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Skin cancers, basal and squamous cell carcinomas, malignant melanomas, and Merkel 
cell carcinomas, constitute arguably the most common and increasingly prevalent 
human neoplasms. Here we discuss the epigenetic changes in DNA and chromatin, 
which are increasingly associated with melanoma. Several chapters focus on the 
posttranscriptional modification of the proteins at the melanocyte cell surface, 

their role in tumorigenesis, and their potential as therapeutic targets. Specifically, 
extracellular modifications of integrins, glycosylation of cell surface proteins, and 
changes of cadherins are presented. In a very interesting approach, a potential to 

target the mitochondria of melanoma cells is investigated. In conclusion, this volume 
presents various aspects of human skin cancers, components of the large worldwide 

effort to combat and eradicate this growing health concern.
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Preface

Skin cancers constitute arguably the most common and increasingly prevalent human neo‐
plasms. The most common human skin cancers are basal cell carcinomas (BCCs) and squa‐
mous cell carcinomas (SCCs), but the most serious and most often fatal are malignant
melanomas (MMs) and Merkel cell carcinomas (MCCs). In this volume most chapters, un‐
derstandably, deal with melanoma, the deadliest of skin cancers, and in particular with the
cell surface proteins, potential melanoma markers {Mason, 1996, #3609}.

In the chapter “The Emerging Epigenetic Landscape in Melanoma,” Rollins et al. discuss the
epigenetic changes in DNA and chromatin, which are increasingly associated with this can‐
cer. The authors review the epigenetic changes potentially involved, depict the interplay be‐
tween epigenetic and genetic factors, and go on to propose potential therapeutic approaches
to target the epigenetic changes in MM.

Several of the chapters in this volume focus on the posttranscriptional modification of the
proteins at the melanocyte cell surface and their role in tumorigenesis and potential as thera‐
peutic targets. Specifically, in the chapter “Glycosylation of Integrins in Melanoma Progres‐
sion,” Pocheć and Lityńska describe the posttranscriptional extracellular modifications of
integrins, modifications associated with melanoma progression. Integrin modifications are
particularly important because integrins both mediate adhesion of melanocytes to their ex‐
tracellular matrix and inform the cells about their environment; changes in integrin glycans
can have profound roles in invasion and metastasis of melanoma. M. Przybyło in “Bitter
Sweetness of Malignant Melanoma” focuses on the role of glycosylation of the cell surface
proteins in MM progression and metastasis, suggesting a role of glycan changes in increased
cell motility and hence higher invasive and metastatic potential. Similar theme is the focus of
the chapter “Cadherins and Their Role in Malignant Transformation: Implications for Skin
Cancer Progression” by Janik et al. Cadherins are transmembrane adhesion proteins. The
changes of cadherin glycosylation occur in skin cancers, both carcinomas and melanomas.

In a very interesting approach, A. Alshamrani et al. describe a potential to target the mito‐
chondria of melanoma cells. In the chapter “Inhibiting Lactate Dehydrogenase A Enhances
the Cytotoxicity of the Mitochondria-Accumulating Antioxidant, Mitoquinone, in Melano‐
ma Cells,” the authors investigate the mitochondria-targeting antioxidant mitoquinone,
alone or in combination with other cancer-fighting drugs. Alshamrani et al. show its effec‐
tiveness especially in melanoma cells with wild-type BRAF.

In conclusion, this volume presents various aspects of human skin cancers, their mecha‐
nisms of formation, their potential biomarkers, and their therapeutic targets, a component of
the large worldwide effort to combat and eradicate this growing health concern.

Miroslav Blumenberg
NYU Langone Medical Center,

New York, USA
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Skin cancers constitute arguably the most common and increasingly prevalent human
neoplasms. In United States alone, it is estimated that 76,400 patients will develop melanoma
and 10,100 will die from the disease [1]. Several risk factors, ultraviolet light the most important
of these, but also environmental carcinogens, contribute to the increasing incidence of skin
cancers, especially among light-skinned individuals [2]. The most common human skin
cancers are basal cell carcinoma (BCC) and squamous cell carcinoma (SCC), but the most
serious and most often fatal are malignant melanoma (MM) and Merkel cell carcinoma (MCC)
[3].

Basal cell carcinoma is the most common type of skin cancer, caused by ultraviolet (UV) light,
specifically UV-B, and its incidence increases with age. Most commonly, it occurs on sun-
exposed areas, such as the face, neck, scalp, forearms, hands, legs and feet. Usually, it is a
slowly growing, very rarely metastasizing, locally destructive tumor, which, if ignored, may
invade the underlying tissues, bone or cartilage [4].

Basal cell carcinomas arise in keratinocyte stem cells [5]. Usually, in BCCs, the hedgehog
signaling pathway is activated causing neoplastic transformation of keratinocytes. Signaling
by smoothened, via the cognate receptors, activates the hedgehog signaling pathway and has
been implicated in BCC pathogenesis [6].

The most common treatment for BCC is surgical excision, nowadays using Mohs micrographic
surgery to ensure complete excision while sparing the surrounding tissue [4]. Curettage,
cryotherapy or laser ablation is sometimes used for lesions considered less risky.

Squamous cell carcinoma is the second most common skin cancer worldwide. It usually occurs
in sun-exposed areas, frequently on lips, forehead and scalp, ears and pre-auricular regions,
but can occur anywhere on skin [7]. It can both invade locally and can metastasize. Chronic
sun exposure is the main risk factor for SCC occurrence. Human papillomaviruses and

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons Attribution
License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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exposure to carcinogens, such as arsenic or polycyclic aromatic hydrocarbons, are contributing
risk factors. Transplant recipients and other immunosuppressed patients are at significantly
increased risk for SCC [8].

The appearance of SSCs is variable, and it may present as an ulcer, lump or red patch on the
skin, often with scaling or crusting. It is common in elderly. Actinic or solar keratosis, caused
by exposure to UV light, is a premalignant lesion, a risk factor potentially leading to progres-
sion to invasive SCC. SCCs starting within actinic keratosis are generally low risk, with a more
favorable prognosis [7].

Squamous cell carcinoma is usually surgically excised, using Mohs micrographic surgery, with
chemotherapy including cisplatin or 5-fluorouracil less common [4]. Actinic keratoses may be
treated as a prevention modality for SCC.

Merkel cell carcinoma is a rare but very aggressive primary skin cancer with high mortality
rate [9]. While ultraviolet light and immunosuppression seem to have a role in causing
MCC, association has been established with Merkel cell polyomavirus [10]. MCC appears as
a rapidly growing lesion, usually on the head and neck skin. It quickly proceeds to metasta-
size, locally and distantly. It is treated with aggressive surgery, but the survival rates are
poor.

