy products approved for commercial distribution.

Genetic modification of hematopoietic stem cells has also been explored for the treatment of
β-thalessemia, Wiskott Aldrich Syndrome, adrenoleukodystrophy and chronic granuloma‐
tous disease [9, 10]. These trials were generally considered to be successful with respect to
clinical benefit of the treatment, yet only the treatment of ALD was free from unwanted cellular
proliferation due to the presence of the therapeutic virus. The field continues to evolve and
the need for better vectors and a better understanding of their biology is warranted.
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Other examples of successful gene therapy have been reported for the treatment of Leber’s
congenital amaurosis, a genetic alteration that leads to blindness. Several groups have
transferred a normal copy of the affected gene, HPE65, to the retina using adeno-associated
virus. Of the 18 patients originally treated, many have gained visual acuity and are able to
identify shapes and even navigate obstacle courses that were impassable before treatment. In
general, these patients first received monocular therapy, but, due to the success of the treat‐
ment, several have since been treated in the contralateral eye. The effectiveness of the second
treatment was significant since clinical benefit was achieved and re-inoculation of the virus
was not blocked by nor did it provoke any unwanted immune response [11].
In 1999, Jessie Gelsinger, a young patient with ornithine transcarbamylase deficiency received
a massive dose of adenovirus as part of his gene therapy. Unfortunately, he suffered a strong
immune reaction, entered anaphylactic shock and died [10]. Though this case did spark quite
a bit of controversy and contributed to the negative public opinion of gene therapy, it does
serve as a reminder of how new, experimental and unexplored aspects of gene therapy require
continued re-evaluation. In this introduction, we have attempted to present a balanced
description of the progress and pitfalls noted in gene therapy trials. Note that of the thousands
of patients treated with gene therapy world-wide, we know of only 10 or so cases of serious
adverse effects due to the gene therapy agent (the virus). When we consider the cost, time,
morbidity and mortality associated with the development of many of the currently accepted
(‘traditional’) treatments, such as bone marrow transplantation and chemotherapy, we see that
gene therapy is still in its initial phases, yet many of the benefits do outweigh the risks.

3. Vectors: General concepts
The concept behind gene therapy is really quite simple: introduce genetic material into cells
with the aim of inducing a clinically beneficial activity. The process of gene transfer generally
requires a vector, or vehicle, to deliver the genetic payload to the target cell. In basic terms,
this can be accomplished by either viral or non-viral vectors. Some 65% of clinical trials have
relied on viral vectors while 35% used non-viral vectors, including plasmids and RNA (http://
www.wiley.com/legacy/wileychi/genmed/clinical/). The principal advantage to using re‐
combinant viral vectors is that their naturally occurring counterparts have already developed
mechanisms for reaching and entering cells. This point is also their downfall, since our bodies
have also evolved anti-viral defense mechanisms. Since plasmid vectors are essentially free of
antigens and since their sequence can be carefully controlled, they are much less likely to
provoke an immune response. Many cell types, but especially muscle, are quite efficiently
transfected by plasmids.
Selecting a gene transfer vector depends greatly on the therapeutic approach (ex vivo or in
situ), the required duration of transgene expression (for example, long term for immunodefi‐
ciencies and metabolic disorders, but short term for cancer), the disease and cell type in
question (proliferating or post-mitotic, stem cell or differentiated, etc) and the characteristics
of the transgene itself (the length of the cDNA, secretion of the protein product, requirement
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for expression in a specific tissue or under a particular physiologic condition). Some of the
more popular gene transfer vectors are described in Figure 1 and Table 2.

Figure 1. Schematic representation of the wild type counterpart of the typically used recombinant viral vectors. (A)
Gammaretroviruses and (B) lentiviruses share similar structures, but differ greatly in their genomes and their impact on
cellular function. Gag, pro, pol and env genes encode structural proteins of the capsid, protease, reverse transcriptase
and envelope proteins, respectively. The additional lentiviral genes perform regulatory functions as well as alter cellu‐
lar function. (C) The serotype 5 adenovirus has a protein capsid (non-enveloped) and a large, complex genome that
encodes critical genes for viral replication (E1a, E1b) as well as structural and functional genes that regulate both viral
and cellular activities.

In the laboratory, viral vectors are typically manipulated in the form of plasmids that encode
the genome to be packaged in the viral progeny (including the gene of interest and regulatory
elements that control its expression) as well as information for the generation of a functional
virus particle. In general, viral vectors are engineered so that they are incapable of replicating
outside of the laboratory. In other words, they can be produced in the lab, but do not form an
active infection in patients, thus limiting their horizontal spread. Replication deficient viruses
are capable of entering a target cell and expressing the therapeutic gene, but do not carry
enough genetic information to form the next generation of virus, a process best referred to as
transduction.
Plasmid vectors are much simpler from a technological point of view and come with the benefit
of residing in the cell as an episome and being poorly immunogenic. Some considerations
when using plasmids include vector design and delivery. Since cells do not actively take up
plasmids, it would seem that their utility as a gene transfer vector would be limited. In reality,
muscle cells are quite permissive to transfection even when ‘naked’ plasmid DNA is applied.
When complexed to chemical carriers and/or in combination with physical methods of
transfection, a great many tissues can be treated with plasmids (or even oligos, siRNA, RNA,
etc). Non-viral vectors, therefore, offer certain advantages over recombinant viruses.
Vector targeting can be performed at either the transcriptional or transductional level. In
theory, targeting would present the advantage of promoting gene transfer in the cell of interest
and avoiding ‘off target’ effects. In this way, normal healthy cells would be spared and the
treatment would be directed to the appropriate cell. Vector targeting should increase safety
and efficiency of the treatment. Transductional targeting directs the virus to a specific cell type
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and should reduce the number of off target cells that are transduced. In other words, the virus
should reach only the desired cell type. Such vectors are engineered so that that viral proteins
are able to interact with specific cellular receptors present only (or principally) on the target
cell. Transcriptional targeting involves the use a promoter that is active only in the desired cell
type or only under specific physiologic conditions. Cancer cells offer many distinctions that
benefit transcriptional targeting, such as expression of hTert or survivin, proliferation (which
is typically associated with E2F1 activity) and stabilization of HIF1α under hypoxic conditions.
Transcriptional targeting does not restrict which cells will be transduced, but does determine
where the vector will be allowed to express the transgene. These strategies can also be
combined, thus increasing the degree of specificity.

Vector

Gammaretrovirus

Lentivirus

Adenovirus

Adenoassociated

Non-viral (plasmid,

Virus

naked and
lipofection)

Titer, virus

109

109

1012

1012

NA

Ex vivo

Ex vivo

In situ

In situ

In situ

Yes

Yes

No

Yes/No

No

Yes

Yes

No

Yes

No

No

No

Yes

Yes, but less severe

No

Clinical trialsb

370

55

438

92

456

Typical clinical

Hematopoietic

Hematopoiet

Cancer,

Hemophilia, cystic

Cardiovascular,

application

system

ic system

vaccines,

fibrosis

cancer, vaccines

particles/ml

a

Route of
delivery
Integration in
the host
genome
Long term
expression
Immune
response to
viral proteins

vascular
diseases
a: titer after concentration of virus preparation
b: trials listed on http://www.wiley.com/legacy/wileychi/genmed/clinical/
NA, not applicable
Table 2. Properties of vectors commonly used in clinical gene therapy trials
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4. Vectors: Retrovirus
Gene transfer vectors derived from retroviruses have played an important role in the devel‐
opment of current gene therapy approaches. As mentioned above, a retroviral vector (derived
from Moloney Murine Leukemia Virus, MoMLV) was the first to be used in an FDA-sanctioned
clinical trial, retroviral vectors are the second most popular viral vector and are the vector of
choice for ex vivo gene transfer approaches (Table 2).
To be clear, we use the term ‘retrovirus’ to describe all viruses belonging to the retroviri‐
dae family, though we will be focusing on gammaretrovirus (the genus which includes
MoMLV) and lentivirus (the genus that includes HIV). These wild-type viruses are close‐
ly related and share many features, such as a capsid that is enveloped in a lipid bilayer
and which carries two copies of the viral genome in the form of single stranded RNA
(Figure 1). When the virus envelope protein interacts with its cognate receptor on the
cell surface, the viral and cellular membranes fuse, the capsid is internalized and the
RNA strands are liberated in the cytoplasm (Figure 2). The process of reverse transcrip‐
tion generates a dsDNA copy of the viral genome which then must gain access to the
nucleus before integrating at an essentially random position in one of the host cell’s
chromosomes. The DNA copy of the gammaretroviral genome gains access to the cell
nucleus only upon cell division, when the nuclear envelope is dismantled. For this rea‐
son, gammaretroviruses can only infect dividing cells. In contrast, lentiviral DNA passes
through the nuclear membrane by an active process that is unrelated to cell division. In
other words, lentiviruses are able to infect both dividing and non-dividing cells. Once
the retroviral genome has been integrated in the host DNA, it is then referred to as a
provirus. Viral gene expression and viral replication result from the information encoded
by the provirus. Virus progeny bud from the cell surface, a process that does not harm
the host cell [12].
The recombinant versions of retroviral vectors follow the form and function of their wild-type
counterparts, but modifications are engineered in the vectors to improve safety and tropism.
In general terms, a plasmid (transfer vector) is used to encode the sequence (including the gene
of interest) that will be encapsulated in the virus particle and separate plasmids (packaging
constructs) are used to encode the proteins that make up the virus structure (Figure 3). A
sequence in the viral genome, called ψ, directs encapsidation of the viral RNA. This signal is
present in the transfer vector, but not in the packaging constructs, thus the information for
generating a new particle is not carried by the progeny, but the gene of interest is. Since the
virus progeny do not carry the genes necessary to form a new particle, viral replication does
not occur in the transduced cell and serves as a safety mechanism [12].
The tropism of the retroviral vector is determined principally by its envelope protein. Through
engineering of the packaging constructs, the native envelope protein can be exchanged for an
alternate protein that provides adequate tropism. For gammaretroviral vectors, ample tropism
is provided by the 10A1 amphotropic envelope protein, though other options do exist. For
lentivirus, the native envelope proteins direct transduction of CD4 and/or CCR5 positive cells.
This would be too limited for most gene transfer efforts. Instead, the lentiviral envelope is
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typically replaced with the envelope glycoprotein from Vesicular Stomatitis Virus (VSVg).
Since VSVg interacts with heparin, a ubiquitous component of the cell membrane, such
‘pseudotyped’ vectors can transduce most any cell type. The VSVg envelope can also be used
to pseudotype gammaretroviral vectors [12, 13].

Figure 2. Schematic representation of the retroviral lifecycle. Though a gammaretrovirus is depicted, this process is
quite similar for lentiviruses. (1) The retroviral envelope protein interacts with a cellular receptor and membranes are
fused. (2) The capsid is internalized and (3) the viral genome, in the form of RNA, is liberated. (4) Reverse transcription
results in the generation of a dsDNA copy of the viral genome which then must reach the nucleus (5), a process that
for gammaretrovirus requires cell division since the viral DNA is not actively transported across the nuclear membrane,
yet lentiviral DNA is and therefore does not require cell division for nuclear import. Once in the nucleus, the viral DNA
is inserted in the host genome and is now referred to as a provirus. (6) Expression of the viral genes from the provirus
provides all the components necessary for the assembly of progeny which then bud from the cell surface (7).

Retroviral vectors are not efficient vehicles for in vivo gene transfer. These vectors are quickly
destroyed by complement and have a short half-life in the organism. However, the application
of these vectors in cultured cells is an efficient and easy process. In addition, the integration
of the provirus ensures that the viral sequence will be passed on to daughter cells after division
of the host cell. These characteristics give retroviral vectors an advantage in treatments that
require long term expression of the transgene and where ex vivo cell manipulation is antici‐
pated, such as the case for treating SCID [13].
Retroviruses have regulatory elements, called long terminal repeats (LTRs) that act as a
promoter do drive the expression of viral genes. In recombinant vectors, the LTR can be
employed to drive expression of the therapeutic gene, a common practice with gammaretro‐
viral vectors (Figure 3). For safety reasons, the LTR can be inactivated (by deletion of the
enhancer sequences contained in the U3 region). Such ‘self-inactivating’ or ‘SIN’ vectors
require the use of an internal heterologous promoter to drive transgene expression (Figure
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3). This practice has long been employed in lentiviral vectors since it offers an additional
assurance that recombination between transfer and packaging vectors will not produce a
viable, replication competent progeny. An additional safety feature offered by SIN vectors is
the decreased chance that the LTR will act as a promoter of host gene expression. The juxta‐
position of the LTR and a host gene can result in the unwanted expression of that gene
(insertional mutagenesis). In the case of a proto-oncogene, the cell would then be at risk of
transformation. This is essentially the cause of the cases of leukemia seen in the SCID-X1 trials.
Currently, SIN retroviral vectors are favored since they are less likely to activate the expression
of cellular genes, especially if the internal promoter does not contain a strong enhancer (for
example, the EF1a promoter) [13, 14].

Figure 3. Schematic representation of the retroviral vectors and production. The gene of interest in cloned in a plas‐
mid (transfer vector) that contains the retroviral regulatory elements (LTR, long terminal repeats) as well as elements
to regulate the expression of the transgene. The transfer vector is co-transfected along with the necessary packaging
vectors in 293T cells (an easily transfected cell line derived from HEK293) where viral progeny are formed, bud from
the cell surface and accumulate in the culture medium (supernatant). For gammaretrovirus, the transfer vector (A) can
be transfected along with a single packaging vector (B) or, alternatively, with two additional vectors (C) that result in a
pseudotyped virus progeny. For lentivirus, third generation transfer and packaging vectors are shown (D) which are all
co-transfected in 293T to form virus progeny. Note that the lentiviral vectors do not contain any viral genes associated
with HIV pathogenesis. CMV, cytomegalovirus promoter; SV40, simian virus 40 promoter; NeoR, neomycin resistance
gene; Gag, group specific antigen (structural proteins); Pro, pol, viral enzymes integrase, protease and reverse tran‐
scriptase; pA, polyadenylation signal; VSVg, envelope glycoprotein of vesicular stomatitis virus; R, U5, repeat and U5
regions of the LTR; ΔU3, U3 region deleted from the LTR; SD, SA, splice donor, splice acceptor; Ψ, Psi encapsidation
signal; RRE, rev-responsive element; Rev, lentiviral rev protein that regulates splicing events of the viral RNA; cPPT, cen‐
tral polypurine tract which facilitates nuclear importation of the lentiviral genome; WPRE, woodchuck hepatitis virus
post-transcritptional regulatory element which facilitates nuclear export of the viral transcripts; EF1a, elongation fac‐
tor 1-alpha promoter which is often employed in retroviral vectors.

Lentiviral vectors are thought to be safer than gammaretroviruses due mainly to their proviral
integration preferences. Though neither has a specific integration site, gammaretroviruses
have a greater tendency to integrate near the transcriptional start sites of cellular genes than
lentivirus [15]. In other words, gammaretroviruses are thought to be more apt to promote
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unwanted expression of cellular genes. In the case of SCID-X1, SIN lentiviral vectors present
one of the best currently available technologies for the safe transfer of the therapeutic gene [9].
Retroviral vectors play an important role in cancer gene therapy approaches. As will be
described in detail, retroviral vectors are frequently used to modify components of the immune
system in order to promote an anti-tumor immune response. Though the use of gammaretro‐
viral vectors for this purpose has not met with any unwanted side effects, lentiviral vectors
are gaining popularity due to their efficiency and safety.

5. Vectors: Adenovirus
Recombinant adenoviral vectors are the vehicle of choice for in situ gene therapy of solid tu‐
mors (Table 2). Such vectors can be produced at high concentration (1012 particles/mL) and
are quite well equipped to mediate gene transfer in vivo. The genome of the adenoviral vec‐
tor remains episomal, thus the issues related to provirus integration (discussed above) are
rendered moot. However, adenoviral vectors are known for provoking an anti-viral immune
response. In the case of cancer gene therapy, the anti-viral immune response has not been
associated with serious adverse effects and may even provide a benefit of attracting the im‐
mune response to the tumor site. The episomal viral genome and anti-viral immune re‐
sponse limit the duration of vector function, thus making adenoviral vectors inappropriate
for the long term treatment of chronic diseases, such as hemophilia or SCID. Yet, the shortlived presence of transduced cells is compatible with cancer gene therapy since the goal is to
express a factor that results in the elimination of the tumor cell, a process that does not re‐
quire long term expression of the transgene [16-19].
The wild-type serotype 5 adenovirus (Ad5) has a linear, dsDNA genome of approximately
36 kb surrounded by a protein capsid from which fiber proteins project (Figure 1). The fiber
protein mediates interaction with the Ad5 cognate receptor, CAR (Coxsackie Adenovirus
Receptor) (Figure 4). The penton base then interacts with αv integrins and the virus particle
is then internalized, travels to the nucleus via microtubules and, finally, the viral DNA is de‐
posited in the nucleus, a process that is independent of cell division. The viral genome re‐
mains episomal while viral transcripts are expressed and progeny are formed. In this case,
virus progeny accumulate within the cell eventually resulting in cell lysis and the liberation
of viral progeny. Adenoviral replication requires the activity of the viral E1a and E1b pro‐
teins which inactivate Rb and p53, respectively, and are involved in transport of viral tran‐
scripts and promote the expression of other viral genes [16-19].
In the laboratory, recombinant adenoviral vectors (Ad) are manipulated in the form of plas‐
mids (Figure 5). The transfer vector encodes the gene of interest and the viral vector encodes
the remainder of the viral sequence, except that E1a and E1b are deleted. Since the viral vector
is quite cumbersome (approximately 40 kb), traditional cloning methods are inefficient for in‐
serting the gene of interest. Alternatively, recombination between the transfer vector and viral
vector may be performed or the use of rare restriction sites may be employed, either method re‐
sulting in a new plasmid that contains both the gene of interest and the viral sequence.
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Figure 4. Schematic representation of the adenoviral life cycle. For serotype 5 adenovirus, the knob portion of the
fiber protein mediates interaction with the cellular receptor, CAR (Coxsackie Adenovirus Receptor). In a second step of
viral/cellular interaction, the penton base then binds with the integrin αvβ3. The virus is then internalized, partially dis‐
assembled and the capsid is carried to the nucleus my the microtubule network. The viral genome is deposited in the
nucleus where expression of the viral genes results in the formation of progeny which accumulate intracellularly,
eventually causing lysis and release of progeny.

Figure 5. Schematic representation of recombinant adenoviral vectors and production. (A) The gene of interest is in‐
serted in the small transfer vector which is then recombined with the rest of the viral genome. However, the recombi‐
nant genome is devoid of the E1a and E1b genes (thus limiting viral replication). (B) The resulting plasmid is then
transfected in HEK293 cells (which harbor the E1a and E1b genes), thus initiating the production of virus. (C) The ini‐
tial production is then used to infect fresh HEK293 cells, thus amplifying virus production. (D) Photomicrograph of
HEK293 cells suffering from the cytopathic effect induced by the replicating adenoviral vector which, in this case, enc‐
odes eGFP (enhanced green fluorescent protein). (E) Step and (F) continuous CsCl gradient purification of the virus
progeny (indicated by the arrows). (G) Cells transduced with the now purified virus progeny is evidenced by their ex‐
pression of eGFP.
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The new plasmid containing the gene of interest as well as the viral components is transfected
into an appropriate cell line in order to initiate the production of virus particles. Since the
plasmid is devoid of E1a and E1b, the vector does not provide sufficient information to promote
virus production. Instead, the cell line used, HEK293, already contains the E1 genes and
provides expression of E1a and E1b in trans. In this way, only when the plasmid is introduced
in HEK293 cells is virus production initiated. The progeny viruses formed are also deficient
for replication since they too lack the E1 gene. However, the progeny virus can then be used
to infect fresh HEK293 cells (a process that is much more efficient than transfection) and
additional virus progeny will be formed. This ‘amplification’ of virus is repeated until a
suitable volume of viral lysate has been generated. This, in turn, must be purified (at lab scale
by CsCl gradient centrifugation, at industrial scale by filtration and chromatography) to rid
the virus particles of cellular debris [16-19].
Even after purification, the virus progeny will contain a mixture of viable, infectious particles
and defective, incomplete virus capsids. When using the virus to transduce a target cell, only
the viable particle will result in transgene expression. However, the defective particles
contribute to the load of antigens that the cell/organism receives and, with increased antigen,
comes an increased chance of provoking an immune response, much as was seen in the case
of Jessie Gelsinger. For this reason, care should be given to distinguish between the total viral
load and infectious particles used [20]. Generally, total virus load is expressed as VP/mL (virus
particles per milliliter) and infectious virus as IU/mL or PFU/mL (infectious units/mL or plaque
forming units/mL). Even in high quality preparations, VP/mL will be 10 to 25 times greater
than IU/mL.
Adenoviral vectors have evolved since their initial use was described. First generation
vectors have deletions in the E1 and E3 genes, thus limiting replication and eliminating a
non-essential viral gene. In an attempt to reduce the anti-viral immune response, second
generation vectors with deletion in the E4 region (gene non-critical to viral replication,
but which contributes to immune activation) were developed. The third generation of ad‐
enoviral vectors is devoid of any gene encoding an adenoviral protein. Though this com‐
plicates the strategy for virus production, it does yield virus that are much less
immunogenic and provide more prolonged expression of the transgene. Even with these
improvements, most cancer gene therapy protocols involving adenovirus use first genera‐
tion vectors [16, 17].
Expression of the transgene encoded by the adenoviral vector requires the use of an internal
heterologous promoter. This provides the opportunity for transcriptional targeting or a strong,
constitutively active promoter, such as CMV, may be used. In first generation adenoviral
vectors, a total of 7 kb of sequence may be inserted. Especially for cancer gene therapy, this is
quite adequate for a promoter, transgene (or two) and polyadenylation signal.
As mentioned above, CAR is the cellular protein that mediates the interaction with Ad5 (Figure
4). In the absence of CAR, Ad5 transduction is quite inefficient. Though many cell types express
CAR, some do not, including certain types of cancer (melanoma) and some cancer stem cells.
In this case, engineering of the virus may be required so that interaction with CAR is no longer
necessary for successful transduction. One such approach involves the insertion of the RGD
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tripeptide in the H1 loop of the knob protein. In this case, the principal receptor is now αv
integrins which are widely expressed. By similar methods, the knob can also be adapted so
that it interacts with specific cellular receptors of interest. That is to say, transductional
targeting is achieved by altering the knob protein [17, 21].
If an adenoviral vector can be targeted at the levels of transcription and transduction, then it
becomes tempting to apply the virus systemically with the expectation that it will have
specificity for the target cell, such as the tumor. Unfortunately, other components of the virus,
such as the fiber and the capsid, mediate interactions with heparin sulfate and factor X, both
of which are highly abundant in the liver. In other words, attempts to apply the virus system‐
ically are thwarted by viral sequestration in the liver. Even worse, the virus tends to transduce
Kupfer cells (liver macrophages) that, in turn, present viral antigens to the immune system
and induce an immune response. This implies that even the treatment of hepatocarcinomas
by systemic administration of adenovirus will be undermined by transduction of Kupfer cells.
Extensive engineering of the vector is required in order to prevent transduction of liver cells
while directing transduction to the correct target [17, 22]. Though a few laboratory studies
point to the viability of this approach, for now it remains quite problematic. Successful
application of adenoviral vectors is typically performed by in situ injection of the virus into
the tumor mass.

6. Vectors: Oncolytic adenovirus
Up to this point we have described vectors that are deficient for replication. However, viral
replication can also be used to benefit the treatment of cancer. Such oncolytic or virotherapies
rely on the viral replication to cause lysis of the tumor cell. The resulting progeny can then
infect additional tumor cells and repeat the process, in theory, until all tumor cells have been
eliminated. Clearly, such an approach requires extensive engineering of the vector such that
replication is permitted only in the tumor cell, thus sparing normal cells [23].
An additional benefit to the oncolytic approach is that cell death does not depend on apoptosis.
A fundamental feature of tumor cells is their resistance to cell death even in response to signals
that would, in a normal cell, be fatal. Since oncolytic activity is not dependent on cellular genes,
there is a greatly reduced chance that the cell would develop resistance to the viral activity.
The same cannot be said for many pharmacologic approaches [23].
Several viruses, such as Herpes Simplex, Vaccinia and even retroviral vectors have been
developed into oncolytics. However, for simplicity, we will focus on conditionally replicating
adenoviruses (CRAds). The key to controlling CRAds lies in the E1 genes. As mentioned above,
adenoviral replication requires the function of the E1a and E1b proteins (encoded by the E1
genes). If E1a and/or E1b function is permitted only in tumor cells, then the virus will replicate
only in tumor cells. One approach uses a tumor-specific promoter to drive expression of the
E1 gene. Promoters such as hTert, E2F1 and survivin are much more active in tumor cells than
in differentiated adult tissues. The use of one of these promoters to drive E1 gene expression
creates a degree of tumor specificity [23].
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Another approach involves the use of a mutant version of the E1a gene. Adenoviral replication
is not supported in the presence of wild type Rb and, for this reason, E1a has evolved to
interrupt Rb activity. Since Rb is typically inactivated in tumor cells, E1a is no longer required
to provide this function. Deletion of the 24 amino acids from E1a which mediate its interaction
with Rb results in an altered E1a protein that no longer blocks Rb function. In a normal cell,
the persistence of Rb function blocks viral replication. In a tumor cell, the typical loss of Rb
activity creates a condition where viral replication is supported. CRAds that combine trans‐
ductionoal and transcriptional targeting as well as the E1a deletion mutant have been created
and tested with promising results [23-25].
A classic example of an oncolytic adenovirus was originally known as Onyx-015. In this vector,
the E1b gene was mutated with the intention of permitting viral replication in p53-deficient
cells, but normal cells, with wild-type p53, should not allow viral replication. This vector has
been widely studied and even approved for commercialization in China (Table 1). However,
it was later noted that the underlying mechanism that controls Onyx-015 replication is not
related to the p53 status, but instead to the RNA export functions of the E1b protein [26, 27].
In addition to the sophisticated engineering of the CRAds, some these vector also carry a
therapeutic gene. Such vectors are referred to as armed CRAds. For example, the expression
of GM-CSF or interferon-β together with the activity of the CRAd should promote an antitumor immune response. Alternatively, the vector may be armed with additional deathinducing factors, such as the thymidine kinase gene (TK) derived from herpes simplex virus.
In this case, the application of the prodrug ganciclovir induces cell killing and augments the
effect of the CRAd. Another approach involves the use of the TNF-related apoptosis-inducing
ligand (TRAIL) which, when cleaved into a soluble form, induces apoptosis in tumor, but not
normal, cells [24, 25, 28].
In all, oncolytic viruses can combine tumor specific activities in order to bring about cell death
independent of apoptosis, but can also be armed to induce apoptosis, immune activation and
interrupt cellular DNA replication.

7. Vectors: Non-viral
The typical non-viral vector is a recombinant plasmid, though oligos, siRNA and RNA
fall into this category. Recombinant plasmids are derived from their wild-type counter‐
part, a small circle of episomal dsDNA found in a variety of bacteria. In the lab, we
need only maintain regulatory sequences that control the replication of the plasmid in
their bacterial host as well as an antibiotic resistance gene that facilitates the manipula‐
tion and maintenance of the plasmid in the lab. The therapeutic gene of interest is then
inserted along with appropriate regulatory sequences (such as a promoter and polyade‐
nylation site). Once constructed, the production of the vector is performed using well es‐
tablished techniques involving large volumes of bacterial cultures and purification of the
plasmid by filtration and chromatography [29-31].
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Though the use of plasmid vectors is quite routine and performed in a great many research
labs on a daily basis, some considerations of vector design and delivery should be taken into
account. The vector itself should not contain extraneous sequences that are not part of the
treatment. That is to say, the vector delivered to the patient should not contain antibiotic
resistance genes or regulatory sequences of bacterial origin. Such sequences could provide
expression of unwanted peptides or even contain GC rich sequences, both known to provoke
immune responses. However, production of plasmids requires the presence of just such
regulatory sequences. To overcome this, the plasmids are often engineered such that once the
bacteria and the plasmids they contain have been expanded to the necessary volume, recom‐
bination can be induced such that the unwanted sequences are eliminated and only the small
circular DNA containing the gene of interest remains. It is this small circular DNA that is then
purified and delivered to the patient, free of non-essential sequences [31].
Plasmid delivery can be performed by direct injection of ‘naked’ DNA with or without physical
methods to promote transfection, such as the gene gun, electroporation or microbubbles.
Alternatively, the plasmid may be complexed with chemical compounds that facilitate its
passage across the cell membrane. Such complexes may include lipids, polyethylene glycol,
polyethyleneimine or other compounds can both secure the DNA molecules as well as mediate
cellular uptake. Such approaches are often referred to as ‘nanotechnology’ since these virussized particles can be engineered to achieve high levels of transfection and can even include
targeting strategies (such as described for transductional targeting) [30, 32-35].
While non-viral gene transfer may be relatively efficient, simple and safe, the episomal nature
of the plasmid and limited half-lives of oligos and mRNA often result in short lived expression
of the therapeutic gene. As the cell divides or as the transfected material degrades, the
therapeutic gene is lost. Such an approach may be inappropriate for the treatment of chronic
illnesses, such as immune deficiencies or metabolic disorders. However, non-viral gene
transfer is an interesting option when limited transgene expression is sufficient or desirable,
such as for the induction of angiogenesis in ischemic tissues or, in the case of cancer, induction
of cell death and/or a tumor-specific immune response.
Recently, a new approach was described for non-viral gene transfer to the skin. This new
technology involves the use of an array of very small needles that breakdown over time and
has been termed dissolvable protrusion array device (PAD) [36, 37]. For this, an array of pins
is dipped in a polyvinyl alcohol polymer solution and slowly raised while drying; essentially
creating hollow core stalagmites that can be filled with a solution of nucleic acid, such as
siRNA. The array of microneedles can then be applied to the skin, penetrating the stratum
corneum barrier and depositing the material where it dissolves and locally releases the
therapeutic payload. As a demonstration of this technology, human skin xenografts were
treated with PAD loaded with an siRNA againt CD44 and significant reduction in target gene
expression was observed [36, 37]. In theory, the PAD can be loaded with more than one
therapeutic sequence or even with chemotherapeutic drugs, so it is easy to imagine the
administration of genetic and pharmacologic therapies directly to the cutaneous tumor mass.
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8. Strategies of melanoma gene therapy
Melanoma has played an important part in the history and development of gene therapy. The
first clinical trial to use gene therapy to treat cancer was performed at the US National Institute
of Health (NIH) Clinical Center in February of 1991, lead by Steven Rosenberg of the National
Cancer Institute (NCI). When the results were published, they affirmed that “ attempts at gene
therapy for cancer are underway ….” [38].
In fact, the milestone study was based on work initiated several years before. Since 1986,
Rosenberg had increasing success in treating intractable melanomas with TIL cells (tumor
infiltrating lymphocytes) that are surgically removed from a patient’s cancer and cultured for
4 to 6 weeks in the laboratory along with interlekin-2 (IL-2), a growth factor that stimulates
the immune system, and then the cells are re-infused into the patient. The TILs have a selective
affinity for the tumors from which they came, so the TIL-IL2 cells can infiltrate the primary
tumors and their metastases [39]. However, as with many new therapies, TIL-IL2 only works
a fraction of the time. The question was why? Are the cells reaching their target? A gene transfer
experiment was proposed in an attempt to answer that.
The experimental strategy was relatively simple. The first step was to genetically modify
human TILs through the introduction of a foreign marker gene in the laboratory (ex
vivo). The gene for a bacterial enzyme encoding neomycin phosphotransferase (neoR),
which transmits resistance to the antibiotic G418, was chosen. Using a gammaretrovirus
to deliver the neo gene, a population of TILs were marked ex vivo. Rosenberg, Blaese
and Anderson succeeded in getting more than 5% of TILs to take up the neo gene. After
administration, these modified TILs can be easy identified in patients’ pheripheral blood
and tumor biopsies. In 1989, the first of ten patients with end-stage melanoma was treat‐
ed with infusion of TILs transduced with gammretrovirus and, by following the neomarker, the research team could follow the TILs. This initial study was designed to
determine the long-term traffic patterns and distribution of TILs in the body. It was not
expected to offer any medical benefit, yet this clinical experiment demonstrated that
gammaretrovirus-mediated transduction could be used to safely modify human lympho‐
cytes which were subsequently administered to the patient. This trial led to additional
gene transfer protocols utilizing therapeutic genes with potential for clinical benefit [40].
This and other early gene marking studies suggested that recombinant gene transfer could be
achieved in a selected subpopulation of cells. These pioneering trials also helped address
important regulatory concerns and stimulated research into delivery vehicles with applica‐
tions for inherited and acquired diseases. Interestingly, in parallel, M. Blaese and F. Anderson
used a similar approach where the gene for adenosine deaminase was transferred by gam‐
maretrovirus into lymphocytes of children with severe combined immunodeficiency disease
and is regarded as the first therapeutic gene therapy trial, as mentioned above [7].
Since Rosenberg knew that TILs localize at tumor sites and that TILs can be safely modified
with gammaretrovirus, he then attemped to introduce TNF (tumor necrosis factor-alpha) into
TILs and use these genetically modified cells as vehicles to deliver TNF, a potent antitumor
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protein, directly into the tumor. This trial represents the first time a candidate therapeutic gene
was introduced into human cells with the goal of treating cancer [41]. Three late-stage
melanoma patients were treated with unselected TILs that had been transduced with the TNF
gammaretrovirus, but the subsequent seven patients received modified TILs that were selected
for G418 resistance in order to increase the fraction of tranduced cells present in the TIL
cultures. The modified TILs were expected to accumulate at the tumor sites and produce local
concentrations of TNF high enough to mediate tumor death, yet without exposing the patient
to high systemic doses of TNF. The treatment was well tolerated and, as often seen in phase I
safety trials, clinical benefit was not profound [38]. However, this trial paved the way for future
cancer gene therapy efforts.
To date, some 1186 cancer gene therapy trials have been cited, representing approximate‐
ly 65% of all gene therapy clinical protocols (http://www.wiley.com/legacy/wileychi/
genmed/clinical/). A great many approaches have been attempted with the fundamental
goal of eliminating the tumor cells by direct induction of cell death or by induction of an
anti-tumor immune response. Specifically in the case of melanoma, some 161 trials have
been cited (Figure 6). In fact, melanoma is the most frequent indication seen in cancer
gene therapy trials, even more than prostate, lung or breast. Among these melanoma
gene therapy trials, 7 phase III protocols have been cited. These include transfer of the
B7.1 gene (5 trials) and GM-CSF (2 trial).

Figure 6. Progress in clinical trials of melanoma gene therapy. (A) Distribution of more frequent indications for cancer
gene therapy. (B) Distribution of clinical trials of melanoma gene therapy by phase. Data extracted from Journal of
Gene Medicine Clinical Trial Database (current as of June 2012).

These clinical trials highlight the variety of approaches that have been attempted (Figure 7).
These include strategies of viral gene transfer (62% of trials), where adenovirus and gammar‐
etrovirus are the most used. Non-viral vectors (38% of trials) have been used as naked DNA
or in conjunction with physical and chemical means of improving their efficiency. Strategies
have included the transfer of seven principal gene families, including interleukins, tumor
associated antigens, suicide genes and genes for the modulation of the immune response (GMCSF, B7.1 and type I interferon). In the following discussion we present some illustrative
examples from pre-clinical to phase III trials.
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Figure 7. Strategies of melanoma gene therapy tested in the clinic. (A) Frequency of vector usage. (B) Therapeutic
gene type used. Data extracted from Journal of Gene Medicine Clinical Trial Database (current as of June 2012).

9. Suicide genes
A classic cancer gene therapy approach involves the transfer of a ‘suicide gene’ or ‘gene
directed enzyme prodrug therapy’. In this scenario, an enzyme is introduced in the target cell
by gene transfer. This enzyme alone does not have an effect on the cell, but when an appropriate
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prodrug is administered, the enzyme converts the innocuous prodrug into an active, death
inducing compound. Two of the better known examples are the thymidine kinase gene derived
from herpes simplex virus (HSV-TK) which promotes phosphorylation of the prodrug
ganciclovir and the bacterial cytosine deaminase (CD) gene which converts the prodrug 5fluorocytidine (5FC) into the chemotherapeutic agent 5-fluorouracil (5FU). In both cases, the
compound produced by the enzyme/prodrug interaction blocks DNA replication and, as a
result, induces cell death. The advantages of suicide gene therapy include very limited reaction
to the enzyme or prodrug in isolation, yet their combination results in a localized concentration
of an anti-neoplastic agent. Since DNA replication is a prerequisite for the action of the
modified prodrug, this approach has specificity for dividing cells and spares post-mitotic cells
even in the case that they should be transduced. Suicide gene therapy is aided by the ‘by‐
stander’ effect where the modified prodrug may be passed from a transduced cell to a nontransduced neighbor, killing it only if it is actively dividing. In addition, at least in the case of
HSV-TK/ganciclovir, a significant tumor-specific immune response may be elicited, thus
amplifying the effects of the gene therapy even further [42].
Specifically in the case of melanoma, a few examples of clinical application of suicide genes
have been reported. For example, a phase I/II study utilized a gammaretroviral vector for the
transfer of the HSV-tk gene to melanoma patients. However, these authors actually implanted
cells that were actively producing the vector in the patients. In this way, the tumor cells would
receive a constant supply of virus until administration of the prodrug which would then bring
about the death of both the tumor cells and the virus producing cells. These treatments were
associated with well tolerated inflammatory skin reactions and moderate fever. During
ganciclovir treatment, the tumors did show signs of shrinkage, but increased in size upon drug
withdrawal. These results are quite encouraging given that the treatment was well tolerated
and showed signs of clinical benefit, at least during the prodrug treatment [43].
In a separate trial, 13 melanoma patients were treated with gammaretrovirus by direct injection
of the virus particles into the tumor mass followed by ganciclovir administration. The gene
transfer protocol was well tolerated with only one patient showing grade III pain at the
injection site. The treatment with the prodrug was associated with some side effects, including
dyspnea, pain and poor appetite. However, no response was detected when comparing
injected and non-injected tumors. Though the desired result was no observed, the gene therapy
procedure was well tolerated [44].
Laboratory assays using CD have yielded some promising results and also exemplify inter‐
esting technologies. For example, Kucerova et al [45] have used mesenchymal stem cells to
infiltrate melanoma tumors in a mouse model. In this case, the mesenchymal stem cells offer
the advantage of migration to and within the tumor mass, an inherent property of these cells.
The human fat-derived mesenchymal cells were transduced with a gammaretrovirus encoding
the CD gene and delivered i.v. or i.p. in nude mice bearing a tumor derived from a human
melanoma cell line (A375). Significant inhibition of tumor progression was seen with the i.v.
injection of the CD-expressing mesenchymal cells plus 5FC treatment [45].
In another example involving CD/5FC, an adenoviral vector was targeted to tumor vascular
endothelial cells at both the transductional and transcriptional levels. For this, the adenoviral
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vector displayed the RGD tripeptide in the H1 loop of a mutated fiber knob protein (so that
transduction depends on αvβ3 integrins instead of CAR) and also used the endothelial cellspecific Tie2 receptor promoter to drive expression of the CD gene. B16 tumors were estab‐
lished in nude mice and the modified adenovirus was administered i.v., but only after pretreatment with hetastarch, a reagent that effectively blocks hepatic uptake of adenovirus. The
authors report that only endothelials, pericytes and tumor monocytes were transduced, but
not the tumor cells themselves. Administration of 5FC resulted in significant inhibition of
tumor progression [46].