Malignant melanoma is by far the deadliest of skin cancers! MM is highly invasive locally and,
unfortunately, has a high propensity to metastasize [11, 12]. It is usually recognized as a new
or newly changed lesion on the skin. Flat superficial spreading form of MM can appear in a
variety of colors, from black or blue to brown, gray, pink or white. The nodular form of MMs
is usually darkly pigmented and asymmetrical, and sometimes poorly differentiated, unpig-
mented to appear amelanotic, pink or red. Lentigo maligna melanoma develops on sun-
exposed skin in the elderly, slowly enlarging over several years.

Melanoma is a malignant neoplasm of melanocytes, not keratinocytes. The main risk factor is
UV light, especially UV-B, and both occasional severe sunburn and chronic sun exposure have
been associated with MM formation [13]. People who burn easily, with light skin, blue eyes,
red hair and freckles are at increased risk of MM. Giant congenital melanocytic nevi present a
high risk, although MM can arise within pre-existing benign melanotic nevi or in normal
appearing skin. MM can appear at any site, on skin as well as on oral, genital, urinary or ocular
epithelial surfaces.

Population is urged to use the ABCDE rule when ascertaining the presence of MM [14]. These
stand for A—asymmetry of the lesion, B—border (irregular), C—color (non-uniform), D—
diameter (>6 mm, size of a pencil eraser) and E—evolving (changing in size, shape, color etc.).
These features should raise apprehension of MM.

Wide local excision of the area of diagnosis is required. A sentinel lymph node biopsy is
performed often, and whole body CT and PET scan are used occasionally in search for
metastases. Conventional chemotherapy generally does not work. Recent research into
mutations associated with MM identified BRAF gene as frequently mutated [15]; this led to
development of specific inhibitors of the corresponding signal transduction pathways such as

Human Skin Cancer, Potential Biomarkers and Therapeutic Targets4

Vemurafenib, specifically targeting a recurrent mutation in BRAF, or Imatinib, a more general
tyrosine kinase inhibitor [16]. Ipilimumab, a monoclonal antibody blocking CTLA-4, enhances
immunotherapy against MM. Prognosis depends very much on the stage at which the tumor
is detected.

In this volume, most chapters, understandably, deal with melanoma, the deadliest of skin
cancers, and in particular with the cell surface proteins, potential melanoma markers [17].

In conclusion, this volume presents various aspects of human skin cancers, their mechanisms
of formation, potential biomarkers and therapeutic targets, a component of the large world-
wide effort to combat and eradicate this growing health concern.
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Squamous cell carcinoma is usually surgically excised, using Mohs micrographic surgery, with
chemotherapy including cisplatin or 5-fluorouracil less common [4]. Actinic keratoses may be
treated as a prevention modality for SCC.

Merkel cell carcinoma is a rare but very aggressive primary skin cancer with high mortality
rate [9]. While ultraviolet light and immunosuppression seem to have a role in causing
MCC, association has been established with Merkel cell polyomavirus [10]. MCC appears as
a rapidly growing lesion, usually on the head and neck skin. It quickly proceeds to metasta-
size, locally and distantly. It is treated with aggressive surgery, but the survival rates are
poor.

Malignant melanoma is by far the deadliest of skin cancers! MM is highly invasive locally and,
unfortunately, has a high propensity to metastasize [11, 12]. It is usually recognized as a new
or newly changed lesion on the skin. Flat superficial spreading form of MM can appear in a
variety of colors, from black or blue to brown, gray, pink or white. The nodular form of MMs
is usually darkly pigmented and asymmetrical, and sometimes poorly differentiated, unpig-
mented to appear amelanotic, pink or red. Lentigo maligna melanoma develops on sun-
exposed skin in the elderly, slowly enlarging over several years.

Melanoma is a malignant neoplasm of melanocytes, not keratinocytes. The main risk factor is
UV light, especially UV-B, and both occasional severe sunburn and chronic sun exposure have
been associated with MM formation [13]. People who burn easily, with light skin, blue eyes,
red hair and freckles are at increased risk of MM. Giant congenital melanocytic nevi present a
high risk, although MM can arise within pre-existing benign melanotic nevi or in normal
appearing skin. MM can appear at any site, on skin as well as on oral, genital, urinary or ocular
epithelial surfaces.

Population is urged to use the ABCDE rule when ascertaining the presence of MM [14]. These
stand for A—asymmetry of the lesion, B—border (irregular), C—color (non-uniform), D—
diameter (>6 mm, size of a pencil eraser) and E—evolving (changing in size, shape, color etc.).
These features should raise apprehension of MM.

Wide local excision of the area of diagnosis is required. A sentinel lymph node biopsy is
performed often, and whole body CT and PET scan are used occasionally in search for
metastases. Conventional chemotherapy generally does not work. Recent research into
mutations associated with MM identified BRAF gene as frequently mutated [15]; this led to
development of specific inhibitors of the corresponding signal transduction pathways such as
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Vemurafenib, specifically targeting a recurrent mutation in BRAF, or Imatinib, a more general
tyrosine kinase inhibitor [16]. Ipilimumab, a monoclonal antibody blocking CTLA-4, enhances
immunotherapy against MM. Prognosis depends very much on the stage at which the tumor
is detected.

In this volume, most chapters, understandably, deal with melanoma, the deadliest of skin
cancers, and in particular with the cell surface proteins, potential melanoma markers [17].

In conclusion, this volume presents various aspects of human skin cancers, their mechanisms
of formation, potential biomarkers and therapeutic targets, a component of the large world-
wide effort to combat and eradicate this growing health concern.

Author details

Miroslav Blumenberg

Address all correspondence to: miroslav.blumenberg@nyumc.org

The R.O.Perelman Department of Dermatology and Department of Biochemistry and
Molecular Pharmacology, NYU Langone Medical Center, New York, USA

References

[1] Bibbins-Domingo K, Grossman DC, Curry SJ, Davidson KW, Ebell M, Epling JW, Jr., et
al. Screening for skin cancer: US Preventive Services Task Force Recommendation
Statement. JAMA. 2016;316:429–435.

[2] Leiter U, Eigentler T, Garbe C. Epidemiology of skin cancer. Adv Exp Med Biol.
2014;810:120–140.

[3] Gordon R. Skin cancer: an overview of epidemiology and risk factors. Semin Oncol
Nurs. 2013;29:160–169.