10. Adoptive cell transfer
One of the most promising frontiers of cancer therapy is the use of adoptive cell transfer (ACT).
Especially in the case of metastatic melanoma, where few options exist, ACT may overcome
some of the limitations seen with even the most promising treatments (including high-dose
IL-2 and anti-CTLA-4). In addition, a naturally occurring, tumor specific T cell response is seen
in a large percentage of melanoma patients, suggesting that these tumors are immunogenic
and that T cells can be made to recognize them. ACT utilizes the patients’ own T cells where
they are activated ex vivo, expanded, and returned to the patient to carry out tumor-specific
cytolysis. Since gene transfer is the theme of this chapter, we will focus on approaches that
involve genetic modification of either the T cells themselves or of the dendritic cells (DC) used
to activate them. At its core, ACT is used to generate T cells that are tumor reactive, though
several approaches have been described [47, 48].
Tumor infiltrating lymphocytes (TILs) can be isolated from melanoma biopsies and the T cells
expanded ex vivo. This approach, which does not involve genetic modification, relies on two
critical factors, the ability to isolate T cells and expanding them to clinically significant
numbers. Over time, alternatives to this approach have been explored, such as preconditioning
by lymphodepletion, the use of young TILs (cells that have not undergone extensive expansion
ex vivo) or enrichment for CD8+ TILs. Isolation of T cell clones from TILs that are specific for
melanoma associated antigens (such as MART1/MelanA, NY-ESO-1 or gp100) can also be
performed, but this process requires 3 to 5 months and the clinical outcome (50% objective
response) does not surpass that seen with polyclonal TILs [47, 48].
The above argument points to considerable success with ACT, however there is room for
improvement, especially with respect to tumor regression. Genetic modification of T cells as
a form of ACT has been developed and tested clinically. For example, the T cells may be
transduced with a retrovirus that provides expression of a cytokine, such as IL-2, IL-12 or IL-15
or may be modified to resist the effects of immunoregulatory factors. The aim here is to
preserve the function of the ACT, but does not necessarily assist in tumor reactivity of the T
cells. Thus far, IL-12 and IL-15 expressing cells are still being tested, while IL-2 expressing cells
did not show any advantage over non-modified ACT [47-50].
Since the role of the T cell receptor (TCR) is to mediate, in part, the recognition of and response
to specific antigens, the patients’ T cells may be modified by the introduction of a recombinant
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TCR with specificity for a tumor associated antigen. This is a time consuming process and the
clinical response rate is less than ideal, though this approach is often seen as an alternative for
those patients that failed to provide TILs from biopsies. In the ground-breaking work of
Morgan et al, peripheral blood lymphocytes from melanoma patients were transduced with a
gammaretrovirus encoding the alpha and beta chains of the MART-1-specific TCR. The
lymphodelpeted patients received an infusion of the genetically modified, autologous cells.
The persistence of these cells was variable and related to experimental conditions of each
cohort, but modified cells found even after 90 days. Two (out of 15) patients with progressive
metastatic melanoma showed full clinical regression with this treatment [51]. In a later trial
conducted by this group, they used improved versions of the TCR and observed a response
rate of 30% [52]. Though the response rate was low, these studies show the feasibility of this
approach and the importance of fine tuning the TCR.
In a related approach, T cells are modified to express a chimeric antigen receptor (CAR). CARs
are engineered molecules that consist of an antigen-recognizing domain derived from an
antibody (single-chain variable fragment) fused to a component of the TCR complex (CD3 zeta
chain) and, sometimes, also fused to a costimulatory molecule (such as CD28) [47, 48]. This
arrangement assures that antigen recognition is sufficient to activate T cell cytolytic function,
an interaction that is not HLA restricted and requires only low levels of antigen, thus stream‐
lining and amplifying the T cell response. The lack of HLA restriction implies that the CAR
modified T cells need not be autologous and a supply of cells may be generated and maintained
at the ready.
Treatment of melanoma with CAR-modified T cells has been performed only in preclinical
models, but these show promising results. For example, a CAR specific for ganglioside GD2
was developed in the Brenner laboratory, inserted in a gammaretroviral vector and used to
modify T cells. When these cells were exposed to melanoma cells expressing GD2, cytokines
were released and melanoma cells were eliminated both in vitro and in vivo [53]. In a similar
fashion, the Rosenberg and Morgan group has developed a high molecular weight melanoma
associated antigen (HMW-MAA or CSPG4)-specific CAR. Both CD4 and CD8 T cells express‐
ing this recombinant receptor were reactive and induced target cell cytolysis in an HLAindependent manner [54].
Clinical trials with CAR-modified T cells have been performed for other tumor types, in‐
cluding ovarian cancer, neuroblastoma, leukemia and lymphoma and some clinical bene‐
fit has been reported [47, 48]. Unfortunately, a patient being treated with ERBB2targeted, CAR-modified T cells suffered an adverse reaction and died when these cells
lodged in the lung due to low level expression of ERBB2 and initiated a cytokine storm
[55]. In a separate trial, a patient treated with CD19-targeted cells also succumbed due, it
is believed, to a T cell response [56]. These unanticipated events should not detract from
the potential of CAR-modified T cells. Clearly, continued study of the CAR design and T
cell response is required and, no doubt, is forthcoming. Nor should this event reflect on
the field of gene therapy since safety issues related to the vector itself were not involved
in the function of the CAR and subsequent cellular responses.
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11. Vaccines
Since melanoma is well known to be an immunogenic tumor, there have been a great many
efforts to develop vaccines that induce an anti-melanoma response. Many approaches using
peptides, whole proteins, whole cell lysates delivered directly to the patient have been
attempted. Also, the introduction of GM-CSF in melanoma cells provides a vaccine that
promotes the immune response. Alternatively, dendritic cells themselves may be introduced
in the patient, a process that relies on the availability of such cells as well as their ability to
recruit and activate T cells in the cancer patient. Currently, much emphasis has been given to
the target specific approach of blocking CTLA-4 or PD1 with monoclonal antibodies, thus
promoting T cell function, for the treatment of melanoma [57]. Future hopes involve the
combination of these vaccine and targeted modalities.
GM-CSF acts by recruiting and promoting the maturation of DCs, a process that is cru‐
cial to mounting an effective immune response. Many studies have explored the genetic
modification of tumor cells with gammaretroviral vectors expressing GM-CSF, irradiation
of these cells and subsequent use of these cells as a tumor vaccine. Soiffer et al [58, 59]
observed that metastatic lesions in 11 of 16 treated patients had a dense infiltrate of T
cells and extensive tumor destruction, a phenomenon not seen in the absence of this
treatment. Vaccination sites showed adverse effects, such as erythema and induration
and occasional hemorrhaging, otherwise the treatment was well tolerated [58]. In a later
trial, this group used adenovirus instead of the gammaretroviral vector for GM-CSF gene
transfer to patient-derived metastatic melanoma cells, followed by irradiation and vacci‐
nation. The vaccine was successfully produced for 34 of 35 patients and toxicities includ‐
ed only grade 1 to 2 local skin reactions. Again, infiltration and necrosis of metastatic
sites was observed (10 of 16 patients). After 36 months of follow-up, 29% of patients
were still alive, four of whom showed no evidence of disease [59].
Though the GM-CSF secreting cells provided some measure of improvement, the successful
vaccine requires an abundance of functional T cells to carry out cytolysis. One factor that blocks
T cell function in many cancer patients is the CTLA-4 gene. By blocking CTLA-4 function, T
cell activity is liberated. Ipilumimab, a monoclonal antibody that binds to and blocks CTLA-4
function was recently approved by the FDA for the treatment of late stage melanoma [57].
Studies by the Dranoff group applied ipilumimab in melanoma patients that had previously
been treated with the GM-CSF secreting cellular vaccine [60, 61]. The observations included
only low grade inflammatory toxicities, though high level ipilumimab treatment is known to
cause high grade toxicity in 15 to 25% of melanoma patients. Though not designed to reveal
clinical benefit, evidence of tumor shrinkage was observed in some patients. Since ipilumimab
also increases the number of Tregs, proper T cell function may require a specific balance
between effector and regulatory cells. A future direction may be to combine the vaccine,
ipilumimab and an inhibitor of Tregs [60].
As an alternative, DCs can be modified ex vivo with antigens or a vector or mRNA en‐
coding tumor associated antigens. These professional antigen presenting cells can then be
introduced in the patient as an immunotherapy. For example, the work of Steele et al
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[62] describes the transfection of a plasmid encoding both melan-A and gp100 into DC
derived from the patients’ own PBMCs followed by delivery of these gene-modified cells
in the stage IV melanoma patients (n=27). The number of rounds of vaccination was vari‐
able, between 1 and 14, though 15 patients received 4 rounds of treatment. In all, partial
response or stable disease was seen in seven patients and treatment-related adverse
events were quite mild (flu-like symptoms or mild erythema at the injection site). As
with many early phase trials, these results show that the treatment was well tolerated
and that a positive response was seen in a few patients [62].

12. Oncolytic viruses (virotherapy)
As described above, oncolytic vectors use the lytic virus life cycle in order to destroy cancer
cells. These vectors are engineered so that replication can occur only in tumor cells and, in
some cases, are armed with a gene to aide in tumor cell killing. The engineering may include
transductional and transcriptional targeting, alteration of viral replication genes and the
insertion of a functional transgene.
Some interesting examples of conditionally replicating adenoviruses for virotherapy of mouse
models of melanoma have been reported. For example, the group of Albert Deisseroth has
developed an oncolytic vector where expression of E1a is controlled by the tyrosinase pro‐
moter. Tyrosinase, a melanoma associated antigen, is an important factor in melanogenesis
and may even have additional regulatory functions [63]. In this way, E1a expression from the
vector should be melanoma-specific. In addition, the vector was modified with the insertion
of the RGD tripeptide in the H1 loop of the fiber knob protein, much as was discussed above.
This vector showed increased infectivity in melanoma cells and suppressed growth of
xenograft tumor models [64].
In an alternative approach, an oncolytic adenovirus was developed where the SPARC (secreted
protein acidic and rich in cysteines) promoter was used to drive expression of E1a. In this case,
the SPARC promoter should support viral replication not only in the tumor cells, but also in
tumor associated stromal cells. Though this approach was beneficial for a model of pancreatic
carcinoma, the authors observed that the stromal cells in the melanoma model actually
hampered virus performance [65]. This study is interesting since it points out the importance
and complexity of the tumor microenvironment on the gene therapy approach.
In a final pre-clinical example, an oncolytic adenovirus was developed which was armed with
IL-24 (MDA-7, melanoma differentiation-associated gene-7) as well as arrestin. IL-24, a
secreted protein, inhibits melanoma by autocrine and paracrine effects, including inhibition
of angiogenesis, immune stimulation and radiosensitization. Arrestin also inhibits angiogen‐
esis and tumor growth. With this doubly-armed oncolytic vector, it was shown that melanoma
cells were significantly inhibited both in vitro and in vivo, the latter being associated with
reduced angiogenesis and increased apoptosis [66].
Oncolytic vectors have also been tested clinically. We start by describing a second generation
HSV (herpes simplex virus) oncolytic that was developed by deleting not only the ICP34.5
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gene (typical of first generation vectors), but also the ICP47 gene which impedes antigen
expression. In addition, early expression of another viral factor, US11, promotes tumor-specific
virus replication. Finally, this vector was armed with GM-CSF (which promotes dendritic cell
maturation and, thus, anti-tumor immune response) and termed OncoVEXGM-CSF. In a phase I
dose escalation trial, viral treatments were generally well tolerated, but side effects were more
pronounced in patients who were HSV-seronegative before receiving treatment. Of the 26
evaluable patients, 3 showed stable diseaes (including 2 melanoma cases) and 6 showed
flattening of the treated tumors. Some notable aspects of this study were the relatively low
frequency of viral treatments, low viral dose and lack of chemotherapy required to induce a
response [67]. In phase II trials treating stage IIIc and IV melanoma, treatment with Onco‐
VexGM-CSF induced tumor specific (MART-1) CD8-positive T cells and reduced Tregs [68] and,
in a separate trial, resulted in a 26% response rate [69]. Currently, a phase III trial, ‘OPTIM:
OncovexGM-CSF pivotal trial in melanoma’ is underway [70].
The vaccinia virus, best known for its role in eradicating smallpox, has also been developed
into an oncolytic vector [71]. These vectors have a rapid lytic cycle, enter cells by membrane
fusion (and not a specific receptor) and the enveloped progeny are protected from immune
destruction, all factors that enable poxviruses to spread within the organism. Tumor specific
poxviruses rely on reduced type I intereferon response, increased rate of cell division,
decreased rate of apoptosis and immune evasion seen in tumor cells. In addition, the epidermal
growth factor receptor (EGFR)-Ras signaling pathway, which is typically active in tumor cells,
promotes poxvirus replication. Since tumor cells are naturally permissive for poxvirus
replication, viral transformation genes can be eliminated from the vector. In this way, the
vector will replicate only in tumor cells and leave normal cells unharmed. The oncolytic
poxvirus can also be armed, such as with the GM-CSF gene and with the bacterial β-galacto‐
sidase (LacZ) gene, serving as a marker for transduction as well as an antigen against which
antibodies can be generated and measured [71]. The JX-594 poxvirus possesses these features
and has been tested clinically.
In a proof of principle trial, 10 melanoma patients were enrolled and treated with no significant
side effects, mainly grade 1-2 flu-like symptoms. Post-treatment biopsies showed necrosis and/
or intense perivascular lymphocytic infiltration and radiographic tumor assessment, possible
in only 5 of the patients, all of which showed stable disease in the treated tumor and 3 patients
also showed stable disease at distant, non-treated sites [72].
The oncolytic vectors discussed above were delivered intratumorally. Intravenous delivery,
on the other hand, is quite challenging due to the multiple impediments that prevent the virus
from successfully reaching its target. However, JX-594 has been delivered i.v. and showed
clinical benefit. In this dose escalation study, 23 patients with solid tumors, including mela‐
noma, were treated and adverse effects were limited to grade 1-2 flu-like symptoms. Staining
for the β-galactosidase protein revealed the presence of the virus in tumor tissues. In addition,
anti-β-galactosidase antibodies were measured and revealed a dose-dependent relationship
with the viral load used to treat the patients. GM-CSF was detected in patient blood samples
only after treatment. Evidence of anti-tumor activity was noted, including >25% descrease in
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FDG-PET. This is study was the first to show dose-related delivery, replication and transgene
expression upon i.v. delivery [73].

13. B7.1
Tumor cells often escape detection by the immune system even when anti-tumor immune cells
are generated [74]. Among the many possible mechanisms for this phenomenon, metastatic
melanoma cells are quite often deficient for B7-1 and B7-2, factors that are essential for full T
cell activation. The lack of even one of these factors leads to T cell anergy, inactivation of the
T cell after encountering an antigen, essentially generating self-tolerance. In other words, the
lack of these factors actually teaches the T cells to ignore the melanoma. This implies that using
gene therapy to replace at least one of these missing factors should initiate tumor specific T
cell mediated cytolysis.
In 1993, Gary Nabel showed that a plasmid vector encoding HLA-B7 could be safely intro‐
duced into patients’ melanoma tumors by means of a liposome. One of the five patients showed
reduced tumor mass [75]. A subsequent trial by this group revealed T cell infiltration and TIL
reactivity was enhanced in treated patients. In addition, two patients showed local inhibition
of tumor growth [76]. The concept was then expanded upon by transfer of the β2-microglobulin
gene along with HLA-B7 in a single plasmid vector/liposome complex, a treatment now known
as Allovectin-7. In this way, Allovectin-7 provides an allogeneic MHC class I protein, essential
for antigen presentation and T cell activation [77].
Several phase II studies of Allovectin-7 have been completed. For example, Stopeck et al [78]
reported a regimen where 6 intratumoral injections of 10 µg of Allovectin-7 were performed
over a 9 week period. The treatment was well tolerated and regression of the injected lesion
was seen in 18% of patients, including a complete response and three partial responses [78].
A few years later, a phase II trial was described where 77 patients were treated with the same
Allovectin-7 regimen; 9.1% had complete or partial responses with 4.8 months median
duration of the response. Interestingly, this trial showed that the treatment was beneficial even
in lesions distant to the treatment site [79].
More recently, a phase II dose escalation study was reported [80]. In this study, 127 patients
received a total of 2 mg of plasmid DNA, some 10-times more than was used in the previous
trials. Complete response was seen in four patients, 11 achieved partial response and the
overall response rate was 11.8%. Stable disease was seen in 32 patients. Interestingly, the
duration of response was quite extensive, 13.8 months, and evidence of a systemic effect, such
as vitiligo and shrinkage of lesions distant to the treatment site, was seen in some patients. No
toxicities above grade 2 were noted, but adverse effects were consistent with the expected proinflammatory response triggered by Allovectin-7 [80].
Variations of the HLA-B7 gene transfer strategy have also been explored. For example, the B7.1
cDNA has been inserted in a vaccinia virus. In this way, the virus introduces the HLA-B7 gene
to a large number of tumor cells and the vector itself may participate in the anti-tumor immune
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response. In a phase I trial involving 12 patients, intratumoral injection of the B7.1-armed
vaccinia virus, termed rV-B7.1, yielded no serious adverse effects, 2 patients with vitiligo,
partial objective response was seen in 1 patient and disease stabilization in 2. Patients devel‐
oped an anti-vaccinia antibody response and 5 of 6 patients showed increase in gp100-specific
T cells and 4 of 6 showed increase in MART-1-specific T cells. A patient with >59-month
survival post-treatment showed an increase in both of the T cell subsets [81].
The Kaufman group also established a vaccinia vector encoding not only B7.1, but also the
costimulatory molecules ICAM-1 and LFA-3 (intracellular adhesion molecule-1 and leukocyte
function-associated antigen-1, respectively). This new vector was termed rV-TRICOM. In a
phase I trial, side effects were limited to low grade reactions at the site of injection, yet there
was a 20.7% objective clinical response. One patient showed a complete response over a 22
month period. Due to the lack of HLA-A*0201 patients, anti-tumor immune responses were
not measured, yet anti-vaccinia responses were seen [82].

14. Interferon and interleukin gene transfer
Biochemotherapy, such as treatment with recombinant IL-2 or type I interferon, has shown
some degree of success. However, these approaches are hampered by the high doses needed
to overcome the short half-life of these proteins. Often, these high doses are come with
unwanted systemic toxicities [83, 84]. As an alternative approach, gene therapy may offer the
advantage of high concentrations of the therapeutic agent, but only localized to the tumor,
thus avoiding systemic toxicity.
Clinical trials with adenoviral vectors expressing IL-2 have been performed. For example,
Stewart et al [85] reported a lack of conventional clinical response, yet 24% of patients did show
incomplete local tumor regression. They also noted increased CD3 and CD8-positive TILs [85].
In another example, a phase I/II trial included 25 metastatic melanoma patients and 10 patients
with other solid tumors. Objective clinical responses, including 2 complete responses, were
seen in 5 of the melanoma patients who received the higher dosage of vector. Serum levels of
IL-2 were increased after treatment and were proportional to the vector dose used. Side effects
were limited to flu like symptoms [86].
IL-24 (or MDA-7, melanoma differentiation associated gene-7) has been extensively reviewed
and tested in a variety of pre-clinical models. IL-24 was isolated from human metastatic
melanoma cells previously treated by the combination of interferon-beta and mezerein, a
protein kinase C activator. This treatment induces a differentiated state that is associated with
the differential expression of a number of interesting genes, IL-24 among them. IL-24 is a novel
member of the IL-10 gene family and has been shown to depress growth and induce apoptosis
specifically in transformed, but not normal or immortalized, cells. In addition, IL-24 has been
associated with a potent bystander effect, implying that, in a gene therapy scenario, even nontransduced tumor cells may be killed [87, 88].
To the best of our knowledge, two phase I clinical trial has been reported involving
IL-24 gene transfer to melanoma patients. In these studies, a non-replicating adenoviral
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vector encoding IL-24, termed INGN 241, induced a systemic TH1 cytokine response.
Objective responses, including complete response, was seen at higher vector dosages [89,
90]. Despite the melanoma origin of the IL-24 gene, it has been more extensively studied
for other tumor types [87].
Gene therapy of melanoma with interferons has not been extensively explored, even though
biochemotherapy with type I interferon is well known. One of the few examples includes
adenovirus mediated transfer of the interferon-gamma gene. In this trial, 11 patients were
treated with increasing vector doses. One grade 3 toxicity was observed and one patient
showed stable disease [91]. Matsumoto et al [92] report the use of cationic liposomes complexed
with a plasmid encoding the human interferon-beta gene in patients with metastatic melano‐
ma. There were no recognized adverse events and 1 (of 5) patients showed mixed response [92].
Our own laboratories are actively developing novel tools for gene therapy of cancer, including
melanoma. Since some 90% of melanoma cases retain wild type p53 [93], we reason that the
endogenous p53 protein may be re-activated and induced to participate in the treatment
scheme. To this end, we have developed viral vectors where the expression of the transgene
is regulated by the transactivation function of p53. We have shown that these vectors offer
superior levels of transgene expression [94-96] and the use of p53 or its functional partner, Arf
(p14Arf in humans, p19Arf in mice) creates a positive feedback loop [95, 97]. That is to say,
transgene function elevates p53 activity which, in turn, promotes expression from the vector
and so on. Our published data show that p19Arf, when delivered by our p53-responsive vector,
resulted in the sensitization of B16 mouse melanoma cells to pharmacologic agents both in
vitro and in vivo [97]. In our unpublished data, we have combined the activities of the p53/Arf
axis with intereferon-β. Though studies are ongoing, we have seen that the combined, but not
individual, gene therapies induce massive cell death both in vitro and in vivo. In addition,
immune protection is induced by either in situ tumor treatment or by a whole cell vaccine
transduced by the gene combination.