[4] Kauvar AN, Cronin T, Jr., Roenigk R, Hruza G, Bennett R. Consensus for nonmelanoma
skin cancer treatment: basal cell carcinoma, including a cost analysis of treatment
methods. Dermatol Surg. 2015;41:550–571.

[5] Song IY, Balmain A. Cellular reprogramming in skin cancer. Semin Cancer Biol.
2015;32:32–39.

[6] Otsuka A, Levesque MP, Dummer R, Kabashima K. Hedgehog signaling in basal cell
carcinoma. J Dermatol Sci. 2015;78:95–100.

[7] Stratigos  A,  Garbe  C,  Lebbe  C,  Malvehy  J,  del  Marmol  V,  Pehamberger  H,  et
al.  Diagnosis  and  treatment  of  invasive  squamous  cell  carcinoma  of  the  skin:

Introductory Chapter: A Short Primer on Human Skin Cancers
http://dx.doi.org/10.5772/65356

5

exposure to carcinogens, such as arsenic or polycyclic aromatic hydrocarbons, are contributing
risk factors. Transplant recipients and other immunosuppressed patients are at significantly
increased risk for SCC [8].

The appearance of SSCs is variable, and it may present as an ulcer, lump or red patch on the
skin, often with scaling or crusting. It is common in elderly. Actinic or solar keratosis, caused
by exposure to UV light, is a premalignant lesion, a risk factor potentially leading to progres-
sion to invasive SCC. SCCs starting within actinic keratosis are generally low risk, with a more
favorable prognosis [7].

Squamous cell carcinoma is usually surgically excised, using Mohs micrographic surgery, with
chemotherapy including cisplatin or 5-fluorouracil less common [4]. Actinic keratoses may be
treated as a prevention modality for SCC.

Merkel cell carcinoma is a rare but very aggressive primary skin cancer with high mortality
rate [9]. While ultraviolet light and immunosuppression seem to have a role in causing
MCC, association has been established with Merkel cell polyomavirus [10]. MCC appears as
a rapidly growing lesion, usually on the head and neck skin. It quickly proceeds to metasta-
size, locally and distantly. It is treated with aggressive surgery, but the survival rates are
poor.

Malignant melanoma is by far the deadliest of skin cancers! MM is highly invasive locally and,
unfortunately, has a high propensity to metastasize [11, 12]. It is usually recognized as a new
or newly changed lesion on the skin. Flat superficial spreading form of MM can appear in a
variety of colors, from black or blue to brown, gray, pink or white. The nodular form of MMs
is usually darkly pigmented and asymmetrical, and sometimes poorly differentiated, unpig-
mented to appear amelanotic, pink or red. Lentigo maligna melanoma develops on sun-
exposed skin in the elderly, slowly enlarging over several years.

Melanoma is a malignant neoplasm of melanocytes, not keratinocytes. The main risk factor is
UV light, especially UV-B, and both occasional severe sunburn and chronic sun exposure have
been associated with MM formation [13]. People who burn easily, with light skin, blue eyes,
red hair and freckles are at increased risk of MM. Giant congenital melanocytic nevi present a
high risk, although MM can arise within pre-existing benign melanotic nevi or in normal
appearing skin. MM can appear at any site, on skin as well as on oral, genital, urinary or ocular
epithelial surfaces.

Population is urged to use the ABCDE rule when ascertaining the presence of MM [14]. These
stand for A—asymmetry of the lesion, B—border (irregular), C—color (non-uniform), D—
diameter (>6 mm, size of a pencil eraser) and E—evolving (changing in size, shape, color etc.).
These features should raise apprehension of MM.

Wide local excision of the area of diagnosis is required. A sentinel lymph node biopsy is
performed often, and whole body CT and PET scan are used occasionally in search for
metastases. Conventional chemotherapy generally does not work. Recent research into
mutations associated with MM identified BRAF gene as frequently mutated [15]; this led to
development of specific inhibitors of the corresponding signal transduction pathways such as

Human Skin Cancer, Potential Biomarkers and Therapeutic Targets4

Vemurafenib, specifically targeting a recurrent mutation in BRAF, or Imatinib, a more general
tyrosine kinase inhibitor [16]. Ipilimumab, a monoclonal antibody blocking CTLA-4, enhances
immunotherapy against MM. Prognosis depends very much on the stage at which the tumor
is detected.

In this volume, most chapters, understandably, deal with melanoma, the deadliest of skin
cancers, and in particular with the cell surface proteins, potential melanoma markers [17].

In conclusion, this volume presents various aspects of human skin cancers, their mechanisms
of formation, potential biomarkers and therapeutic targets, a component of the large world-
wide effort to combat and eradicate this growing health concern.

Author details

Miroslav Blumenberg

Address all correspondence to: miroslav.blumenberg@nyumc.org

The R.O.Perelman Department of Dermatology and Department of Biochemistry and
Molecular Pharmacology, NYU Langone Medical Center, New York, USA

References

[1] Bibbins-Domingo K, Grossman DC, Curry SJ, Davidson KW, Ebell M, Epling JW, Jr., et
al. Screening for skin cancer: US Preventive Services Task Force Recommendation
Statement. JAMA. 2016;316:429–435.

[2] Leiter U, Eigentler T, Garbe C. Epidemiology of skin cancer. Adv Exp Med Biol.
2014;810:120–140.

[3] Gordon R. Skin cancer: an overview of epidemiology and risk factors. Semin Oncol
Nurs. 2013;29:160–169.

[4] Kauvar AN, Cronin T, Jr., Roenigk R, Hruza G, Bennett R. Consensus for nonmelanoma
skin cancer treatment: basal cell carcinoma, including a cost analysis of treatment
methods. Dermatol Surg. 2015;41:550–571.

[5] Song IY, Balmain A. Cellular reprogramming in skin cancer. Semin Cancer Biol.
2015;32:32–39.

[6] Otsuka A, Levesque MP, Dummer R, Kabashima K. Hedgehog signaling in basal cell
carcinoma. J Dermatol Sci. 2015;78:95–100.

[7] Stratigos  A,  Garbe  C,  Lebbe  C,  Malvehy  J,  del  Marmol  V,  Pehamberger  H,  et
al.  Diagnosis  and  treatment  of  invasive  squamous  cell  carcinoma  of  the  skin:

Introductory Chapter: A Short Primer on Human Skin Cancers
http://dx.doi.org/10.5772/65356

5



European consensus-based interdisciplinary guideline.  Eur  J  Cancer.  2015;51:1989–
2007.

[8] Kim C, Cheng J, Colegio OR. Cutaneous squamous cell carcinomas in solid organ
transplant recipients: emerging strategies for surveillance, staging, and treatment.
Semin Oncol. 2016;43:390–394.

[9] Verzi AE, Amin SM, Guitart J, Micali G. Merkel cell carcinoma: a review. G Ital Dermatol
Venereol. 2015;150:419–428.

[10] Grundhoff A, Fischer N. Merkel cell polyomavirus, a highly prevalent virus with
tumorigenic potential. Curr Opin Virol. 2015;14:129–137.

[11] Wong DJ, Ribas A. Targeted therapy for melanoma. Cancer Treat Res. 2016;167:251–262.

[12] Gruber F, Kastelan M, Brajac I, Saftic M, Peharda V, Cabrijan L, et al. Molecular and
genetic mechanisms in melanoma. Coll Antropol. 2008;32(Suppl 2):147–152.

[13] Chang C, Murzaku EC, Penn L, Abbasi NR, Davis PD, Berwick M, et al. More skin,
more sun, more tan, more melanoma. Am J Public Health. 2014;104:e92–e99.

[14] Benelli C, Roscetti E, Dal Pozzo V. Reproducibility of the clinical criteria (ABCDE rule)
and dermatoscopic features (7FFM) for the diagnosis of malignant melanoma. Eur J
Dermatol. 2001;11:234–239.

[15] Criscito MC, Polsky D, Stein JA. The genetic evolution of melanoma. N Engl J Med.
2016;374:993.

[16] Zakrzewski J, Geraghty LN, Rose AE, Christos PJ, Mazumdar M, Polsky D, et al. Clinical
variables and primary tumor characteristics predictive of the development of melano-
ma brain metastases and post-brain metastases survival. Cancer. 2011;117:1711–1720.

[17] Mason MD, Allman R, Quibell M. Adhesion molecules in melanoma—more than just
superglue? J R Soc Med. 1996;89:393–395.

Human Skin Cancer, Potential Biomarkers and Therapeutic Targets6

Section 2

Epigenetics



European consensus-based interdisciplinary guideline.  Eur  J  Cancer.  2015;51:1989–
2007.

[8] Kim C, Cheng J, Colegio OR. Cutaneous squamous cell carcinomas in solid organ
transplant recipients: emerging strategies for surveillance, staging, and treatment.
Semin Oncol. 2016;43:390–394.

[9] Verzi AE, Amin SM, Guitart J, Micali G. Merkel cell carcinoma: a review. G Ital Dermatol
Venereol. 2015;150:419–428.

[10] Grundhoff A, Fischer N. Merkel cell polyomavirus, a highly prevalent virus with
tumorigenic potential. Curr Opin Virol. 2015;14:129–137.

[11] Wong DJ, Ribas A. Targeted therapy for melanoma. Cancer Treat Res. 2016;167:251–262.

[12] Gruber F, Kastelan M, Brajac I, Saftic M, Peharda V, Cabrijan L, et al. Molecular and
genetic mechanisms in melanoma. Coll Antropol. 2008;32(Suppl 2):147–152.

[13] Chang C, Murzaku EC, Penn L, Abbasi NR, Davis PD, Berwick M, et al. More skin,
more sun, more tan, more melanoma. Am J Public Health. 2014;104:e92–e99.

[14] Benelli C, Roscetti E, Dal Pozzo V. Reproducibility of the clinical criteria (ABCDE rule)
and dermatoscopic features (7FFM) for the diagnosis of malignant melanoma. Eur J
Dermatol. 2001;11:234–239.

[15] Criscito MC, Polsky D, Stein JA. The genetic evolution of melanoma. N Engl J Med.
2016;374:993.

[16] Zakrzewski J, Geraghty LN, Rose AE, Christos PJ, Mazumdar M, Polsky D, et al. Clinical
variables and primary tumor characteristics predictive of the development of melano-
ma brain metastases and post-brain metastases survival. Cancer. 2011;117:1711–1720.

[17] Mason MD, Allman R, Quibell M. Adhesion molecules in melanoma—more than just
superglue? J R Soc Med. 1996;89:393–395.

Human Skin Cancer, Potential Biomarkers and Therapeutic Targets6

Section 2

Epigenetics

European consensus-based interdisciplinary guideline.  Eur  J  Cancer.  2015;51:1989–
2007.

[8] Kim C, Cheng J, Colegio OR. Cutaneous squamous cell carcinomas in solid organ
transplant recipients: emerging strategies for surveillance, staging, and treatment.
Semin Oncol. 2016;43:390–394.

[9] Verzi AE, Amin SM, Guitart J, Micali G. Merkel cell carcinoma: a review. G Ital Dermatol
Venereol. 2015;150:419–428.

[10] Grundhoff A, Fischer N. Merkel cell polyomavirus, a highly prevalent virus with
tumorigenic potential. Curr Opin Virol. 2015;14:129–137.

[11] Wong DJ, Ribas A. Targeted therapy for melanoma. Cancer Treat Res. 2016;167:251–262.

[12] Gruber F, Kastelan M, Brajac I, Saftic M, Peharda V, Cabrijan L, et al. Molecular and
genetic mechanisms in melanoma. Coll Antropol. 2008;32(Suppl 2):147–152.

[13] Chang C, Murzaku EC, Penn L, Abbasi NR, Davis PD, Berwick M, et al. More skin,
more sun, more tan, more melanoma. Am J Public Health. 2014;104:e92–e99.

[14] Benelli C, Roscetti E, Dal Pozzo V. Reproducibility of the clinical criteria (ABCDE rule)
and dermatoscopic features (7FFM) for the diagnosis of malignant melanoma. Eur J
Dermatol. 2001;11:234–239.

[15] Criscito MC, Polsky D, Stein JA. The genetic evolution of melanoma. N Engl J Med.
2016;374:993.

[16] Zakrzewski J, Geraghty LN, Rose AE, Christos PJ, Mazumdar M, Polsky D, et al. Clinical
variables and primary tumor characteristics predictive of the development of melano-
ma brain metastases and post-brain metastases survival. Cancer. 2011;117:1711–1720.

[17] Mason MD, Allman R, Quibell M. Adhesion molecules in melanoma—more than just
superglue? J R Soc Med. 1996;89:393–395.