15. Conclusion
We have cited several, but certainly not all, examples of how gene therapy is advancing for
the treatment of melanoma. Though much has been learned, a long road remains before major
successes can be had. As with any experimental approach, progress is incremental and may
rely on joining distinct technologies. For example, the history of melanoma gene therapy
actually coincides with therapies for immune disorders. But, by daring to test new therapeutic
strategies, gene therapy of melanoma has paved the way for cancer gene therapy in general.
The future advances in melanoma gene therapy may come from combining pharmacologic
and genetic approaches. For example, the vectors mentioned above may be used in combina‐
tion with monoclonal antibodies (such as ipilumimab), small molecule inhibitors (such as
vermuafenib, PLK4032, the inhibitor of BRAF) and chemotherapies (such as dacarbazine).
Though much work remains to be done, it stands to reason that maximizing cell death and the
anti-tumor immune response should offer hope for future treatments of melanoma.
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1. Introduction
Human endogenous retroviruses (HERVs) are thought to be germline-integrated genetic
remnants of exogenous retroviral infections and comprise approximately 8% of the human
genome [1, 2]. Similar to exogenous retroviruses such as human immunodeficiency virus
(HIV) and human T cell leukemia virus (HTLV), a complete HERV sequence is composed of
GAG, POL, and ENV genes flanked by two long terminal repeats (LTRs). Although most
HERVs are degenerated with disruptive open reading frames, a few proviruses have retained
intact genes, and the corresponding proteins can thus be expressed [1, 3]. HERVs have been
implicated in the etiology of cancer, chronic inflammation, and other diseases [2], and
emerging data support a role of HERV-K in melanomagenesis. For example, HERV-K is
activated in melanomas but not in melanocytes [4, 5], and inhibition of HERV-K by RNA
interference (RNAi) suppresses the in vivo growth of melanoma cells [6-9]. We have
demonstrated recently that expression of K-type human endogenous retrovirus (HERV-K)
correlates with ERK activation and p16 loss in human melanoma specimens, and that
inhibition of MEK and CDK4 in combination, suppresses HERV-K expression [10, 11].
Importantly, if HERV-K drives melanomagenesis downstream of the BRAF-MEK-ERK and
p16/CDK4 pathways, when HERV-K is already turned on, cells may be resistant to thera‐
pies targeting BRAF-MEK-ERK and p16-CDK4. Triple therapies, such as simultaneous
targeting of HERV-K, BRAF/MEK and CDK4, may be necessary to produce more effective
and long-lasting therapeutic effects. This strategy is analogous to HIV “cocktail” therapy that
disrupts human immunodeficiency virus (HIV) at different stages of viral replication and
has brought many acquired immune deficiency syndrome (AIDS) patients from near death
to fairly normal and productive lives.
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2. The K type Human Endogenous Retroviral Element (HERV-K)
HERVs are thought to be germline-integrated genetic remnants of exogenous retroviral
infections and comprise approximately 8% of the human genome [1,2]. They are transmitted
vertically by Mendelian inheritance [12]. HERVs can be classified into over 20 families based
on transfer RNA (tRNA) specificity of the primer binding site used to initiate reverse tran‐
scription; thus, HERV-K would use lysine and HERV-W tryptophan if they were replicating
viruses [13]. Through millions of years of evolution, HERVs have become indispensible parts
of the human genome. For example, syncytin-1, encoded by the envelope (ENV) gene of HERVW, mediates intercellular fusion of trophoblast cells to form syncytiotrophoblast as well as
preventing maternal immune attack against the developing embryo, thereby facilitating
implantation of the embryo [1,2]. Similar to exogenous retroviruses such as human immuno‐
deficiency virus (HIV) and human T cell leukemia virus (HTLV), a complete HERV sequence
is composed of group-specific antigen (GAG), polymerase (POL), and ENV genes flanked by
two long terminal repeats (LTRs) (Fig. 1). Although most HERVs are degenerated with
disruptive open reading frames, a few proviruses have retained intact genes, and the corre‐
sponding proteins can thus be expressed [1, 3]. Increased HERV expression has been found
under pathological conditions, particularly in cancer and inflammatory disease [12, 14]. Unlike
most HERVs that harbor defective mutations, the HML-2 group of HERV-Ks has open reading
frames that code for functional viral proteins, which may form noninfectious particles [15,
16]. HERV-K proteins and virus-like particles have been demonstrated in human cell lines of
teratocarcinoma [17], breast cancer [18], placenta [19], and melanoma [5].

Figure 1. HERV-K genome organization. An intact HERV-K genome is approximately 9700 nucleotides long, like oth‐
er retrovirus. HERV-K has several genes, mutated so unable to encode functional viral proteins to produce infectious
virus. However, pieces of protein domains can be produced by HERV-K sequences. In wild-type retroviral sequences,
the group-specific antigen (GAG) codes for the Gag polyprotein. Gag protein provides the basic physical infrastructure
of retrovirus; Polymerase (POL) codes for viral enzyme reverse transcriptase, integrase, and protease; envelope (ENV)
codes for proteins embedded in the viral envelope which enable the virus to attach to and fuse with target cells. Flank‐
ing functional genes are long terminal repeat (LTR) regions that play important roles in initiating viral DNA synthesis
and its integration as well as regulating transcription of the viral genes.

HERVs have been implicated in the etiology of cancer, chronic inflammation, and other diseases
[2], and emerging data support a role of HERV-K in melanomagenesis. For example, HERV-K
is activated in melanomas but not in melanocytes [4, 5], and inhibition of HERV-K by RNAi
suppresses the in vivo growth of melanoma cells [6-9]. Putative pathogenic mechanisms for
HERV-K include mutagenesis by retro-transposition [8, 20], regulation of gene transcription
downstream of the insertion sites [21], HERV-K mediated intercellular fusion [Huang et al., in
preparation], subversion of immune surveillance by viral proteins [6], as well as direct influen‐
ces on cell proliferation, differentiation, and anchorage-dependent growth [7, 9].
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Like functional retrovirus, HERV-K transcripts can retro-transpose and insert back to the host
genome, depending on the insertion sites, may lead to mutagenesis. The enzymes encoded by
HERV-K may also induce retro-transposition of Long-interspersed nuclear element-1 (LINE-1)
elements, as in the case of HIV-1 [22]. We designed experiment to determine HERV-K genomic
integration sequences by HERV-K anchored polymerase chain reaction (PCR). The PCR
amplicons can be sequenced after subcloning of individual sequences or next generation
sequencing (NGS).
We designed and performed preliminary experiments as shown in Fig. 2. DNA was extracted
from human cells using QIAamp® DNA Mini kit (Qiagen, Valencia, CA) following manufac‐
turer’s procedures. The optical density (OD) values of DNA were measured before samples
were stored at -80°C for further use. Primers used (based on HERV-K108, accession #
AF164614) were: 5’3’: GCG GTC CCA AAA GGG TCA GTN NNN NNN NNN; 5’ERV
(nucleotide 2156-): TTT GCC AGA ATC TCC CAA TC; 3’ERV (nucleotide 4063-): TTG AGC
CTT CGT TCT CAC CT; 5’Tag: GCG GTC CCA AAA GGG TCA GT. To perform PCR, about
75ng DNA from human cells was amplified with 0.3 µM 5’3’ and 5’ERV or 3’ERV primers, 0.4
mM dNTPs, 1X Pfx Buffer, 1mM MgSO4, and 1.25 unit Platinum® Pfx DNA Polymerase
(Invitrogen, Carlsbad, CA). The PCR reaction was carried out in a 9700 thermocycler (Applied
Biosystem, Carlsbad, CA). Initial denaturing was at 94°C for 5 minutes, then 94°C for 15
seconds, 36°C for 30 seconds, and 68°C for 4 minutes, for 35 cycles, with an extension at 68°C
for 10 minutes after the last cycle. Then 10 µl of the PCR products were used for the 2nd PCR
using 5’Tag and 5’ERV or 3’ERV primers with the same amplification conditions except 55°C
for annealing. The 2nd PCR products were purified using the QIAquick PCR Purification Kit
(Qiagen Inc., Valencia, CA). The resulting templates can be sequenced after subcloning or
directly by next generation sequencing.
In a recent study, Macfarian etc shown that during embryogenesis, transcripts of embryonic and
extraembryonic tissues are initiated from long terminal repeats derived from endogenous
retroviruses [21]. It is conceivable that HERV-K LTR may also regulate gene transcription during
melanomagenesis, a hypothesis that can be tested in future studies. The experimental strategy
used in Fig. 2 may also apply to determine transcripts downstream of HERV-K sequences.
As with some other viruses, syncytium formation is a characteristic of retroviral infection. As
shown in Fig. 3B, pleomorphic cells with features of nuclear atypia, multinuclear/nuclear
syncytia are characteristic of malignant cells. We hypothesize that HERV-K mediated inter‐
cellular fusion contributes to the formation of pleomorphic cells in tumor specimens.
We performed experiments to identify fusogenic domains and epitopes in HERV-K ENV
protein, and to generate HERV-K ENV monoclonal antibodies and evaluate for ability to block
ENV mediated intercellular fusion. The fusogenic activity of syncytin has been located to its
N-terminus [23]. To map fusogenic domains of HERV-K ENV protein, we will generate a series
of C-terminal truncations of HERV-K ENV by PCR using HERV-K108 sequence as template.
PCR amplicons will be cloned into pcDNA 3.3-TOPO TA Mammalian Expression Vector using
TA Cloning Kit (Invitrogen, Grand Island, NY). The ENV expression constructs will be
transfected into melanoma cells and examined for activities to rescue fusogencity inhibited by
HERV-K inhibition.
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(A)

(B)

Figure 2. Experimental design to detect HERV-K genome insertion sites. A. HERV-K and Alu elements are bolded.
Alu is a short stretch of approximately 300 bp originally characterized by the action of the Alu (Arthrobacter luteus)
restriction endonuclease. There are over one million Alu elements interspersed throughout the human genome, and it
is estimated that about 10.7% of the human genome consists of Alu sequences. PCR is designed to amplify HERV-K
and flanking Alu sequneces. Amplicon sequences flanking HERV-K can be determined by subcloning or NGS. B. Gel
electrophoresis of 1st PCR products. 1 and 2, molecular weight markers; 3-11 1st round PCR amplicons of genomic DNA
extracted from different clones of cultured A375 melanoma cells. Sample 8 may have a unique insertion site captured
by the PCR assay (arrow).

Figure 3. HERV-K may contribute to the generation of pleomorphic tumor cells. Formalin-fixed, paraffin embed‐
ded microscopic sections of nevus (A) and melanoma (B) were analyzed to examine cell morphology. Pleomorphic
cells with features of nuclear atypia, multinuclear/nuclear syncytia were easily detected in melanoma (B) but not in
nevus (A) cells. In an unpublished study, we have shown that such pleomorphic cells in melanomas express HERV-K
(Huang et al., submitted). Magnification: x 200.

3. Possible regulation of HERV-K by BRAF-MEK and p16-CDK4
We noticed that the growth characteristics of melanoma cells that can be modified by HERVK activation (e.g., changes in cell shape, loss of melanin, anchorage-independent growth) [9]
overlap with those that can be blocked by suppression of BRAF-MEK-ERK signaling pathway,
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especially with simultaneous restoration of p16 or inhibition of CDK4 [23-26]. This observation,
together with the knowledge that aberrations in BRAF-MEK-ERK and p16-CDK4 pathways
are early events and often co-exist during melanomagenesis, and the evidence that RAF-MEKERK signaling pathway is required for the completion of HIV-1 reverse transcription [27],
prompted us to hypothesize that HERV-K is regulated by BRAF-MEK-ERK and p16-CDK4
pathways. We have reported that expression of HERV-K GAG and ENV proteins correlates
with ERK activation and p16 loss in a panel of melanocytic specimens, and that inhibition of
MEK and CDK4, especially in combination, suppresses HERV-K protein expression in cultured
melanoma cells [11].

Figure 4. Expression of HERV-K GAG and ENV, p-ERK and p16 in neval and melanoma specimens [8]. Formalinfixed and paraffin-embedded routine pathology specimens of melanoma (A, C, E, G) and nevus (B, D, F, H) were ana‐
lyzed by immunohistochemical staining using HERV-K GAG (A, B), ENV (C, D), p-ERK (E, F), and p16 (G, H) specific
antibodies. Shown is a representative staining pattern. HERV-K GAG and ENV were mainly detected in melanoma cells
(A and C), but rarely expressed in neval cells (B and D). p-ERK was mainly detected in melanoma cells (E) but rarely
found in neval cells (F). p16 was rarely expressed in melanoma (G) but prominently expressed in neval cells (H). Magni‐
fication: ×100 and ×200 (insets).
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Seventy two formalin-fixed, paraffin-embedded pathological specimens were available from
the archives at the University of Texas Medical Branch (UTMB). The samples included 38 nevi
(11 junctional, 3 compound, and 24 dermal) and 34 melanomas (10 Lentigo maligna, 10
superficial spreading, 7 nodular, and 7 metastatic). The study was approved by the UTMB
institutional review board (IRB) for the protection of human subjects. Immunohistochemical
staining was modified from the protocol of All-in-One Kit for Immunohistochemical Staining
for Tissues with Antibodies (Invitrogen, Carlsbad, CA). Four-micron-thick sections of paraffin
blocks were dewaxed in three changes of xylene and rehydrated through a graded series of
alcohol concentrations into water. Sections were washed with PBS Tween (PBST) (Sigma, St
Louis) three times, each for 5 minutes, then blocked with horse serum for 30 minutes at room
temperature. For antigen retrieval, sections were heat-treated in a microwave oven for 20
minutes in 0.01 M citrate buffer (pH 6.0, 100 mM stock), and cooled for 20 minutes in a beaker.
For immunostaining the slides were incubated at 4 ℃ overnight with primary antibodies
including phospho-p44/42 ERK (Thr202/Tyr204,Cat. #9101, Cell Signaling Technology,
Danvers, MA), p16 (Cat. #MS-887 NeoMarkers, Fremont, CA), HERV-K GAG and ENV (Cat.
#s 1841-5 and 1811-5, respectively, Austral Biologicals, San Ramon, CA) following the manu‐
facturer’s instructions. The slides were incubated with horseradish peroxidase (HRP)conjugated secondary antibodies, followed by signal development, counterstaining and
mounting using All-in-One Kit for Immunohistochemical Staining for Tissues with Antibodies
(Invitrogen, Carlsbad, CA). As described previously [28], blood vessel were stained distinctly
for p-ERK and used as an internal control for p-ERK antibody. Epidermal keratinocytes and
adnexal glands were internal controls for p16 [28]. Melanoma cell line A375 was reported
positive for HERV-K using the same HERV-K antibodies [9], and was used as positive control
for HERV-K GAG and ENV antibodies, as described [11].
As shown in Fig. 3 [11], we examined the expression of HERV-K GAG and ENV pro‐
teins, the active form of ERK (phospho-ERK, p-ERK), and p16 in a panel human melano‐
cytic specimens including 38 benign nevi and 34 melanomas. Both HERV-K GAG and ENV
proteins were largely cytoplasmic, but occasional nuclear staining was observed, where‐
as p-ERK was typically co-expressed in cytoplasm and nucleus. It has been reported that
wild-type INK4A is expressed in both nucleus and cytoplasm, whereas mutant p16, if
expressed, is either nuclear or cytoplasmic [29]. HERV-K GAG cytoplasmic staining was
over 10-fold more frequent in melanoma than in nevus (38% of melanomas vs. 3% of nevi,
p < 0.001) (Table 1). Similarly, HERV-K ENV immunoreactivity was detected in the
cytoplasm in 44% of melanomas and 11% of neval specimens (a 4-fold difference, p =
0.003). The nuclear staining of GAG and ENV were infrequently detected in both nevi and
melanomas, and the differences did not reach statistical significance (Table 1). p-ERK
staining was 5-fold more often positive in melanomas than in nevi (68% and 13%,
respectively, p < 0.001). p16 staining, both in the cytoplasm and nucleus, was more
frequently observed in nevi than in melanomas (cytoplasmic, 79% vs. 50%, p = 0.014;
nuclear, 79% vs. 15%, p < 0.001) (Table 1). Figure 3 demonstrates representative staining
pattern of HERV-K GAG, HERV-K ENV, p-ERK and p16 in melanoma and neval
specimens.
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Antigen

Positivity (%)

p value

Nevi [n=38]

Melanoma [n=34]

HERV-K GAG, cytoplasmic

3

38

p < 0.001**

HERV-K GAG, nuclear

0

6

p = 0.493

HERV-K ENV, cytoplasmic

11

44

p = 0.003**

HERV-K ENV, nuclear

8

12

p = 0.7

p-ERK, cytoplasmic and nuclear

13

68

p < 0.001**

p16, cytoplasmic

79

50

p = 0.014*

p16, nuclear

79

15

p < 0.001**

Protein immunoreactivity, cytoplasmic or nuclear, was dichotomized as negative/decreased (<30% of cells staining
positively) and positive (>30% of cells staining positively).
** Difference is significant at the ≤0.01 level (2-tailed)
* Difference is significant at the ≤.05 level (2-tailed).
Table 1. Expression of HERV-K GAG and ENV, p-ERK and p16 in neval and melanoma specimens [8]

Further analysis showed that the expression of HERV-K GAG in the cytoplasm of melanoma
was positively correlated with p-ERK (p = 0.005), and negatively correlated with p16 cytoplas‐
mic expression (p = 0.012) (Table 2). The expression of HERV-K ENV in the cytoplasm of
melanomas was positively correlated with p-ERK (p < 0.001), and negatively correlated with
p16 nuclear expression (p = 0.046) (Table 2).
HERV-K GAG
cytoplasmic

HERV-K GAG nuclear

HERV-K ENV

HERV-K ENV

cytoplasmic

nuclear

p-ERK, cytoplasmic and nuclear

p = 0.005**

p = 0.093

p < 0.001**

p = 0.2

p16, cytoplasmic

p = 0.012*

p = 0.058

p = 0.114

p = 0.608

p16, nuclear

p = 0.123

p = 0.378

p = 0.046*

p = 0.251

Note: ** Correlation is significant at the 0.01 level (2-tailed).
* Correlation is significant at the 0.05 level (2-tailed).
Table 2. Associations of the expression of p-ERK, p16, and HERV-K GAG and HERV-K ENV[8]

As described [11], human melanoma cell lines 624Mel, A101D, A375, and OM431 were kindly
provided by Dr. Stuart Aaronson (Mount Sinai School of Medicine, New York, NY). Cells were
maintained in Dulbecco's modified Eagle medium (DMEM, Mediatech, Herndon, VA)
supplemented with 10% heat-inactivated fetal bovine serum (FBS; Sigma, St. Louis, MO) and
50 units/mL penicillin-streptomycin (Invitrogen, Carlsbad, CA) in a humidified incubator at
37 °C with 5% CO2. Total RNA was extracted from cultured melanoma cells using an RNA
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extraction kit ToTALLY RNA (Ambion, Austin, TX) according to the manufacturer’s instruc‐
tions, and purified with RNase free DNase Set (Qiagen, Valencia, CA). RNA concentration was
assessed spectrophotometrically at 260/280 nm. Two µg of total RNA was reverse transcribed
and amplified by One-Step RT-PCR (Qiagen, Valencia, CA) using 50 pmol of primer pairs
specific for HERV-K POL, ENV genes and GAPDH for control as described [9]. Briefly, samples
were reverse transcribed at 50 C for 30 min, then heat-activated by incubation at 95 C for 15
min. Samples were subjected to 30 cycles of PCR amplification as described [9] in MasterCy‐
cler® Personal (Eppendorf, Hamburg, Germany). Each cycle consisted of 1 min at 95 C, 1 min
at 56 C and 1 min at 72 C. After the final cycle, samples were incubated at 72 °C for 10 min.
PCR products were inspected by separation through 1% agarose gels. PCR products were
purified using QIAquick PCR Purification Kit (Qiagen, Valencia, CA). The purified PCR
products were directly sequenced on both strands using a 3100 Capillary Array Sequencer and
Big Dye Terminator Chemistry (Applied Biosystems, Foster City, CA). NCBI BLAST search of
the human genome was performed to identify the amplified sequences [11].