Human Skin Cancer, Potential Biomarkers and Therapeutic Targets6

Section 2

Epigenetics



Chapter 2

The Emerging Epigenetic Landscape in Melanoma

Robert A. Rollins, Kimberly H. Kim and

Cheng‐Chung Tsao

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/64733

Provisional chapter

The Emerging Epigenetic Landscape in Melanoma

Robert A. Rollins, Kimberly H. Kim and
Cheng‐Chung Tsao

Additional information is available at the end of the chapter

Abstract

Melanoma is the deadliest form of skin cancer. The disease is driven by molecular
alterations in oncogenic signaling pathways, such as mitogen‐activated protein kinase
(MAPK) and phosphatidylinositol 3‐kinase (PI3K). Activating mutations in oncogenes,
such as BRAF and NRAS, and inactivating mutations in tumor suppressors genes, such
as  PTEN,  promote  this  disease  by  altering  cellular  processes  involved  in  growth,
survival,  and migration.  Therapies targeting critical  nodes in these pathways have
demonstrated efficacy in clinical trials, but their therapeutic potential has been limited
by the rapid onset of drug resistance. Durable therapeutic responses have also been
observed in patients receiving immunotherapy. However, this activity appears to be
confined to a subset of patients, and combinations with targeted therapies have raised
safety concerns.  Accumulating evidence strongly suggests that the pathogenesis of
melanoma is also shaped by the aberrant activity of epigenetic factors that regulate gene
expression through the modification of DNA and chromatin. This chapter provides a
comprehensive review of the epigenetic alterations in melanoma and highlights the
roles  played by specific  chromatin regulators  during disease progression.  We also
discuss the clinical utility of both first and second generation epigenetic therapies in the
melanoma setting, placing emphasis on the potential to overcome resistance to targeted
therapies and to serve as priming agents for immunotherapies.

Keywords: melanoma, epigenetics, chromatin structure, epigenetic therapy

1. Introduction

Melanoma is the most deadly form of skin cancer. While melanoma patients represent a small
percentage (∼1%) of the total number of skin cancer cases, this aggressive disease is respon‐
sible for the vast majority of skin cancer deaths [1]. The incidence of melanoma has been
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rising steadily for several decades, with a 1.4% increase in the number of new cases each year
for the last 10 years.  The overall  5‐year survival rate is >90%, due in large part to early
detection and the ability to surgically excise localized cancer cells. However, for patients with
metastatic melanoma, the 5‐year survival rate drops dramatically to ∼17%. In 2016, it  is
estimated that there will be 76,380 new melanoma cases and 10,130 melanoma‐related deaths,
underscoring the need for therapeutic strategies to treat this disease [2].

Melanoma arises from the malignant transformation of melanocytes in the epidermal layer of
the skin. During embryonic development, neural crest cells migrate from the neural tube to
the skin where they give rise to melanocytes [3]. The transformation of melanocytes to
melanoma is driven by oncogenic signaling pathways that are triggered by genetic and
environmental factors. Metastatic melanoma cells are highly invasive and display stem cell–
like properties that are characteristic of their neural crest progenitors, making them extremely
aggressive and difficult to treat [4].

Therapeutic intervention in melanoma has historically focused on targeting nodes in the
MAPK pathway [5]. Activating oncogenic mutations in BRAF and NRAS have been identified
in 40–60% and 15–20% of melanoma patients, respectively, leading to constitutive pathway
signaling that promotes cell proliferation and survival [6, 7]. While NRAS has proven ex‐
tremely difficult to target pharmacologically, potent and selective small molecule inhibitors of
BRAF (vemurafenib and dabrafenib) and MEK (trametinib), a downstream signaling kinase,
have been approved by the FDA for the treatment of patients with metastatic melanoma
harboring BRAFV600 mutations [8–12]. While response rates in the clinic have been impressive,
resistance develops quickly and in some cases these agents have been shown to exacerbate the
aggressive nature of the disease due to the paradoxical activation of the MAPK pathway in
cells harboring wild‐type BRAF [13, 14]. The combination of BRAF and MEK inhibitors has
demonstrated improved rates of progression‐free survival, however, these combinations are
still prone to resistance, thereby limiting the long‐term survival in melanoma patients harbor‐
ing BRAFV600 mutations [15–17]. More recently, durable clinical responses have been observed
following treatment with antibodies that target immune checkpoint molecules, such as PD‐1
(pembrolizumab and nivolumab) and CTLA‐4 (ipilimumab) [18–20]. However, the benefit of
these therapies appears to be limited to smaller subsets of the overall patient population and
there are potential safety concerns around the use of these agents in combination with
inhibitors of the MAPK pathway [21, 22].

While recent clinical advances provide much needed hope for melanoma patients, there is a
clear need to understand additional mechanisms that contribute to the pathology of this
disease. To this end, emerging data has demonstrated the importance of aberrant epigenetic
regulation during melanoma growth, metastasis, and drug resistance. In addition to contri‐
buting to a more thorough understanding of melanoma pathogenesis, these studies have
revealed potential drug targets implicated in the regulation of chromatin structure and gene
expression [23–25].

Human Skin Cancer, Potential Biomarkers and Therapeutic Targets10

2. Epigenetic changes as a hallmark of cancer

Epigenetics is defined as heritable changes in gene expression that occur in the absence of
alteration in the DNA sequence (i.e. mutations) [26]. Epigenetic regulators are enzymes and
proteins that covalently modify or bind to DNA and histones to alter chromatin structure and
function. These proteins are divided into three broad classes: writers, erasers, and readers.
Writers and erasers are enzymes that add and remove covalent modifications, such as acety‐
lation, methylation, and phosphorylation, while reader molecules recognize these marks and
serve as downstream effector molecules [27, 28]. The combination of DNA and histone
modifications and DNA‐ and histone‐binding proteins creates an epigenetic code that governs
genome‐wide transcriptional networks. Epigenetic mechanisms drive gene expression
programs that regulate a multitude of cellular processes, including differentiation, prolifera‐
tion, pluripotency, cell migration/motility, cell signaling, and immune recognition/response
[29].

The advent of next‐generation sequencing (NGS) and epigenome mapping technologies has
facilitated the systematic evaluation of cancer genomes. These studies have revealed a
remarkably high frequency of genetic alterations in genes encoding epigenetic regulators [30,
31]. For example, genes encoding subunits of the SWI/SNF chromatin remodeling complex are
mutated in 20% of all tumors, making it the second highest mutational frequency behind TP53
[32]. In concordance with the spectrum of genetic lesions, genome‐wide analysis of DNA and
chromatin structure has revealed alterations in the normal patterns of DNA methylation and
histone modifications [33, 34]. These epigenetic abnormalities reprogram cancer cells by
altering transcriptional programs and influencing cell fate decisions and cellular identity [35].
Based on the multitude of biological pathways influenced by epigenetic reprogramming in
tumors, it has been suggested that defects in epigenetic control contribute to all of the classical
hallmarks of cancer [29].