A

5% Serum
1

2

3

0% Serum A375
4

1

2

3

4
HERV-K ENV
Tubulin

B

624Mel
1

2

3

A375
4

1

2

3

4
p-ERK

ERK

RB Ser780

HERV-K ENV
Tubulin

Figure 5. MEK and CDK4 inhibitors suppress HERV-K ENV protein expression [8]. A. 624Mel (1), A101D (2), A375
(3), and OM431 (4) melanoma cells were cultured in DMEM with 5% serum or serum starved overnight, and cell ly‐
sates collected for Western blotting. B. 624Mel and A375 melanoma cells were treated with solvent vehicle control
(1), 25 μg MEK inhibitor PD98059 (2), 1 μg CDK4 inhibitor 219476 (3), and 25 μg PD98059 plus 1 μg 219476 (4) for 48
h under serum starvation, and cell lysates collected for Western blotting. Western blotting was performed using 50 μg
total cell extracts and commercially available HERV-K ENV antibody that recognized a 37 Kd spliced transmembrane
domain of ENV protein. Tubulin was used as loading control.
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Western blots were performed as described [24, 11]. Briefly, harvested cells were lysed in Lysis
Solution (Cell Signaling, Danvers, MA) supplemented with Complete Mini Protease Inhibitor
Cocktail Tablets (Roche Diagnostics Corporation, Indianapolis, IN). Protein concentration of
lysates was determined using the Quick Start Bradford 1 x Dye Reagent (Bio-Rad, Hercules,
CA). Lysates were separated in 10% SDS-polyacrylamide gel, electrophoretically transferred
to Immobilon-P membrane (Millipore Corp, Billerica, MA), and probed with primary anti‐
bodies followed by incubation with horseradish peroxidase-conjugated secondary antibodies.
The following antibodies were used: phospho-p44/42 ERK (Thr202/Tyr204) and p44/42 ERK
(Cell Signaling, Danvers, MA), PhosphoPlus(R) RB (Ser780, Ser795, Ser807/811) Antibody Kit
(Cell Signaling, Boston, MA), HERV-K GAG and ENV (Cat. #s1841-5 and 1811-5, respectively,
Austral Biologicals, San Ramon, CA), and HRP-conjugated secondary antibodies (Jackson
Immunoresearch, West Grove, PA). Immunoreactive bands were visualized with SuperSignal
chemiluminescence substrate (Pierce, Rockford, IL). The blots were exposed to blue sensitive
blue x-ray film (Phenix Research, Candler, NC).
MEK inhibitor PD98059 (Calbiochem, San Diego, CA) was dissolved in DMSO as a 50 mM
stock solution, aliquoted and stored in –20 °C. CDK4 inhibitor 219476 (Cat. #219476, Calbio‐
chem, San Diego, CA) was dissolved in DMSO as a 2 mM stock solution and stored at 4 °C.
1×106 melanoma cells were seeded in a cell culture dish in DMEM containing 10% FBS and
antibiotics. On the second day, cells were treated with PD98059 and 219476 in DMEM without
serum for 48 h and then harvested. Statistical analyses were performed by using SPSS 13.0
software (SPSS Inc., Chicago, IL). Fisher exact test was used to detect the differences in
immunostaining between melanomas and nevi. Pearson Correlation was used to test the
correlations of immunostaining (HERV-K GAG, HERV-K ENV, p-ERK, and p16).
The expression of HERV-K has been reported in several melanoma cell lines [4, 5, 9, 30]. We
examined HERV-K in four melanoma cell lines, 624Mel, A375, A101D, and OM431 that have
constitutive activation of p-ERK, and loss of wild-type p16 with corresponding hyperphosphorylation of RB protein [24, 25, 26]. As previously reported [11], HERV-K expression
was detected using a specific HERV-K ENV antibody as described [5, 9], that recognizes a 37
Kd spliced transmembrane domain of ENV protein [4, 5, 30]. HERV-K ENV protein was
prominently expressed in 624Mel and A375 cells, weakly positive in A101D cells, but barely
detectable in OM431 cells (Fig. 4A). We extracted total cellular RNA from all the four cell lines
and performed conventional RT-PCR using specific HERV-K POL and ENV primers as
described [9]. Direct sequencing of RT-PCR amplicons and NCBI BLAST analysis showed that
the expressed sequences share 96%-98% overall homology with Group N HERV-K [31] (data
not shown), as reported in other melanoma cells [32].
We have established experimental conditions (including time course and dose-response curve)
of treating several melanoma cells with PD98059 and 219476, to respectively inhibit MEK and
CDK4, alone and in combination [26]. 624Mel and A375 lines were used to test whether HERVK EVE expression was suppressed by the MEK and CDK4 inhibitors. As expected, treatment
with PD98059 inhibited ERK phosphorylation in both 624Mel and A375 cells (Fig. 4B, lane 2).
It is worth noting that we consistently observed somewhat further reduced levels of p-ERK by
PD98059 when combined with CDK4 inhibition (Fig. 4B, p-ERK, lane 4 vs. lane 2; also in Li et
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al., 2009, Fig. 1a, lane 4 vs. lane 2); which may contribute to the observed functional interaction
between BRAF-MEK-ERK and p16-CDK4-RB pathways [25, 26]. Phosphorylation of serine 780,
a CDK4 target in the RB protein, was reduced by PD98059 and 219476, especially in combina‐
tion in both cell lines (Fig. 4B). Similarly, HERV-K ENV expression was inhibited by either
PD98059 or 219476, especially when used in combination (Fig. 4B). The results were consistent
with findings of the association between HERV-K expression and p-ERK and p16 in melano‐
cytic specimens (Table 2).
Multiple endogenous and exogenous factors have been linked to the activation of HERVs
including hormones, cytokines, and cytotoxic chemicals [33]. To our knowledge, a direct
association between ERK and p16-CDK4 pathways and HERV expression has only been
reported by our group [11]. It has been shown that HERV-K sequences, as other host genes,
are regulated by DNA methylation in the promoter/enhancer sequences located in the 5’-LTR
regions [34]. Since RB protein, a downstream mediator of BRAF-MEK-ERK and p16-CDK4
signaling pathways, is a key regulator of DNA methylation [35], it is conceivable that the
observed association between HERV-K, p-ERK and p16-CDK4 may act through RB, a notion
that will surely prompt further investigation. It is worth noting that the four melanoma cell
lines examined, 624Mel, A375, A101D and OM431, all have BRAF T1799A mutation, constit‐
utive activation of ERK, loss of wild-type p16, and over-expression of phospho-RB protein [24].
However, only 624Mel and A375 cells express high levels of HERV-K ENV protein (Fig. 4A),
suggesting that HERV-K ENV protein is regulated by mechanisms in addition to ERK and p16CDK4 pathways.
HERV-K may prove to be a key mediator of BRAF-MEK-ERK and p16-CDK4-RB pathways
during melanoma pathogenesis. Activation of BRAF/ERK was recently shown to drive
chromosome abnormality and aneuploidy in melanocytes [36]. It is conceivable that the effect
may be mediated, at least partly, through HERV-K sequences that are capable of jumping
around by retro-transposition leading to mutagenesis and chromosomal abnormalities [8, 20];
HERV-K proteins have been shown to suppress the host immune system [6]. Activation of
HERV-K by BRAF-MEK-ERK and CDK4 signaling may facilitate tumor progression especially
in the blood/lymph stream when circulating tumor cells are under attack by the immune
system, thus providing a critical survival/escape mechanism for invasion and metastasis [12,
37]. Alternatively, it is possible that the observed growth promotion and anti-apoptotic effects
of activated ERK and CDK4 [25, 26] can be mediated, at least in part, by HERV-K since HERVK has been shown to directly affect melanoma cell proliferation, differentiation, and anchorage
related survival [7, 9].

4. Combined inhibition of CDK4 potentiate the effect of MEKi
Constitutive dysregulation of MEK-ERK and p16-CDK4-RB pathways both occur at high
frequencies in melanoma. We found that simultaneous inhibition of both MEK and CDK4
generated more potent and dramatic lethal effects than individual inhibition in melanoma cells
[10, 25, 38]. We also found that the expression of K- type human endogenous retrovirus (HERV-
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K) correlates with ERK activation and p16 loss in melanoma cells and that inhibition of MEK and
CDK4 can block HERV-K expression [11]. As shown in Fig. 5, if HERV-K drives tumor progres‐
sion downstream of RAF-MEK-ERK and p16/CDK4, when HERV-K is already turned on, cells
may escape the inhibitory effects of therapies targeting RAF-MEK-ERK and p16/CDK4. Given
that HERV may drive malignant growth downstream of MEK and CDK-4, we hypothesized that
cells with activated HERV may not respond to the therapeutic effects of MEK and CDK4 blockers
and that triple therapy, such as targeting HERV-K, MEK and CDK4, may be necessary to produce
more effective and long-lasting therapeutic effects than single or, as we have proposed previous‐
ly, double inhibition of MEK-ERK and CDK4 [25, 26]. This strategy is analogous to HIV “cocktail”
therapy that disrupts HIV at different steps of replication and brought many AIDS patients from
death to fairly normal and productive lives [39].

Figure 6. Potential regulation and activity of BRAF-MEK-ERK, CDK4, and HERV-K in carcinogenesis and tumor
progression. Constitutive activation of RAS-RAF-MEK-ERK and cyclin D-CDK4 are common paradigm of cancer biolo‐
gy. We have reported that that simultaneous inhibition of both BRAF-MEK and CDK4 generated more potent and dra‐
matic lethal effects than individual inhibition in melanoma cells [10, 25, 38]. We have also shown that the expression
of HERV-K correlates with ERK activation and p16 loss in melanoma cells and that inhibition of MEK and CDK4 can
block HERV-K expression [11]. When HERV-K is already turned on by MEK, CDK4 or alternative pathways, cells may
escape the inhibitory effects of therapies targeting RAF-MEK-ERK and p16/CDK4. Triple inhibition of BRAF-MEK,
CDK4, and HERV-K may stop the evolution and selection of cell clones with growth and survival advantage.
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Group

Treatment

1

solvent control

2

solvent control + BRAFi/MEKi

3

solvent control + CDK4i

4

solvent control + BRAFi/MEKi + CDK4i

5

HERV-Ki + solvent control

6

HERV-Ki + BRAFi/MEKi

7

HERV-Ki + CDK4i

8

HERV-Ki + BRAFi/MEKi + CDK4i

The triple inhibition experiment (Table 3) can be performed using cultured melanoma cells or in mouse melanoma
xenograft, as described [10, 24, 25, 38]. Inhibition of BRAF (BRAFi), MEK (MEKi), CDK4 (CDK4i), and HERV-K (HERV-Ki)
can be achieved using either RNA interference (RNAi) or small molecular inhibitors that are in active clinical development
(http://clinicaltrials.gov/).
Table 3. Triple Therapy Treatment Groups

We designed experiments to examine the effects of combined inhibition of HERV-K, BRAF/
MEK, and CDK4 in melanoma cells (Table 3). Human melanoma cell lines MeWo, A101D and
A375 that harbor wild-type, heterozygote, and loff of heterozygosity (LOH) BRAF T1799A
alleles, respectively [24, 40] can be used. These cell lines express HERV-K transcripts and/or
proteins, have constitutive activation of MEK-ERK signaling pathway, and high levels of
phospho-RB (p-RB) [24, 25, 3840, 41] (and data not shown). Stable suppression of HERV-K,
BRAF, or CDK4 can be achieved by stable expression of HERV-K short hairpin RNA (shRNA)
[7, 9], BRAF shRNA, or INK4A cDNA [24], or using small molecular inhibitors of BRAF
inhibitor (BRAFi), including Vemurafenib (PLX4032, RO5185426, Hoffmann-La Roche) that
has been U.S. Food and Drug Administration (FDA) approved for treatment of melanoma,
Dabrafenib (GSK2118436, GlaxoSmithKline), PLX3603 (RO5212054) (Hoffmann-La Roche);
MEK inhibitor (MEKi), including PD-325901 (Pfizer), GSK1120212 (GlaxoSmithKline),
MSC1936369B (EMD Serono), ARRY-438162 (MEK162) (Array BioPharma), AZD6244 (Astra‐
Zeneca), and BAY86-9766 (Bayer); CDK4 inhibitor (CDK4i), including PD-0332991 (Pfizer),
LY2835219 (Eli Lilly and Company), LEE011 (Novartis Pharmaceuticals). All are in active
clinical development (http://clinicaltrials.gov/).
We performed experiments to simultaneously inhibit MEK and CDK4 using known pharma‐
cological inhibitors PD98059 and 219476, respectively, along with using azidothymidine (AZT)
to target HERV-K reverse transcription activity as described [42]. AZT (also called ZDV) is a
nucleoside analog reverse-transcriptase inhibitor (NRTI), a type of antiretroviral drug used
for the successful treatment of HIV infection. It is a therapeutic analog of thymidine. Optimal
results were obtained when cultured A101D and 624Mel cells were treated for a period of 48
hours (Fig. 6). A decrease in the number of viable cells was observed for both A101D and
624Mel cells. The data from this study provided preliminary data of the effect AZT has on
melanoma cells in combination with inhibitors of MEK and CDK4, in support of our hypothesis
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and our rationale for using AZT as a complementary treatment. Several follow-up studies will
be performed. The effects of the chemical treatment on melanoma cells, e.g., cell proliferation,
apoptosis, and cell cycle progression will be measured using established methods [10, 38].
Molecular mediators of the effects (phospho-ERK, phospho-RB, HERV proteins) will be
measured using commercial available antibodies by Western blotting. Future studies are also
necessary to further investigate the regulation and activities of HERV-K in melanoma patho‐
genesis.

(A)

(b)
)

Figure 7. Combined use ofMEK, CDK4, and HERV-K inhibitors enhances the therapeutic effect in cultured mela‐
noma cells. A101D (A) and 624Mel (B) human melanoma cell lines were grown in culture as described [10, 38]. Cell‐
Titer 96 Aqueous One Solution Cell Proliferation Assay (MTS, Promega, Madison, WI) was used to measure total viable
cells following manufacture’s instructions. 5,000 melanoma cells were seeded in each well of 96-well plates, and were
grown for 24 hrs in media with 10% Fetal Bovine Serum (FBS). Afterward, media were aspirated and various combina‐
tions (Table 3) of treatment chemicals were added to each well in media without serum. Based on dose-response anal‐
yses, the final concentrations used were: PD90895 (P) at 25 µM; 219476 (C) at 1 µM; AZT (A) at 1000 µM. The plates
were incubated for a period of 24 hrs, 48hrs, and 72 hrs, respectively. Subsequently, MTS solution was added to each
well according to the manufacturers protocol. The plates were then incubated for 2-4 hrs, afterward absorbance was
measured at 490nm. Data were analyzed and compared for treatment efficiency. Triple inhibition (PCA) generated
more inhibitory effects in control solvent, single, or double combination.

We have learnt the significance of “contaminating DNA” in the measurement of HERV-K
expression from our recent investigation of the correlation between HERV-K expression and
HIV-1 viral load in plasma specimens [Esqueda et al., in press]. We performed RNA extraction
using HIV-1 ViroSeq RNA preparation method (Abbott Molecular, Des Plaines, IL). According
to the manufacturer this RNA preparation kit extracts total nucleic acid including RNA plus
DNA (Dr. Gavin Cloherty, personal communication). According to Qiagen, “The QIAamp
Viral RNA Mini Kit is not designed to separate viral RNA from cellular DNA, and both will
be purified in parallel if present in the sample” (page 9, QIAamp Viral RNA Mini Handbook,
04/2010). We used DNase I digestion to effectively remove contaminating cellular DNA in the
RNA samples. As demonstrated in Fig. 7, without DNase I digestion, HERV-K RT-PCR was
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uniformly positive in all five HIV-1 positive plasma specimens, whereas only samples #3 and
#5 were positive after DNase I digestion. The results emphasize that optimized methodology
in the laboratory is essential to the accurate assessment of HERV-K activation.

MW

1

2

3

4

5
Un-digested

Digested

Figure 8. DNase I digestion affects HERV-K RT-PCR results. Viral RNA was extracted from five HIV-1 positive speci‐
mens using HIV-1 ViroSeq kit. Without DNase I digestion, HERV-K RT-PCR was uniformly positive in all the 5 cases,
whereas only samples #3 and #5 remained positive after DNase I digestion. MW, molecular weight marker.

5. Conclusion
Constitutive dysregulation of MEK-ERK and p16-CDK4-RB pathways both occur at high
frequencies in melanoma. We found that simultaneous inhibition of both MEK and CDK4
generated more potent and dramatic lethal effects than individual inhibition did, in melanoma
cells. It has been shown recently that the K-type human endogenous retroviral sequence
(HERV-K) is expressed in melanoma cells but not in melanocytes. HERVs are germlineintegrated genetic remnants of retroviral infections that are transmitted vertically by Mende‐
lian inheritance. It is estimated that 8% of the human genome consists of retroviral elements
including HERVs (4). HERVs can be classified to over 20 families based on tRNA specificity
of the primer binding site used to initiate reverse transcription. HERV sequences are similar
to the HIV sequence. HERV-K activation was observed to be correlated with changes in growth
characteristics of melanoma cells (e.g., changes in cell shape, loss of melanin, anchorageindependent growth. We have shown that the expression of HERV-K correlates with ERK
activation and p16 loss in melanoma cells and that inhibition of MEK and CDK4 can block
HERV-K expression. Given that HERV may drive malignant growth downstream of MEK and
CDK-4, we hypothesized that cells with activated HERV may not respond to the therapeutic
effects of MEK and CDK4 blockers and that triple inhibition of MEK, CDK4, and HERV should
be more effective than double treatment, a hypothesis supported by our preliminary data.
Additional studies are necessary to further examine the regulatory relationship between
aberrant MEK-ERK and p16-CDK4-RB pathways and HERV-K activation, the roles and
mechanisms of HERV-K in carcinogenesis and clonal evolution of malignant cells. The
potential therapeutic efficacy of triple inhibition of BRAF-MEK, CDK4, and HERV-K need to
be further explored in our fight against melanoma and other malignancies.
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Nomenclature
AIDS: acquired immune deficiency syndrome
Alu: Arthrobacter luteus
BRAF: v-raf murine sarcoma viral oncogene homolog B1
BRAFi: BRAF inhibitor
CDK4: cyclin-dependent kinase 4
CDK4i: CDK4 inhibitor
DMEM: Dulbecco's modified Eagle medium
DNA: deoxyribonucleic acid
ENV: envelop
ERK: extracellular-signal-regulated kinase
FBS: fetal bovine serum
FDA: Food and Drug Administration
FGF: fibroblast growth factor
FISH: fluorescent in situ hybridization
GAG: group-specific antigen
HERV: human endogenous retroviruse
HERV-K: K-type human endogenous retrovirus
HIV: human immunodeficiency virus
HTLV: human T cell leukemia virus
IHC: immunohistochemical staining
INK4A: inhibitor of cyclin-dependent kinase 4A; part of cyclin-dependent kinase inhibitor 2A
gene (CDKN2A), also known as multiple tumor suppressor 1 (MTS1)
LINE-1: long-interspersed nuclear element-1
LOH: loss of heterozygosity
LTR: long terminal repeatRs
MEK: mitogen-activated protein kinase/ERK kinase
MEKi: MEK inhibitor
NGS: next generation sequencing
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OD: optical density
PAGE: polyacrylamide gel electrophoresis
PARP: poly (ADP-ribose) polymerase
PBS: phosphate buffered saline
PCR: polymerase chain reaction
p-ERK: phopho-ERK
PI3K: phosphatidylinositol 3-kinase
POL: polymerase
RAF: v-raf murine sarcoma viral oncogene homolog. Human has three RAF: CRAF, BRAF,
and ARAF
RAS: rat sarcoma viral oncogene homolog. Human has three RAS: HRAS, NRAS, and KRAS
(KRAS4A and KRAS4B proteins arise from alternative splicing)
RB: retinoblastoma proteins including pRB, p107, and p103
RNA: ribonucleic acid
RNAi: RNA interference
RT-PCR: reverse transcription polymerase chain reaction
SDS: sodium dodecyl sulfate
shRNA: short hairpin RNA
tRNA: transfer RNA
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1. Introduction
Gangliosides, GSLs, are expressed in the outer leaflet of the plasma membrane of animal cells
and involved in a variety of functions, including serving as antigens, receptors for bacterial
toxins, mediators of cell adhesion, and mediators and modulators of signal transduction.
Moreover, the accumulated lines of evidence have shown that gangliosides play pivotal roles
in cancer metastasis. As the first and simplest member in the metabolic series of the ganglioside
family, GM3 is a metabolic precursor of more complex natural gangliosides, which in turn
determines their contents and biological functions in cells and tissues. GM3 has been demon‐
strated to be involved in regulation of various processes including cell proliferation, differen‐
tiation, apoptosis, embryogenesis and oncogenesis, etc. However, it is difficult to understand
the defined functional concepts of GM3 in cancer metastasis because GM3 indirectly exert their
effects via regulating target genes.
Target genes indicated in cellular transformation and tumor progression have been div‐
ided into two categories: proto-oncogenes and tumor suppressor genes. In cancer, it can
thus be speculated that an altered balance of tumor suppressor genes towards proto-on‐
cogenes may contribute to tumor transformation. Alterations in proto-oncogenes and tu‐
mor suppressor genes are largely dependent on point mutation, amplification or
translocation. Consequently, the normal control mechanisms that constrain the expression
of genes are undermined, and thus the oncogene is continually expressed, resulting in
tumor transformation [1]. Similarly, genetic transformation has been linked to melanoma
genesis and progression. These genes encompass many signaling pathways, including the
RTK, PI3-K, Rb, p53, Wnt, and NF-κB pathways [2]. Further evidence implicated the
downstream oncogenes of these pathways in melanoma ranges from Ras, B-Raf, Kit,
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Mitf, Cyclin D1, CDK4 to HDM2 [1], [3]. Although genetic discoveries related to melano‐
ma transformation have been accelerated greatly in recent years, the involvement of
GM3 in melanoma metastasis via these proto-oncogenes or tumor suppressor genes has
not yet been clearly established.
The present chapter was aimed to give insights into the mechanisms that GM3 regulates
melanoma metastasis via its target genes. To keep the discussion focused, we will discuss the
relationship between GM3 contents and their abilities to regulate proto-oncogenes or tumor
suppressor genes, which in turn mediate melanoma metastasis. To screen GM3 target genes,
we obtained cells (CSSH-1) that overexpressed B4galt6 cDNA and cells (CAH-3) that sup‐
pressed its expression, which in turn result in GM3 modulation [4], [5]. In the CSSH-1 cells,
GM3 contents were doubled, but in the CAH-3 cells, GM3 expression was halved compared
with vector transfectant control, SM-1 and CM-1, respectively [4], [5]. To further confirm the
roles of GM3 in melanoma cells, St3gal5 silenced cells were established by transfecting B16
cells with St3gal5 siRNA and it was found that the introduction of St3gal5 siRNA to B16 cells
resulted in GM3 depletion as compared with the scrambled siRNA transfectant control [4], [5].
Moreover, we would elucidate the mechanism that GM3 regulate melanoma metastasis via
the genes, such as Ly-GDI, TNF-α, MMP-9, MMP-2, Caveolin-1 and Plaur, etc. and the
functions of these genes on the phenotypes of melanoma cells, such as invasive proliferation,
adhesion, migration and invasion would be finally addressed based on our and others’
publications (Table 1) [6].

2. Materials and methods
2.1. Cell lines and culture
Murine melanoma B16 cells were kindly provided by Dr. Kiyoshi Furukawa of Nagaoka
University of Technology, Japan. The cells were maintained in medium containing Dul‐
becco’s modified Eagle’s medium (DMEM; Gibco, Invitrogen Corporation, NY, USA) sup‐
plemented with 10% fetal bovine serum (TBD; Tianjin Hao Yang Biological Company,
Tianjin, China), 100 U/ml penicillin, and 100 µg/ml streptomycin and incubated in a hu‐
midified (37°C, 5% CO2 and 95% air) incubator (Sanyo, Toyota, Japan). The cells were
usually grown in a 60-mm culture dish (BD Falcon, CA, USA) and passaged once they
reached 75% confluence. To observe the effects of pharmacological inhibitors on genes
expression, cells were treated with pharmacological inhibitors for 24 h before analyzing
genes expression by RT-PCR.
2.2. Chemicals and antibodies
LY294002 and LY303511 were purchased from Sigma-Aldrich (St. Louis, MD, USA). The
Rneasy mini kit to extract total RNA was obtained from Qiagen (Hilden, Germany). The RTPCR kit was from Takara Biotechnology Corporation (Dalian, China). All other reagents were
from Invitrogen (Carlsbad, CA, USA), unless otherwise specified.
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Regulation

Gene Name

CSSH-1/SM-1

CAH-3/CM-1

B11/B16

Biological Functions

Caveolin-1

1.378

0.321

0.146

(1)7, (4)7, (5)7

Ly-GDI

2.156

0.423

0.387

(5)8

PKN-1

1.658

0.626

0.495

(4)9

E-cadherein

1.875

0.695

0.721

(1)10, (3)11, (5)12, (6)13

Gelsolin

1.841

0.543

0.502

(4)14

MMP-9

1.915

0.174

0.282

(4)15, (5)16

MMP-2

1.532

0.534

0.472

(4)17, (5)18

Apaf1

1.350

0.608

0.509

(2)19

Rho B

2.247

0.427

0.318

(5)20, (6)20, (8)20

Midkine

1.403

0.518

0.417

(1)21

Lymphotoxin α

2.245

0.475

0.497

(6)22

Tnf α

2.188

0.349

0.292

(4)23, (5)23

Plau

1.453

0.397

0.750

(5)24, (6)24

Plaur

2.209

0.543

0.720

(2)25

Integrin β5

0.783

1.465

1.754

(1)26, 27, (2)28, (3)29, (4)30

Vimentin

0.111

1.984

2.089

(7)31

TGF-β1

0.571

2.124

3.309

(1)32, (4)33, (5)33

TGFBR 2

0.716

1.453

1.903

(1)34

N-Cam

0.282

2.901

2.223

(3)35

Src

0.639

1.347

1.925

(1)36, (3)36, (4)37, (5)36

Manner
Positive

Negative

(1) Invasive Proliferation; (2) Apoptosis; (3) Adhesion; (4) Motility; (5) Invasion; (6) Metastasis; (7) Tumor marker; (8)
Transformation
Table 1. GM3 involved in regulating cancer related genes in melanoma.

2.3. RNA extraction and RT-PCR
RNA extraction and analysis of amplified DNA were described in our previous work [4], [5],
[9], [38-40]. The primers used in this study were designed with primer 3 software and synteh‐
sized by Shanghai Genebase Biotechnology Corporation (Shanghai, China). Primer sequences
used for the PCR in this study were as follows: Plau, Sense 5’-GCCCACAGA CCTGATGCTAT
and Antisense 5’-TAGAGCCTTCTGGCCACACT; Plaur, Sense 5’-AGGTGGTGACAA‐
GAGGCTGT and Antisense 5’-AGCTCTGGTCCAAAGAGGTG; gelsolin, Sense 5’-TCCAA‐
CAAGGTGCCAGTGGA and Antisense 5’- CAGCACAAAGGCATCGTTGG; Caveolin-1,
Sense 5’-CTACAAGCCCAACAACAAGGC and Antisense 5’- AGGAAGCTCTTGATG‐
CACGGT; Ly-GDI and Eef sequences are provided in our previous publications [5], [40]. The
mRNA levels of the genes under consideration, using Eef mRNA as an internal control, were
determined by RT-PCR semiquantitatively, as described previously [4, 5, 9, 38-40]. Candidate
mRNA values are expressed as a ratio of candicate mRNA to Eef mRNA and are usually
expressed as unity for control experiments.
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2.4. siRNA and cDNA constructs
Target sequences were designed and synthesized as previously described [4, 5, 9, 38-40].
Effective siRNA sequence targeting Ly-GDI can be found in our previous publications [5, 40].
For ectopic expression of Caveolin-1 or Ly-GDI, total RNA was isolated from mouse FBJ-S1
cells. After the first-strand cDNA was synthesized, a Caveolin-1 or Ly-GDI transcript was
amplified using the following sense and antisense primers: Caveolin-1, Sense 5’-GCTAG‐
CATGTCTGGGGGCAAATACGT
and
Antisense
5’-GGATCCTCA‐
TATCTCTTTCTGCGTGC; Ly-GDI, 5’- GCTAGCATGACGGAGAAGGATGCACAGCCA
and Antisense 5’- GGATCCTCATTCTGTCCAATCCTTCT. The coding sequence of Caveo‐
lin-1 or Ly-GDI was inserted between NheI and BamHI digestion sites for sense expression in
a pITES-puro3 expression vector with puromycin resistance (Clonetech, USA). The plasmids
were prepared and confirmed by sequencing analysis.
2.5. Transfection
In RNA interference experiments, B16 cells were transfected as previously described [4, 5, 9,
38-40]. In brief, B16 cells were transfected with Ly-GDI siRNA for 3 days and the stably
transfected cells were further selected by G418 treatment. In control experiments, cells were
transfected with scramble siRNA and also selected with G418. For ectopic expression experi‐
ments, B16 cells were transfected with Caveolin-1 or Ly-GDI cDNA contructs before analysing
the mRNA expression of corresponding genes after 3 days. Control cells were transfected with
empty vector.

3. Involvement of GM3 targeted genes in mediating melanoma metastasis
Accumulating evidence using thin-layer chromatography techniques has shown that the
gangliosides GM3 and GD3 are predominantly expressed in melanoma cells and are
present in relatively higher concentrations than the more complicated gangliosides GT1,
GD1 and GM1 in adult brain tissue [41]. In line with this report, GM3 has been detected
in both human and murine melanoma cells by MAb M2590 [42], [43]. Although GM3 has
been identified several decades ago, the progress on the mechanism of GM3 in media‐
ting melanoma metastasis is slow. Prior works have shown that GM3 facilitates melano‐
ma B16 cells to metastasize in C57BL/6 mice [44], [45], but the mechanism remains
unknown. In view of the complicated steps of melanoma metastasis and multiple biologi‐
cal functions of GM3, it is necessary to address the targets molecules through which
GM3 exerts its functions on melanoma metastasis.
3.1. Ly-GDI
Ly-GDI, a Rho GTPase dissociation inhibitor beta, is also known as RhoGDI2, Arhgdib or D4GDI. It belongs to a family of RhoGDIs including RhoGDI1 and RhoGDI3. The family is named
for its ability to inhibit the dissociation of bound GDP from its partner Rho GTPase, which reg‐
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ulates interactions with regulatory guanine nucleotide exchange factors, GAP, and the effector
targets [46]. Among GDIs, Ly-GDI differs substantially at the structural level from the other two
GDIs and is regarded as an invasive and metastatic suppressor gene in human bladder cancer
cells [47], [48]. In line with these findings, Ota et al. [49] also reported that truncated Ly-GDI pro‐
motes metastasis of mouse colon cancer. Along with these prior works, our recent data demon‐
strate that Ly-GDI expression was positively regulated by GM3, which in turn suppresses
anchorage-independent growth in mouse melanoma B16 cells [5]. As anchorage-independent
growth has been previously regarded as one of the most important oncogenic properties of tu‐
mor cells, it is important to describe the signal transduction pathway between GM3 and LyGDI, leading to suppress melanoma invasive proliferation in soft agar medium.
As a first step, we evaluated the effect of endogenous GM3 on Ly-GDI mRNA expression. Our
data reveal that Ly-GDI mRNA expression is always proportional to endogenous GM3
contents (Table. 1), which suggests possible roles of GM3 in Ly-GDI regulation. To further
confirm the notion that GM3 is responsible for Ly-GDI regulation, GM3 was exogenously
added in the culture medium of GM3-depleted cells, such as B11 clone and CAH-3 cells, as
well as B16 parental cells. Our data reveal that exogenous GM3 significantly bound to
biological membranes, which resulted in upregulation of Ly-GDI expression in three cell lines
[5]. Reciprocally, GM3 depletion was carried out by incubating cells with D-PDMP, which in
turn suppresses Ly-GDI expression. Collectively, our data demonstrated that GM3 contents
play pivotal role in regulating Ly-GDI expression [5].
To keep the discussion focused, we next aimed to characterize the signaling pathway of GM3
in regulating Ly-GDI expression. In light of the possible role of PI3-K pathway in GM3
signaling cascade [4], [40], we examined the effects of PI3-K inhibitor, LY294002, on Ly-GDI
mRNA expression in the absence or presence of GM3. Treatment of B16 and CSSH-1 cells with
LY294002 not only suppressed Ly-GDI mRNA expression, but also reversed the effects of GM3
on increasing Ly-GDI mRNA expression. Similarly, this pharmacological intervention was also
effective in suppressing Akt phosphorylation at Ser 473 and Thr 308 without altering total Akt
levels. To further exclude the possible non-specific effects of PI3-K inhibitors, we transfected
B16 cells with Akt1 or Akt2 siRNA. Our results revealed that Akt1 or Akt2 knock down
decreases Ly-GDI expression at mRNA level and the effects of suppression are more profound
in Akt1/2 doubly silenced cells. It is noteworthy that GM3 are not able to upregulate Ly-GDI
expression in Akt1/2 double knock down cells. Collectively, our results demonstrate that GM3
regulate Ly-GDI expression via PI3-K/Akt pathway [5].
Although we had found that PI3-K/Akt pathway plays pivotal role in regulating Ly-GDI
expression, the question is easily raised whether GM3 directly activates PI3-K pathway or not.
In view of the important role of Pdpk1 and mTOR complexes in PI3-K signaling cascade [50],
we determined their expression in B11 cells. Our data revealed that GM3 knock down
concurrently reduces Pdpk1 and Raptor expression, whereas induces Rictor expression.
Taking the advantage of siRNA technique, we further found that Pdpk1 and Raptor, but not
Rictor knock down abolished GM3 effects on Ly-GDI induction via blocking Akt phosphory‐
lation at Thr 308 [5]. From these observations, we demonstrate that GM3 induces Ly-GDI
expression via PI3-K, Pdpk1, AktThr308 and mTOR/Raptor pathway in melanoma B16 cells (Fig.
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1). More importantly, the experiments were also carried out to determine if Ly-GDI is the key
molecule in mediating melanoma B16 cells anchorage-independent growth. Our data dem‐
onstrate that Ly-GDI knock down significantly increased the proliferating ability of B16 cells
in soft agar or serum free medium [5]. It is noteworthy that expression of GM3 is gradually
increased during the progression of melanoma malignancy. For instance, GM3 was not
detected in normal or naevi skin, but 60% of primary and 75% of metastatic melanoma
expressed GM3 [51]. Our data along with previously published results [51] suggest that
relatively lower levels of GM3 and Ly-GDI at the early stage of melanoma facilitate melanoma
cells to undergo invasive proliferation in vigorous environment. These observations also
provide insights into the molecular basis of GM3 on augmenting melanoma invasive prolif‐
eration at the early stage of pathology.

Figure 1. Proposed cascade of GM3 signaling events in murine melanoma B16 cells metastasis. In melanoma B16 cells,
GM3 is gradually increased during the progression of melanoma malignancy and facilitates melanoma cells to meta‐
stasize. We here found that GM3 signals are transduced via PI3-K, Pdpk1, Akt and the mTOR/Raptor pathway, leading
to the expression of Ly-GDI and RhoB, which in turn suppresses mouse melanoma cell proliferation in soft agar or se‐
rum deprived medium. In addition, GM3 is able to suppress melanoma cell proliferation, adhesion, migration and in‐
vasion by inhibiting Src mRNA expression. It is noted that the above mechanisms will result in cell invasive
proliferation, migration and invasion because of relatively lower level of GM3 at early stage of melanoma progression.
In contrast, higher level of GM3 at late stage of melanoma metastasis will trigger cell migration and invasion via
MMP-2, MMP-9 and Caveolin-1 etc, although the signaling transduction pathway is the same as the above discussion.
These in vitro observations not only decipher the codes of GM3 in regulating melanoma metastasis in vivo, but also
help find new therapeutic strategies to treat melanoma disorders.
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3.2. TNF-α
TNF-α is a multifunctional cytokine, which is synthesized as a 26kDa (233 amino acids)
membrane-bound propeptide (pro-TNF-α) and is secreted upon cleavage by TNF-α convert‐
ing enzyme [52]. Studies on the effects of TNF-α using experimental models of invasion and
metastasis have shown that it can often act as a tumor promoting factor [53]. More specifically
for melanoma, TNF-α has been reported to upregulate the expression of integrin subunits,
which in turn enhance the interaction of human melanoma cells with ECM substrates [54], [55].
The more recent study from this laboratory showed that TNF-α induces integrin expression,
cell attachment and invasion via fibronectin in human melanoma cells [55]. In light of these
prior works, our recent data demonstrate that TNF-α located downstream of Ly-GDI to
mediate melanoma metastasis (Fig. 4) [4], [39], [40]. To verify that TNF-α follows the same
GM3 signaling cascade as Ly-GDI, we carried out the same experiments as above Ly-GDI. In
line with GM3 regulating Ly-GDI signaling pathway [5], our results revealed that GM3
regulates TNF-α mRNA and protein expression via PI3-K, Akt and mTOR pathway [4], [40],
suggesting that TNF-α is indeed the downstream target of Ly-GDI through which mediate
biological functions of GM3 and Ly-GDI in melanoma metastasis. Once TNF-α was found to
be a link in the chain of GM3 signaling, we focused on its biological effects on melanoma
metastasis. The results demonstrate that TNF-α is able to enhance melanoma migration via
inducing MMP-9 expression and activity [39], which will be further discussed in “MMP-9 and
MMP-2” part (Fig. 1). On the other hand, Venessa et al. [56] proposed that TNF-α protect
melanoma cells from apoptosis by BRAF inhibition. In contrast, Andrea et al. [57] reported that
TNF-α exhibited antiproliferative effects on four melanoma cell lines. In line with this report
[57], accumulating evidence demonstrates that TNF-α suppresses melanoma metastasis in
patients or murine models [58]. Although TNF-α shows its effects on suppressing melanoma
metastasis, we still could not negate its ability to induce melanoma migration and invasion.
Since the debating is still going on and the multiple biological functions of TNF-α, we are not
able to arbitrarily judge that TNF-α induces or reduces melanoma metastasis until now. It
would be finally decided by the mechanism that TNF-α predominantly exerts.
3.3. MMP-9 and MMP-2
As above discussion, TNF-α is able to enhance melanoma migration via inducing MMP-9
expression and activity [39], we next aimed to elucidate its mechanism. In order to determine
the role of MMP-9 in cell migration, we examined the effects of an MMP-9 agonist and
antagonist on cell migration, as stimulation of MMP-9 expression by TNF-α has been reported
in several studies [59], [60]. We therefore used TNF-α as a positive control against the MMP-9
inhibitor GM6001. RT-PCR results demonstrate that TNF-α markedly induces MMP-9
expression and activity, which is reversed by GM6001 treatment [39]. Furthermore, cell
migration tested by transwell experiments showed that the numbers of cells migrating were
consistent with MMP-9 expression [39]. This finding is in accordance with previously pub‐
lished data showing that TNF-α increases human melanoma cell invasion and migration in
vitro, whereas they could not further extend their investigation to MMP-9 [23]. Bianchini et
al. [59] proceed to find that invasive phenotype of murine melanoma cells stimulated with