3. Epigenetic alterations in melanoma

3.1. DNA methylation

In mammalian genomes, DNA methylation occurs almost exclusively in the context of 5’‐CpG
dinucleotides (CpGs). Hypermethylation of CpG island promoters is a common event in cancer
and results in the aberrant silencing of tumor suppressor genes [36, 37]. Paradoxically, tumors
are also characterized by DNA hypomethylation, primarily at repetitive DNA sequences,
transposable elements, and some single‐copy genes [38]. The global loss of DNA methylation
is thought to promote tumorigenesis by several mechanisms, including the creation of genomic
instability, the reactivation of latent retrotransposons, and the potential activation of proto‐
oncogenes [39].

Aberrant DNA methylation is a hallmark of malignant melanoma [40]. Hypermethylation has
been observed at key tumor suppressor genes, such as p16/INK4A, p14/ARF, RASSF1A, and
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the skin. During embryonic development, neural crest cells migrate from the neural tube to
the skin where they give rise to melanocytes [3]. The transformation of melanocytes to
melanoma is driven by oncogenic signaling pathways that are triggered by genetic and
environmental factors. Metastatic melanoma cells are highly invasive and display stem cell–
like properties that are characteristic of their neural crest progenitors, making them extremely
aggressive and difficult to treat [4].

Therapeutic intervention in melanoma has historically focused on targeting nodes in the
MAPK pathway [5]. Activating oncogenic mutations in BRAF and NRAS have been identified
in 40–60% and 15–20% of melanoma patients, respectively, leading to constitutive pathway
signaling that promotes cell proliferation and survival [6, 7]. While NRAS has proven ex‐
tremely difficult to target pharmacologically, potent and selective small molecule inhibitors of
BRAF (vemurafenib and dabrafenib) and MEK (trametinib), a downstream signaling kinase,
have been approved by the FDA for the treatment of patients with metastatic melanoma
harboring BRAFV600 mutations [8–12]. While response rates in the clinic have been impressive,
resistance develops quickly and in some cases these agents have been shown to exacerbate the
aggressive nature of the disease due to the paradoxical activation of the MAPK pathway in
cells harboring wild‐type BRAF [13, 14]. The combination of BRAF and MEK inhibitors has
demonstrated improved rates of progression‐free survival, however, these combinations are
still prone to resistance, thereby limiting the long‐term survival in melanoma patients harbor‐
ing BRAFV600 mutations [15–17]. More recently, durable clinical responses have been observed
following treatment with antibodies that target immune checkpoint molecules, such as PD‐1
(pembrolizumab and nivolumab) and CTLA‐4 (ipilimumab) [18–20]. However, the benefit of
these therapies appears to be limited to smaller subsets of the overall patient population and
there are potential safety concerns around the use of these agents in combination with
inhibitors of the MAPK pathway [21, 22].

While recent clinical advances provide much needed hope for melanoma patients, there is a
clear need to understand additional mechanisms that contribute to the pathology of this
disease. To this end, emerging data has demonstrated the importance of aberrant epigenetic
regulation during melanoma growth, metastasis, and drug resistance. In addition to contri‐
buting to a more thorough understanding of melanoma pathogenesis, these studies have
revealed potential drug targets implicated in the regulation of chromatin structure and gene
expression [23–25].
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2. Epigenetic changes as a hallmark of cancer

Epigenetics is defined as heritable changes in gene expression that occur in the absence of
alteration in the DNA sequence (i.e. mutations) [26]. Epigenetic regulators are enzymes and
proteins that covalently modify or bind to DNA and histones to alter chromatin structure and
function. These proteins are divided into three broad classes: writers, erasers, and readers.
Writers and erasers are enzymes that add and remove covalent modifications, such as acety‐
lation, methylation, and phosphorylation, while reader molecules recognize these marks and
serve as downstream effector molecules [27, 28]. The combination of DNA and histone
modifications and DNA‐ and histone‐binding proteins creates an epigenetic code that governs
genome‐wide transcriptional networks. Epigenetic mechanisms drive gene expression
programs that regulate a multitude of cellular processes, including differentiation, prolifera‐
tion, pluripotency, cell migration/motility, cell signaling, and immune recognition/response
[29].

The advent of next‐generation sequencing (NGS) and epigenome mapping technologies has
facilitated the systematic evaluation of cancer genomes. These studies have revealed a
remarkably high frequency of genetic alterations in genes encoding epigenetic regulators [30,
31]. For example, genes encoding subunits of the SWI/SNF chromatin remodeling complex are
mutated in 20% of all tumors, making it the second highest mutational frequency behind TP53
[32]. In concordance with the spectrum of genetic lesions, genome‐wide analysis of DNA and
chromatin structure has revealed alterations in the normal patterns of DNA methylation and
histone modifications [33, 34]. These epigenetic abnormalities reprogram cancer cells by
altering transcriptional programs and influencing cell fate decisions and cellular identity [35].
Based on the multitude of biological pathways influenced by epigenetic reprogramming in
tumors, it has been suggested that defects in epigenetic control contribute to all of the classical
hallmarks of cancer [29].

3. Epigenetic alterations in melanoma

3.1. DNA methylation

In mammalian genomes, DNA methylation occurs almost exclusively in the context of 5’‐CpG
dinucleotides (CpGs). Hypermethylation of CpG island promoters is a common event in cancer
and results in the aberrant silencing of tumor suppressor genes [36, 37]. Paradoxically, tumors
are also characterized by DNA hypomethylation, primarily at repetitive DNA sequences,
transposable elements, and some single‐copy genes [38]. The global loss of DNA methylation
is thought to promote tumorigenesis by several mechanisms, including the creation of genomic
instability, the reactivation of latent retrotransposons, and the potential activation of proto‐
oncogenes [39].

Aberrant DNA methylation is a hallmark of malignant melanoma [40]. Hypermethylation has
been observed at key tumor suppressor genes, such as p16/INK4A, p14/ARF, RASSF1A, and
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RARβ2, and a CpG island methylator phenotype has been correlated with disease progression
[40, 41]. Interestingly, the loss of methylation at repetitive elements and the hypomethylation‐
induced expression of cancer‐testis antigens, such as MAGE, have also been described as
markers of poor prognosis, highlighting the complexity of tumor‐associated DNA methylation
patterns [40, 42]. Multiple studies have also described links between DNA methylation
abnormalities and BRAFV600E‐mediated signaling [43, 44]. Genome‐wide epigenomic profiling
of metastatic melanoma tumors has identified subgroups of patients with distinct DNA
methylation patterns that correlate with specific proliferative and immune gene expression
signatures and various clinical outcomes [45, 46]. In addition to the potential use as clinical
biomarkers, the data suggests that the reversion of DNA methylation patterns may provide a
therapeutic benefit in melanoma patients.