345

346

Recent Advances in the Biology, Therapy and Management of Melanoma

TNF-α was characterized by an enhanced MMP-9 expression. More importantly, we extended
their investigations to GM3 and further reveal that GM3 also regulate MMP-9 expression and
activity via PI3-K, Akt, Ly-GDI and TNF-α pathway [39]. Therefore, our findings [39] along
with the prior works [23], [59] demonstrate that TNF-α induces melanoma migration and
invasion via augmenting MMP-9 expression.
In addition to MMP-9, it is noteworthy that MMP-2 is also induced by endogenous GM3 (Table.
1). Although we are still not figure out the mechanism that GM3 positively regulates MMP-2
expression in melanoma B16 cells, MMP-2 has been implicated to be associated with progres‐
sion of the melanoma [61]. In more detail, although all skin and nodal metastasis were negative
for MMP-2, higher MMP-2 concentrations were observed in patients with metastatic disease
(stage IV) than in those with primary melanoma (stage I) or in controls [61]. In addition, Liu
et al. [62] recently published research showing that d-GM3, a derivative of ganglioside GM3,
stimulates melanoma cell migration and invasion by increasing the expression and activation
of MMP-2. To keep the discussion focused, it should be also noted that expression of GM3 is
gradually increased during the progression of melanoma malignancy [51]. Once GM3 was
markedly induced at the late stage of melanoma, MMP-9 and MMP-2 would be activated by
GM3, which in turn mediating migration and invasion in melanoma progression. Therefore,
multiple biological functions and stage dependent expression manner of GM3 make it possible
to induce invasive proliferation of melanoma at early stage and stimulate melanoma cell
migration and invasion at late stage of melanoma progression (Fig.1).
3.4. Plau and Plaur
During the course of MMP-9 and MMP-2 investigations, experimental evidence had led to the
recognition of Plau and Plaur [59], [62]. Indeed, Plau and Plaur are highly expressed in
advanced stages of primary and metastatic melanoma progression [63]. In addition, Bianchini
et al. [59] proposed that costimulation with TNF-α and IFNγ enhancing murine melanoma B16
cells metastasis via inducing Plaur mRNA and protein expression. Moreover, Liu et al. [62]
extended the above findings to exogenous d-GM3 treatment, the results suggested that d-GM3
promotes melanoma cell migration and invasion through Plaur signaling dependent pathway,
which in turn mediating melanoma cell migration and invasion via MMP-2. Along with these
prior works [59], [62], our data revealed that endogenous GM3 is able to positively regulate
Plau and Plaur mRNA expression in mouse melanoma B16 cells (Table. 1). Although the
mechanism that GM3 regulates Plau and Plaur mRNA expression is still going on in our lab,
we already found that PI3-K/Akt pathway plays key roles in regulating Plau and Plaur mRNA
expression in B16 cells (Fig. 2). To elucidate the biological functions of Plau and Plaur, Bianchini
et al. [59] already found that Plaur monoclonal antibody treatment caused a significant
reduction of invasiveness in TNF-α/IFNγ stimulated melanoma cells. In addition, targeting
Plaur has practical implications in treating cancer. For example, 1) downregulating Plaur
expression leads to dormancy of cancer cells [64]; 2) administrating Plaur antagonists markedly
inhibits metastatic ability, including that of melanomas [65]; 3)deficiency of plasminogen/Plau
in mice slows tumor growth and progression [65]; and 4) inhibiting Plau and/or its binding
with Plaur prevents metastasis in animal models [66]. Collectively, the additional role of Plau/
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Plaur signaling in mediating GM3 function [67] makes Plau/Plaur system as an attractive target
for cancer therapy.

Figure 2. Involvement of PI3-K signaling pathway in Plau and Plaur synthesis in mouse melanoma B16 cells. B16 (A-D)
or CSSH-1 (B-D) cells were incubated with either LY294002, LY303511 or Wortmannin for the indicated concentra‐
tions. Plau (A) and Plaur (B-D) mRNA expressions were determined by RT-PCR after 24h incubation. Eef served as inter‐
nal control. The intensity of bands was analyzed relative to Eef for each treatment using the Bio-Profile Bio ID gel
image system at 312nm.

3.5. Gelsolin
Gelsolin is a representative actin-regulatory protein with an 82kDa mass and is present in most
vertebrate tissues. Gelsolin controls the length of actin polymers in vitro by a variety of
mechanisms [68], [69]. Since actin filament reorganization is important for cell shape and
motility, gelsolin has crucial roles in the control of these cellular functions [70], [71]. Accumu‐
lating evidence has shown that gelsolin expression is frequently downregulated in several
types of human cancers, such as gastric, bladder, colon and lung [72]- [75]. In addition, ectopic
expression of wild-type gelsolin resulted in suppression of tumorigenicity of both bladder and
colon carcinoma cell lines [73], [76]. However, a new 85kDa truncated gelsolin (GSNp85), coexpressed with wild-type gelsolin, was frequently expressed in vertical growth phase mela‐
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nomas (Clark level II-IV) and metastatic growth phase melanomas [77]. Moreover, Litwin et
al. [78] recently found that downregulation of gelsolin expression in melanoma A375 cells
significantly reduce their migratory potential. These disparate observations might be attrib‐
uted to different species of cancer cells. Consistent with the prior works [77], [78], we newly
found that endogenous GM3 has ability to regulate gelsolin mRNA expression (Table. 1). In
addition, PI3-K/Akt signaling pathway was found to exert critical role in mediating gelsolin
mRNA induction (Fig. 3A). Moreover, gelsolin is found to be downstream targets of Ly-GDI
in melanoma B16 cells by the experiments of Ly-GDI knock down (Fig. 3B). This observation
not only demonstrates the critical role of Ly-GDI, but also provides new insights in melanoma
metastasis (Fig. 1). More importantly, it is also indicating that alterations in the expression level
of gelsolin and its subcellular distribution may be directly responsible for determining
migration capacity of melanoma.

Figure 3. Involvement of PI3-K signaling pathway in gelsolin synthesis in mouse melanoma B16 cells. B16 (A, left pan‐
el) or CSSH-1 (A, right panel) cells were incubated with either LY294002 (25 μM) or Wortmannin (1 μM) for 24 h. In
selected experiments, B16 cells were transfected with Ly-GDI siRNA and further established Ly-GDI knocking down cell
lines by G418 selection (B). Gelsolin mRNA expression was determined by RT-PCR after 24h incubation. Eef served as
internal control. The intensity of bands was analyzed relative to Eef for each treatment using the Bio-Profile Bio ID gel
image system at 312nm.

3.6. Caveolin-1
Caveolin-1 is a 22-24 KDa protein originally identified as a structural component of caveolae,
specialized invagination of the plasma membrane. These caveolae represent compartments in
which key signaling transduction molecules are concentrated to provide an efficient system
for cellular cross talk. However, relatively little information is available concerning the role of
Caveolin-1 in melanomas. Early studies demonstrate that increased Caveolin-1 expression was
associated with enhanced malignancy in a non-cutaneous, retinal melanoma [79]. An even
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more recent study identified exosomes in the plasma of melanoma patients with high levels
of Caveolin-1.In this particular case, exosomes are associated with malignant tumor progres‐
sion as a small vesicle secreted by both normal and tumoral cells [80]. These prior works
demonstrate that Caveolin-1 are relevant to function in melanoma metastasis.
Additional studies support the notion that presence of Caveolin-1 helps melanoma metastasis.
Felicetti et al. proposed that Caveolin-1 expression is associated with increased metastatic po‐
tential in different human melanoma cell lines. Specifically, Caveolin-1 expression increased
cell proliferation, anchorage-independent growth, migration and invasion in WM983A mela‐
noma cell line. Alternatively, Caveolin-1 down-regulation in metastatic Caveolin-1 overex‐
pressing melanomas reduces their proliferation, as well as their tumorigenicity [7]. Consistent
with prior works [7], we further found that Caveolin-1 was regulated by endogenous GM3 (Ta‐
ble. 1). More importantly, our recent data revealed that Caveolin-1 is able to regulate TNF-α
(Fig. 4), which in turn mediates melanoma migration or invasion through MMP-9 as discussed
above [39]. Our data along with previous reports [7] further implicated the important role of
GM3-enriched membrane subdomain, especially Caveolae, in melanoma metastasis.

Figure 4. Ly-GDI overexpression induces TNF-α mRNA expression in mouse melanoma B16 cells. B16 or Ly-GDI knock‐
ing down cells were transfected with Ly-GDI or Caveolin-1 cDNA construct. Ly-GDI, TNF-α and Caveolin-1 mRNA ex‐
pressions were determined by RT-PCR after 3 days transfection. Eef served as internal control. The intensity of bands
was analyzed relative to Eef for each treatment using the Bio-Profile Bio ID gel image system at 312nm.

3.7. Src
Over the past few decades, studies of Src and the SFKs have given new insights into the role
of these proteins in regulating cell adhesion, invasiveness and motility in cancer cells and in
tumor vasculature, rather than directly influencing cell proliferation [81]. Src expression and
activity are increased in melanoma cell lines and in melanoma tumors in vivo [82]. Src activity
was detected in the following cell lines: LOX, IMVI, MALME-3M, SK-MEL-2, SK-MEL-5, SKMEL-28, M19-MEL, UACC-62 and UACC-257. The highest activity was that in the M14
melanoma cell lines.
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Src can activate STAT3, STAT5 and other downstream targets in melanoma [83]. The expres‐
sion of STAT3 is highly expressed in both primary and metastatic melanoma in humans,
although the expression level is variable [81]. In addition, STAT3 is activated in human
melanoma, but not in melanocytic or in benign melanocytic neoplasms [84]. Moreover,
blocking STAT3 signaling in mouse B16 melanoma cells resulted in the release of soluble
factors capable of inducing apoptosis and cell-cycle arrest [85]. In vivo, inerfering with STAT3
signaling suppressed growth of syngeneic murine melanoma B16 tumor [86]. In addition to
STAT3, it was recently found that STAT5 signaling in melanoma cell lines is mediated by the
EGFR tyrosine kinase and by intracellular non-receptor tyrosine kinase, such as Src and JAK1.
The expression of STAT5 is increased in melanoma metastasis compared with normal human
melanocytes and STAT5 is activated in 62% of human melanoma metastasis. Alternatively,
inhibiting STAT5 expression significantly reduced the expression of Bcl-2 and decreased cell
viability and increased apoptosis in the melanoma cell lines. In view of the critical role of Src
in melanoma invasive proliferation, we further found that Src was negatively regulated by
endogenous GM3 (Table.1). This result along with previous reports [51], [83]- [86] indicated
that GM3 regulates melanoma invasive proliferation via Src at the early stage of melanoma or
at the stage of transformation, but not in advanced stage of melanoma (Fig. 1). Although we
haven’t found detailed mechanism that GM3 regulates Src mRNA expression, which in turn
resulting in melanoma metastasis, it is still noteworthy to emphasize that Src mediated
melanoma invasive proliferation might be the pivotal mechanism, which mediates melanoma
transformation or onset of disease at the early stage when GM3 expression is still relative low.
Therefore, it is also important to elucidate the biological function of Src when the expression
is still low at the early stage of melanoma progression. These future discoveries will make us
understand which mechanism predominantly contributed to the metastasis progression of
melanoma at different stages or at different steps of cancer metastasis.
3.8. Rho B
Recent studies confirmed the role of the Rho proteins in cancer by showing their in‐
volvement in cell transforamtion, invasion, metastasis and angiogenesis. The major mem‐
bers of the Rho subfamily comprise the Rho A, Rho B and Rho C proteins. Rho B is
quite different from Rho A and Rho C in many aspects, although it shares 87% homolo‐
gy [20]. For example, Rho B has a tumor suppressive role, including inhibiting cell pro‐
liferation and inducing apoptosis in several human cancer cells, and inhibiting tumor
growth in murine model, in contrast, activation of Rho A promotes cell malignant trans‐
formation, proliferation, invasion and metastasis, like other small GTPases such as Ras,
Rac1 and Cdc42 [87] Moreover, Rho B, unlike the constitutively expressed Rho A, is in‐
ducible by genotoxic stress, such as U.V. light, growth factors (TGF-β1) and chemothera‐
peutic drugs (cisplatin and 5-FU). In our experimental system, we found that mRNA
expression of Rho B is suppressed by Ly-GDI knocking down [5]. This observation parti‐
ally implied that Rho B located downstream of Ly-GDI to mediate its inhibitory effects
on melanoma invasive proliferation and would also exerts its effects at early stage of
melanoma progression (Fig. 1).
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3.9. Other genes
During the course of our investigation in melanoma metastasis, we also found the in‐
volvement of some pro-oncogenes or tumor suppressor genes, such as TGF-β1, N-Cam,
integrin β5, PKN1 or E-cadherin et al., (Table. 1) in GM3 biological functions to mediate
melanoma cells invasive proliferation, adhesion, migration and invasion, which finally
contribute to melanoma transformation and progression. Although these steps of melano‐
ma metastasis are not separate, our in vitro experiments have partially revealed the
mechanism of melanoma metastasis at different stages. More importantly, deciphering
the mechanism of GM3 in mediating melanoma metastasis will help find new therapeu‐
tic strategies to treat melanoma disorders.

4. Conclusion
Metastasis, the spread of malignant tumor cells from a primary site to distant sites, is the
most life-threatening complication of cancer and a major problem of cancer treatment
[88], [89]. The metastatic process consists of multiple steps: 1) invasive proliferation as
benign tumor at the primary site 2) dissociation of tumor cell(s) from the primary site
with a concomitant loss of cell-cell and cell-ECM adhesions; 3) tumor-cell adhesion to
and subsequent local digestion of basement membrane; 4) retraction of endothelial cells
and subsequent intravasation; 5) survival within the vasculature; 6) extravasation from
vasculature at a distinct site and 7) growth in a “foreign” or ectopic organ environment
[90], [91]. In view of these prior theories, our data summarized here reinforce the notion
that GM3 potentially plays a dual role in melanoma development, as has been described
in our previously published works4-6, [39], [92]. At early stage of melanoma metastasis,
lower level of GM3 induces melanoma invasive proliferation via Src, Rho B and Ly-GDI
et al. Alternatively, higher levels of GM3 at the late stage of melanoma metastasis trig‐
gers cell migration and invasion via MMP-2, MMP-9 and Caveolin-1 etc. These in vitro
observations not only decipher the codes of GM3 in regulating melanoma metastasis in
vivo, but also help find new therapeutic strategies to treat melanoma disorders.

Nomenclature
GSLs, sialylated glycosphingolipids; RTK, receptor tyrosine kinase; PI3-K, phosphatidylino‐
sitol-3-kinase; Rb, retinoblastoma; PKN1, protein kinase 1; MMP-9, matrix matelloprotei‐
nase-9; MMP-2, matrix metalloproteinase-2; Apaf1, apoptotic protease activating factor 1;
TNF-α, tumor necrosis factor-α; Plau, urokinase-type plasminogen activator; Plaur, urokinasetype plasminogen activator receptor; TGF-β1, transforming growth factor-β1; TGFBR2,
transforming growth factor, beta receptor 2; RhoGDI, RhoGDP dissociation inhibitors; GAP,
GTPase-activating proteins; Pdpk1, 3-phosphoinositide dependent protein kinase-1; mTOR,
mammalian target of rapamycin; Raptor, regulatory associated protein of mTOR; ECM,
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extracellular matrix; d-GM3, De-N-acetyl GM3; IFNγ, interferon γ; SFKs, Src-family kinases;
STAT3, signal transducer and activator of transcription 3; STAT5, signal transducer and
activator of transcription 5; JAK1, Janus kinase 1.
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1. Introduction
There are several main reasons to begin a follow-up schedule after surgical treatment of the
primary cutaneous lesion in patients affected by melanoma.
The main goal is the early detection of disease recurrence, even if the impact of a prompt
treatment on prognosis is still debated (Barth et al 1995, Atkins et al 2008, Garbe et al 2008).
Several authors believe that early detection of asymptomatic metastases does not affect overall
survival (Barth et al 1995, Atkins et al 2008). Others (Garbe et al 2008) showed a clear survival
benefit for an early with respect to late metastases detection, with a 3-year survival rate of 76%,
compared to the 38% of patients with late diagnosis. The early relapse recognition might lead
to a more complete and less invasive surgical treatment, with potential benefits for the patient.
A loco-regional or distant spreading is a not uncommon event that arises in a percentage of
patients varying from 15 to 35%. Indeed, in melanoma patients the risk of spreading is strictly
related to the disease stage at diagnosis, and an effective follow-up program should taken in
account both the AJCC classification (Balch et al 2009; Piris, Mihm & Duncan 2011) (Table 1)
and the different patterns of metastatic dissemination related to site of primary, gender and
age of patients (Quaglino et al 2007). On the basis of recently updated AJCC classification
(Balch et al 2009), for patients affected by localized stage I or II melanomas, tumour thickness,
mitotic rate and ulceration are considered the most relevant prognostic parameters; ulceration
and thickness of primary tumour maintain a role as predictive independent factors on survival
also in stage III patients, together to the number of involved lymph nodes, whereas for patients
with distant metastases, elevated values of serum lactate dehydrogenase (LDH) define a
category with poor prognosis. According to the primary location, no difference in the relapse
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rate was found for melanomas located on the head-neck, back, anterior trunk, upper limb and
thigh-leg; conversely, a primary melanoma located to the foot was associated to a statistically
significant higher relapse rate with respect to all the other sites (Quaglino et al 2007). As regard
the first site of metastatic spreading, patients with a lower limb primary melanoma showed
more frequently loco-regional metastases, whereas distant spreading was mainly observed in
patients with melanoma located in the trunk (Savoia et al 2009). More in details, lower limb
location showed a low incidence of visceral metastases as first site of relapse, irrespectively of
the AJCC stage, compared to all other body sites (Quaglino et al 2007).
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Table 1. Clinical and pathological staging, AJCC 2009.