3.2. Histone modifications

In addition to DNA methylation, posttranslational modifications on histone tails provide
another layer of epigenetic regulation. Histone deacetylases (HDAC) are highly expressed in
melanoma cells and altered histone acetylation has been linked to the downregulation of tumor
suppressor genes, such as p14/ARF and p16/INK4a [25, 47, 48]. In addition to changes in histone
acetylation, genomic, proteomic, and immunohistochemical approaches have also identified
aberrant histone methylation patterns [49–51]. The advent of genome‐wide chromatin
immunoprecipitation has also uncovered global redistribution of histone marks, such as
methylation on lysine 27 of histone H3 (H3K27me) [52, 53]. These observations suggest that
histone modifications cooperate with DNA methylation to reprogram gene expression patterns
during melanoma progression. They also point toward underlying defects in the enzymes and
proteins that regulate these epigenetic mechanisms.

4. Genetic landscape of epigenetic regulators in melanoma

The emergence of NGS has proven to be a powerful tool in identifying oncogenic driver
mutations. In 2012, two independent studies reported whole‐genome sequencing data from
121 and 147 primary melanoma tumors, respectively [54, 55]. In addition to confirming a high
frequency of oncogenic mutations in the BRAF and NRAS genes, these studies identified loss‐
of‐function mutations in the SWI/SNF components ARID2, ARID1A, ARID1B, and SMARCA4
as well as hot‐spot mutations in the histone methyltransferase EZH2 [54, 55]. Identical EZH2
Y641 mutations had previously been identified in germinal center diffuse large B cell lym‐
phoma (DLBCL) and follicular lymphoma (FL) where they have been shown to result in gain‐
of‐function activity [56, 57].

The high frequency of mutations in epigenetic regulators was recently confirmed in an NGS
analysis of 38 treatment‐naive melanoma samples [23]. Targeted sequencing of 275 known
cancer genes revealed mutations in genes encoding known epigenetic regulators, including
histone methyltransferases (MLL2, SETD2), chromatin remodeling factors (ARID1B, ARID2),
and DNA demethylases (TET2). Interestingly, 92.1% of the patient melanoma samples
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harbored at least one mutation in an epigenetic regulator and UVB‐signature mutations were
found more commonly among epigenetic genes.

Analysis of publicly available data from The Cancer Genome Atlas (TCGA) confirms the high
frequency of genetic lesions in epigenetic regulators [58] (Figure 1). These genetic alterations
are often coincident with mutations in the prominent melanoma oncogenes BRAF and
NRAS, suggesting that epigenetic reprogramming may modulate key oncogenic signaling
pathways. Close inspection of the TCGA data also provides important clues to the functional
relationships between various epigenetic regulators. For example, mutations in genes from
related families, such as the histone methyltransferases MLL (KMT2A) and MLL2 (KMT2D) or
protein complexes, such as SWI/SNF, are often mutually exclusive (Figure 1). This suggests
functional redundancies that may be important to melanoma biology. The data also reveals
that a subset of melanomas harbor genomic amplifications that contain epigenetic genes, such
as the histone methyltransferases EZH2 and SETDB1 (Figure 1). Overall, the high frequency
of genetic alterations that impact chromatin regulators implicates epigenetic regulation as a
driving force behind melanoma pathogenesis.

Figure 1. Prominent genetic alterations in epigenetic regulator genes in cutaneous melanoma. The oncogenes BRAF
and NRAS are altered in 51% and 31% of the 278 melanoma tumor samples, respectively. Many of these tumors also
harbor additional mutations in genes that encode for epigenetic factors. This figure highlights epigenetic genes that are
altered in >5% of melanoma tumors. Data is publicly available courtesy of Memorial Sloan‐Kettering Cancer Center’s
cBioPortal for Cancer Genomics (http://www.cbioportal.org).

5. Novel epigenetic drug targets in melanoma

The discovery of widespread epigenetic alterations in melanoma has led to the premise that
melanoma patients would derive therapeutic benefit from therapies that reprogram cancer‐
specific gene expression patterns [25, 59]. To this end, first generation epigenetic therapies,
such as DNA hypomethylating agents and histone deacetylase inhibitors, have made their way
into melanoma clinical trials, primarily in combination with other therapeutic agents. Un‐
fortunately, these early molecules lack selectivity and have demonstrated limited single‐agent
clinical activity outside of hematological malignancies, highlighting the need for therapies that
target alternative epigenetic mechanisms and cellular pathways. The combination of genome‐
wide analyses and targeted genetic approaches has uncovered potential drug targets repre‐
senting multiple classes of epigenetic regulators, including histone methyltransferases, histone
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demethylases, histone ubiquitin ligases, and epigenetic readers (Table 1). In addition, the
prevalence of inactivating mutations in histone modifying enzymes and chromatin remodeling
factors suggests the potential for identifying targetable vulnerabilities in the context of specific
genetic backgrounds.

Target Enzyme class Therapeutic rationale in melanoma References

EZH2 Histone

Methyltransferase

Amplified and overexpressed gain‐of‐function mutations identified

in 3% of patients. Genetic and pharmacological inhibition impairs

tumor growth and metastasis

[53, 54,

70, 75,

77–79]

SETDB1 Histone

Methyltransferase

Amplified and overexpressed. Accelerates tumor progression in

zebrafish melanoma model

[86]

JARID1B Histone Demethylase Required for continuous tumor growth. Potential cancer stem cell

marker. Potential role in mediating drug resistance

[96–98]

JMJD3 Histone Demethylase Promotes growth and metastasis of melanoma cells. Modulates tumor

microenvironment through NF‐κB and BMP signaling

[105]

RNF2 Histone Ubiquitin

Ligase

Overexpressed in melanoma. Part of gene signature that correlates

with melanoma invasion. Dual role in tumor growth and invasion

[107–109]

BRD4 Bromodomain Amplified and overexpressed. Genetic and pharmacological inhibition

impairs tumor growth Potentiates Ras‐driven transcription

in NF1‐mutant tumors

[119–123]

Table 1. Novel epigenetic drug targets in melanoma.

5.1. EZH2

Polycomb group (PcG) proteins are regulators of chromatin structure that play essential roles
in transcriptional control during development [60, 61]. The histone methyltransferase EZH2
is the catalytic subunit of polycomb repressor complex 2 (PRC2), a conserved multiprotein
complex that represses gene expression by methylating lysine 27 on histone H3 [62–64]. In the
context of PRC2, EZH2 methyltransferase activity plays a key role in a number of biological
processes, including cellular differentiation, X‐inactivation, and stem cell pluripotency [65].