The majority of guidelines encourage frequent clinical and radiological examination during
the first 5 years from the diagnosis, due to the fact that almost 90% of all metastases occur
during this period (Dummer et al 2011). However, it has been demonstrated that the time
course of first relapse depend to the AJCC stage: the progressive decrease of relapse trend and
the subsequent plateau is reached earlier in stage IA (after the second year) and later in stage
IIB/IIC (from 5th to 8th year); moreover, distant relapses as first site of recurrences showed a
low (<1.5%), but constant annual incidence, even beyond 10 years from diagnosis (Quaglino
et al 2007); these data support the opinion of several authors who believe that a lifelong
surveillance should be recommended (Garbe et al 2008, Dummer et al 2011).
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The second reason to include melanoma patients in a follow-up program is the early identifi‐
cation of possible further primary melanomas or other skin tumours. Development of more
than one primary melanoma in a sole patient is in fact a relatively common and well-recognized
phenomenon; its frequency varies from 1.2 to 8.2% in the most recent published series (Savoia
et al 2012) and it is probably due to a specific genetic background. In the majority of cases
recently described (Bower et al 2010; Doubrowsky & Menzies 2003), there is a significant
reduction in mean Breslow’s thickness from the first to the second and successive primary
melanomas, with a consequent favourable impact on prognosis. This is mainly resulting from
well-timed diagnosis during follow-up programs.
Some melanoma patients also have an increased risk to develop non-melanoma skin tumours.
In particular, 35% of patients affected by lentigo maligna melanomas develops others cutane‐
ous malignancies within 5 years from the first diagnosis (Farshad et al 2002); this is probably
related to the fact that this melanoma type prefers elderly patients with a chronic actinic skin
damage. Also the relatively good prognosis of these patients may play a role.
Finally, a follow-up schedule should also perform an educational role, with the purpose of
having a favourable impact on the population health and quality of life (Dummer et al 2010).
Melanoma patients should be instructed not only in regular self-examination of the skin but
also to avoid sunburns and prolonged unprotected solar or artificial ultraviolet exposure.
Patients must also be aware that family members have an increased melanoma risk, consequent
to both skin phototype and genetic background.
To date, even if these basic principles are approved, there is not a complete international
agreement about the better follow-up schedule, with several differences in timing and duration
between different Countries.
1.1. Imaging studies
Imaging studies can play a central role in the early detection of melanoma progression,
allowing to a better treatment for patients. However, it is not generally accepted that the an
early recognition of asymptomatic metastatic disease can affect the overall survival (Atkins et
al 2008, Bichakjian et al 2011) and many imaging studies are considered uneconomical and not
entirely risk-less for the patient. Thus, many international guidelines accept an imaging
surveillance only in patients considered at higher risk of recurrence, as well stage IIIB and
above, not approving the execution of instrumental tests in asymptomatic low risk patients
(Marsden et al 2010, Bichakjian et al 2011). However, while ultrasonography is not harmful,
relatively cheap and easy to perform, and can routinely be used not only in advanced, but also
in stage I-II patients. In particular, even if sonography is operator-dependent, it remains more
sensitive than clinical examination alone in the early identification of nodal metastases;
sensitivity of ultrasound can be further improved by fine needle aspiration cytology, reaching
the 80% in some selected series (Voit et al 2006, Negrier et al 2005). Higher sensitivity can be
achieved only by sentinel node mapping. On the contrary, ultrasonography is relatively
ineffective in detecting distant metastases: the calculated sensitivity for abdominal ultraso‐
nography was only 53%, in comparison with 85% for CT scan (Forschner et al 2010). Similarly,
traditional chest X-ray is less sensitive than CT-scan in the detection of lung metastases
(Negrier et al 2005).
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As a consequence of the high metabolic rate of melanoma cells, PET-CT can be useful to detect
metastases in stage IIC or stage III patients, as well as in disease monitoring in stage IV patients
(Bastiaannet et al 2009). This technique has a high sensitivity and allows an accurate study of
the whole body, except the brain. The value of PET-CT in the follow-up of melanoma patients
is supported by the recommendations from the update Swiss guidelines (Dummer et al 2011),
that encourage the use of PET-CTC every 6-12 months for the first 5 years from diagnosis in
stage IIC or stage III patients and by the fact that Swiss health insurances cover this imaging
technique. However, PET-CT is not effective in the detection of positive sentinel lymph nodes
in patients with primary melanomas (Negrier et al 2005, Clark et al 2006, Maubec et al 2007,
Marsden et al 2011).
1.2. Screening blood tests
Routinely laboratory investigations have a relatively limited role in melanoma follow-up
programs and are usually not recommended in asymptomatic patients affected by localized
cutaneous melanoma of any thickness (Marsed et al 2010, Negrier et al 2005, Bichakjian et al
2011). However, recent advances in molecular biology techniques have permitted, in last years,
the identification of several molecules with a potential prognostic and diagnostic role.
Melanoma patients with advanced disease share elevated lactate dehydrogenase (LDH) serum
levels. Nevertheless, this marker act as an unfavourable prognostic factor only in stage IV
disease and high LDH levels are also demonstrated in unspecific tissue necrosis conditions,
such as haemolysis or myocardial infarction. So, the role of LDH in detection and monitoring
of metastatic disease is still controversial (Wang et al 2004). As we mentioned in the previous
paragraphs, in the updated AJCC classification (Balch et al 2009), for patients with distant
metastases the presence of elevated lactate dehydrogenase serum levels define the M category,
characterized by a poor prognosis.
Tyrosinase is the key enzyme responsible for the first two steps of melanin biosynthesis and
is considered one of the most specific markers in melanocytic differentiation, as its expression
is limited only to cells of neural crest derivation, such as melanocytes, melanoma cells and
Schwann cells. Tyrosinase detection by reverse transcription-polymerase chain reaction (RTPCR) analysis was initially applied to the detection of melanoma cells in SLN (Li et al 2000).
More recently, the detection of tyrosinase transcripts using the nested RT-PCR has been
proposed to identify the presence of melanoma cells in the peripheral blood in patients who
have undergone radical surgery (Osella et al 2000), as well as a potential additional tool for
the identification of melanoma cells in bone marrow and biological fluids other than blood
(Gossein et al 1996, Hoon et al 1997, Osella et al 2003). However, the real diagnostic and
prognostic relevance of this test is still controversial and its role in clinical practice is not yet
fully defined.
The S-100 calcium binding protein represent an high-sensitive marker for melanocytic lesions,
even if is no specific, since it stain either melanocytes or Langerhans and Schwann cells. In
several studies it has been demonstrated to correlate with the tumour invasiveness in mela‐
noma patients. Even if literature data about the melanoma–associated antigen S-100 are still
controversial, the majority of published studies report that the percentage of patients with high
S-100 levels increase progressively from stage I-II (0-12%) up to stage IV (Schultz et al 1998,
Kaskel et al 1999, Jury et al 2000). The sensitivity and specificity of this marker in the identifi‐
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cation of patients with a metastatic spread seems to be higher when compared with tyrosinase;
the 64% of patients with serum S-100 levels exceeding 0.2mg/L showed distant metastases,
confirmed by FDG-PET/CT scan (Forschner et al 2010). S-100 could play a role also in diagnosis
of lymph node involvement: nodal metastases were identified in 19% of patients with high
serum S-100 levels (Forschner et al 2010). Actually, S-100 is considered a good marker for
melanoma relapse, especially for disease free stage III patients (Beyler et al 2006; Kruijff et al
2010), whereas in advanced stage patients, S-100 levels are related with treatment response
and disease relapse (Garbe & Leiter 2003). The updated Swiss guidelines for the treatment and
follow-up of cutaneous melanoma (Dummer et al 2011) suggest to monitorate S-100 levels
every 6-12 months for the first 5 years from melanoma diagnosis in all stage II and III patients;
for stage IV patients, timing of sampling for S-100 detection should be individualized for single
patients.
Elevated serum levels of cytokines (IL-6, -8 and -10), soluble IL-2 receptor and soluble adhesion
molecule (sICAM and sVCAM) (Eton et al 1998) has also been proposed as progression markers
in melanoma patients; however, the relatively low sensibility and specificity of these mole‐
cules, together with their low cost-effectiveness ratio make them little used in clinical practice.
To date, others melanoma-associated antigens, such as melanoma inhibitory activity (MIA)
and neuron-specific enolase (NSE) or molecular markers, including MART-1/Melan-A, gp100,
TRP-1 and -2 showed a lower sensitivity and specificity and literature data regarding their
potential role in the early detection of metastatic disease are still controversial. A multimarkers
analysis appears to be associated with a sensitivity increase in the detection of circulating
melanoma cells, but the impact of these data on patient’s survival has not yet been conclusively
defined.

2. Follow-up schedules according melanoma stage
2.1. In situ melanoma
Patients with a surgically treated in situ melanoma have no risk of metastases; so, the followup program should not include radiological examinations. It is also debated if clinical followup visits are needed. The 2010 UK guidelines of the British Association of Dermatologists
recommend only a return visit after the complete excision to explain diagnosis and the
education of patients to the self-examination for a new primary melanoma (Marseden et al
2010). Others authors recommend a closer follow up with a clinical check of the whole skin
every 6-12 months (Dummer et al 2011). Even if the majority of multiple primary melanomas
were identified within 1 year from the first diagnosis, a relevant percentage developed after 5
or also 10 year from the primary excision (Savoia et al 2012; van der Leest et al 2012), especially
in younger patients. Consequently, in our opinion in consideration of the favourable prognosis
of patients with a previous in situ melanoma, follow-up visits should be continuated, with the
purpose of early diagnosis of possible further primary melanomas. Patients should also be
instructed in avoidance of sunburn and informed that their consanguineous have an increased
melanoma risk.
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2.2. Stage IA melanoma
The 5-year overall survival of stage IA patients is over 90%, with virtually no risk of recurrences
for patients with melanomas < 0.5 mm and a slightly worse prognosis for those with nonulcerated 0.5-1 mm thick primary tumour (Einwachter-Thompson & MacKie 2008).
Considering this relatively low risk of disease progression, the revised UK guidelines for the
management of melanoma (Marsden et al 2010) not recommended routinely imaging staging,
due to the low true-positive rate and the high false-positive rate. According to the UK
guidelines, patients should underwent to a series of two to four visits over the first years from
the primary excision, in order to teach self-examination and then discharged from a regular
follow-up. Similarly, the National French federation of cancer centres and the French society
of dermatology suggest only periodical clinical examinations for patients in this clinical stage
(Negrier et al 2005). Clinical follow-up at 6 monthly intervals, with the possible additional use
of of ultrasonography, is considered appropriate by the majority of others groups (Quaglino
et al 2007; Garbe et al 2010). Moreover, abdominal ultrasound imaging and chest x-ray are
performed by many physicians to have baseline images for the further follow-up (Forschner
et al 2010).
Routinely serological tests are not generally recommended in melanomas in the initial stage;
however, the Catalan guidelines (Mangas et al 2010) suggest to perform at diagnosis complete
blood count and biochemistry (including alkaline phosphatase, gamma-glutamyltransferase
and lactate dehydrogenase) together with detection of molecular markers such as S-100, MIA
and tyrosinase in all patients excepted those affected by melanoma in situ. Standard blood
workup and LDH measurement should be repeated 6-monthly for the first 2 years and annualy
for the following 2 years (Mangas et al 2010).
2.3. Stage IB and IIA melanoma
In this group of patients the risk of recurrence is of 15-35%, mainly within the first 5 years from
diagnosis. A follow-up examination every 3 months at least for the first 5-years is recom‐
mended from the European consensus-based interdisciplinary guidelines (Garbe et al 2010),
in order to detect early any loco-regional recurrences; a similar schedule is proposed also by
Italian groups (Quaglino et al 2007). UK guidelines (Marsden et al 2010) admit checks every 3
months only for the first 3 years; then, patients should be instructed to self-examination also
for loco regional metastases and visited only once every 6 months to 5 years. No routine
instrumental investigations are required for this group of patients according UK follow-up
schedule. Several studies demonstrated that ultrasonography of in-transit routes and regional
lymph nodes are more sensitive than physical examination (89.2% vs. 71.4%) in the detection
of nodal metastases in patients with an intermediate melanoma thickness (Blum et al 2000,
Garbe et al 2003, Quaglino et al 2007). So, patients with a tumour thickness of 1 mm or more
should be asked to undergo lymph node ultrasound imaging every 6 months (Forschner et al
2010). Ultrasonography of regional lymph node every 3-6 months within the first 5 years from
diagnosis is suggested only for stage II patients also by French guidelines (Negrier et al 2005),
whereas others imaging procedures are considered as optional. The clinical experience of
major Italian referral centres for melanoma suggests performing a CT scan annually for the
first 5 years also in stage IIA.
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Screening blood tests are suggested only by Catalan guidelines, that propose standard blood
workup and LDH detection 2 times a year for the first 5 years and then annually for the
following 2 (Mangas et al 2010).
2.4. Stage IIB and IIC melanoma
UK guideline (Marsden et al 2010) did not recommend routine investigations also for stage IIB
and IIC patients, despite the higher risk of recurrences (40-70%, above all in years 2-4); only
self-examination and clinical visits 3-monthly for 3 years and 6-monthly to 5 years are
suggested.
For stage IIC patients, as well for the more advanced stages, both Italian (Quaglino et al 2007)
and French guidelines recommended not only a regional ultrasonography two times a year,
but also brain, chest and abdomen CT scan that should be carried out annually for the first 5
years (Negrier et al 2005). Also for this group of patients, screening blood tests almost 2 times
a years are recommended by Catalan authors (Mangas et al 2010).
Table 2 and 3 compare different follow-up visit schedules from European and US guidelines.
Clinical examination schedule (years 1-5 from diagnosis)
Stage*
In situ

IA

IB

IIA

IIB

IIC

Dummer, 2011 Marsden, 2010 Mangas, 2010

Garbe, 2009

Quaglino, 2008 Négrier, 2005

f-u visit every

no f-u visit

f-u visit every 12

no f-u visit

f-u visit every 12

6-12 months

required

months

required

months

visit every

visit every

visit every

visit every

3/6 months†

6 months

6 months

6 months

visit every
6 months

visit every 3-4
months, then
discharged

NA

visit every

visit every

visit every

visit every

visit every

visit every

3 months

3 months**

3/6 months†

3/6 months1

6 months

6 months

visit every

Visit every

visit every

visit every

visit every

visit every

3 months

3 months**

3/6 months†

3 months

4 months

3 months

visit every

visit every

visit every

visit every

visit every

visit every

3 months

3 months**

†

3 months

3 months

4 months

3 months

visit every

visit every

visit every

visit every

visit every

visit every

3 months

3 months**

3 months†

3 months

4 months

3 months

* revised AJCC Classification.
** visit every 3 months for the first 3 years, then 6-monthly to 5 year.
In consideration of Breslow thickness: for melanoma <1mm every 6 months; for melanoma >1 mm every 3 months.

1

†

visit every 3 months for the first 2 years, then 6-monthly to 5 year.

Table 2. Clinical examination schedule (years 1-5 from diagnosis)
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Imaging examination schedule (years 1-5 from diagnosis)
Stage*

Dummer, 2011

Marsden, 2010

Mangas, 2010

Garbe, 2009

Quaglino, 2008

Négrier, 2005

In situ

Not required

Not required

Not required

Not required

Not required

NA

Regional

No routine

sonography every

investigation

6-12 months

required

Regional

No routine

sonography every

investigation

6-12 months

required

IA

IB

Chest X-ray every 12
months; abdominal
sonography every 12
months (optional)
Chest X-ray every 6
months; abdominal
sonography every 6
months (optional)†

No routine
investigation
required**

No routine
investigation
required**

Regional sonography
every 12 months

Regional and abdomen
sonography every 12
months; chest X-ray
every 12 months

No routine
investigation
required

No routine
investigation
required

Regional
sonography every

IIA

6-12 months.

No routine

Abdominal

investigation

sonography and

required

chest X-ray

Chest X-ray every 6
months; abdominal
sonography every 6
months (optional)†

Regional and abdomen
No routine

sonography every 12

Regional

investigation

months; chest X-ray

sonography every

required**

every 12 months; TC scan

3-6 months.

every 24 months

individually
Regional
sonography every
6-12 months.
IIB

Abdominal
sonography and
chest X-ray

Regional and abdomen
No routine
investigation
required

CT scan every 6/12
months†

No routine

sonography every 12

Regional

investigation

months; chest X-ray

sonography every

required**

every 12 months; CT scan

3-6 months.

every 12 months

individually. CT scan
every 6-12 mo
Regional
sonography every 6

IIC

months. Abdominal

No routine

sonography and

investigation

chest X-ray

required

CT scan every 6/12
months†

No routine
investigation

individually. CT scan

required

Regional and abdomen
sonography every 12
months; chest X-ray
every 12 months

Regional
sonography every
3-6 months.
PET-CT, and CT
scan individually

every 6-12 mo

* revised AJCC Classification.
** sonography individually
†

every 6 months for the first 3 years, then annually to 5 year

Table 3. Imaging examination schedule (years 1-5 from diagnosis)

2.5. Stage III melanoma
At the initial visit prior to surgical treatment, brain, chest, abdominal and pelvic CT is
recommended, in order to exclude visceral involvement; PET-CT and cranial MRI may be
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proposed as alternative; Catalan guidelines suggest also a bone scintigraphy as optional
(Mangas et al 2010).
Due to the high risk of visceral spreading in stage III patients, close follow-up and imag‐
ing investigations are accepted by almost all guidelines (Garbe et al 2010, Marseden et al
2010, Dummer et al 2010, Forschner et al 2010, Romano et al 2010). Head, chest and abdo‐
men CT scan is normally useful to detect metastases, with higher sensitivity than ultra‐
sound imaging; PET-CT can also be used alternatively (Negrier et al 2005). However,
some other authors consider imaging investigation as optional in absence of specific sign
or symptoms (Coit et al 2009).
Literature data reports also a wide range of follow-up approaches, without precise rules for
timing and duration. A close follow-up regimen was proposed by Garbe et al (2003), with
clinical visits every 3 months for the first 5 year and then every 6 months up to 10 years after
lymph node dissection and instrumental examination (CT scan, PET-CT, chest x-ray or
abdominal and lymph nodal ultrasound) every 6 months. In the sample of patients examined,
a disease progression was detected by physical examination in almost the half of cases, and
by imaging in more than one third of cases; on the contrary, relapses were rarely early
discovered in patients outside of the scheduled follow-up. In this work, Garbe report a better
5-year survival in patients with early diagnosis of recurrences compared to that of patients
with unresectable metastases, supporting the validity of a close follow-up program (Garbe et
al 2003). Other similar follow-up programs (Hoffman et al 2002, Poo-Hwu 1999), with a
relatively high frequency of visits (3-monthly for almost 3 years), come to similar results. The
UK guidelines (Marsden et al 2010) suggest a 6-monthly follow-up to 5 years and then annually
to 10 years, whereas regular follow-up every 6 months with whole body imaging is recom‐
mended by others (Forschner et al 2010).
The study recently published by Romano et al. (2010), focused on stage III patients, evaluate
also the substage. For stage IIIA patients, the risk of loco-regional relapse was less than 5%
after 3 years from stage IIIA diagnosis, suggesting that beyond this point of time clinical
examinations may be referred. Similarly, the risk of loco-regional relapse dropped to less then
5% after 2 years from diagnosis for stage IIIB patients and after 7 months in stage IIIC. Stage
IIIC patients are the subset with higher risk of visceral spreading, with a 36% of patients that
develop the first relapse in the brain; so, this subgroup of patients should be subjected to
imaging examination more fequently
Even if routinely blood tests usually fail in the early detection of metastases, in stage III
melanoma patients tyrosinase (Osella- Abate et al 2003) or S100 (Dummer et al 2010, Forschner
et al 2010) has been demonstrated good marker for relapse.
2.6. Stage IV melanoma
No international follow-up guidelines are available for patients with metastatic disease. The
management strategy should be patient-taylored on the basis of primary melanoma charac‐
teristics, metastases site, age and general conditions.
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The development in the last few years of a novel class of targeted drugs (such as ipilimumab,
vemurafenib, imatinib) with an impact on survival, had an important effect on the manage‐
ment of these patients. C-kit and BRAF mutational state have to be evaluated in order to select
patients who can underwent this targeted therapies; also the identification of subgroups of
patients with different clinical behaviours is important for the right therapeutical choice,
especially for the drugs that need time to act (e.g anti-CTLA-4).

3. Conclusions
The main follow-up goal is the early detection of disease recurrence, which can allow a prompt
treatment with a potential prognostic benefit.
To date an international agreement about the most suitable follow-up guidelines for patients
who underwent a surgical excision of a primary melanoma is still lacking. Several national
guidelines are available, but the schedules differ as to the time frequency of both clinical visits
and imaging. However it is generally accepted that the frequency of clinical examinations must
to be decided on the basis of the AJCC stage at diagnosis and that a closer follow-up should
required in the first five years from diagnosis due to the higher risk of recurrence observed in
this time range. Regional node ultrasound is an useful tool for the detection of suspected
superficial adenopathies.
On the other hand, the role of imaging for the detection of visceral metastases in asymptomatic
patients is still a challenge: for low risk (IA) melanomas no routine investigations could be
required; sonography is generally used in follow up of intermediate/high risk melanoma
patients (IB to IIA), whereas the use of CT and PET scan is limited to patients with an higher
relapse risk (stage IIC or higher). It is generally accepted that the follow up's strategy for
disease-free stage III/IV patients, must to be tailored on the basis of clinical characteristics and
general conditions.
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