In addition to its normal roles in development, accumulating evidence supports an oncogenic
role for EZH2 in the initiation and progression of a variety of cancers [66–68]. Overexpression
of EZH2 has been observed in a wide range of tumor types, and elevated expression is often
correlated with aggressive disease and poor prognosis [69, 70]. More recently, oncogenic gain‐
of‐function mutations in EZH2 have been identified in DLBCL and FL that alter its enzymatic
activity, resulting in elevated levels of H3K27me3 [56, 57]. Moreover, genetic and pharmaco‐
logical inhibition of EZH2 enzymatic activity in both wild‐type and mutant settings has been
shown to inhibit cell proliferation and regress tumor growth, further validating EZH2 as a
potential cancer target [71–73].
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Several lines of evidence suggest that aberrant EZH2 activity plays a role in melanoma
pathogenesis and progression. EZH2 expression has been shown to increase incrementally
during the progression from benign nevi to malignant tumor [74]. To this end, EZH2 is
genetically amplified in melanoma patient samples, and elevated expression has been shown
to correlate with aggressive disease and poor survival [70, 75]. In addition, genetic depletion
of EZH2 in human melanoma cells has been shown to inhibit cell proliferation in vitro and in
vivo by inducing p21‐/CDKN1A‐mediated cellular senescence [76]. More recently, it was
demonstrated that conditional ablation of Ezh2 in a melanoma mouse model inhibited tumor
growth and abolished metastasis without affecting normal melanocytes. Importantly, these
effects were mimicked by pharmacological inhibition of EZH2 confirming the importance of
EZH2 catalytic activity [77]. In addition to genetic amplification, whole‐exome sequencing
analysis has also identified previously characterized EZH2Y641 gain‐of‐function mutations in
melanoma tumors [54, 55]. While inhibition of EZH2 in melanoma cell lines harboring EZH2Y641

mutations has been shown to inhibit cell proliferation and induce apoptosis, a study examining
the growth of EZH2 mutant cells in three‐dimensional assays also uncovered important roles
in cell motility and migration that are independent of cell proliferation [78, 79]. The alterations
in cell proliferation and motility are consistent with the proliferative and metastatic pheno‐
types reported following inhibition of wild‐type EZH2 in mouse melanoma models [77].
Interestingly, EZH2Y641 mutations appear to be coincident with BRAFV600 mutations, suggesting
an important link between epigenetic alterations and the MAPK pathway signaling [80]. This
is supported by a recent finding that the combination of BrafV600E and Ezh2Y641F mutations
accelerated disease progression in a melanoma mouse model [53].

5.2. SETDB1

SET domain bifurcated 1, or SETDB1, is a histone methyltransferase that mediates trimethy‐
lation of lysine 9 on histone H3 (H3K9me3) [81]. SETDB1 has been shown to be involved in the
transcriptional silencing of both euchromatic genes and retro‐elements [81–84]. The mecha‐
nism of transcriptional repression by SETDB1 may involve the DNA methylation machinery
as SETDB1 was shown to be recruited to chromatin by the methyl‐CpG‐binding protein MBD1
to silence tumor suppressor genes, such as RASSF1A and p53BP2 [83, 85]. In 2011, the SETDB1
gene, located on chromosome band 1q21, was found to be amplified in several tumor types,
including melanoma [86]. In the same study, expression of SETDB1 accelerated tumor pro‐
gression in a zebrafish melanoma model harboring an oncogenic BRAFV600E mutation [86].
Chromatin immunoprecipitation coupled to gene expression analysis confirmed that in‐
creased levels of SETDB1 correlated with aberrant silencing of key genes involved in devel‐
opment [86].

On heels of the zebrafish study, there has been surprisingly little data in mammalian systems
linking SETDB1 to melanoma progression. However, in addition to melanoma, SETDB1 is also
focally amplified in non–small cell lung cancer, small cell cancer, ovarian cancer, hepatocellular
carcinoma, prostate cancer, and breast cancer [86–91]. Emerging data in these settings suggests
that elevated expression of SETDB1 may provide tumor cells with a growth advantage. For
example, depletion of SETDB1 by siRNA or shRNA in SETDB1‐amplified breast, liver,

The Emerging Epigenetic Landscape in Melanoma
http://dx.doi.org/10.5772/64733

15



demethylases, histone ubiquitin ligases, and epigenetic readers (Table 1). In addition, the
prevalence of inactivating mutations in histone modifying enzymes and chromatin remodeling
factors suggests the potential for identifying targetable vulnerabilities in the context of specific
genetic backgrounds.

Target Enzyme class Therapeutic rationale in melanoma References

EZH2 Histone

Methyltransferase

Amplified and overexpressed gain‐of‐function mutations identified

in 3% of patients. Genetic and pharmacological inhibition impairs

tumor growth and metastasis

[53, 54,

70, 75,

77–79]

SETDB1 Histone

Methyltransferase

Amplified and overexpressed. Accelerates tumor progression in

zebrafish melanoma model

[86]

JARID1B Histone Demethylase Required for continuous tumor growth. Potential cancer stem cell

marker. Potential role in mediating drug resistance

[96–98]

JMJD3 Histone Demethylase Promotes growth and metastasis of melanoma cells. Modulates tumor

microenvironment through NF‐κB and BMP signaling

[105]

RNF2 Histone Ubiquitin

Ligase

Overexpressed in melanoma. Part of gene signature that correlates

with melanoma invasion. Dual role in tumor growth and invasion

[107–109]

BRD4 Bromodomain Amplified and overexpressed. Genetic and pharmacological inhibition

impairs tumor growth Potentiates Ras‐driven transcription

in NF1‐mutant tumors

[119–123]

Table 1. Novel epigenetic drug targets in melanoma.

5.1. EZH2

Polycomb group (PcG) proteins are regulators of chromatin structure that play essential roles
in transcriptional control during development [60, 61]. The histone methyltransferase EZH2
is the catalytic subunit of polycomb repressor complex 2 (PRC2), a conserved multiprotein
complex that represses gene expression by methylating lysine 27 on histone H3 [62–64]. In the
context of PRC2, EZH2 methyltransferase activity plays a key role in a number of biological
processes, including cellular differentiation, X‐inactivation, and stem cell pluripotency [65].

In addition to its normal roles in development, accumulating evidence supports an oncogenic
role for EZH2 in the initiation and progression of a variety of cancers [66–68]. Overexpression
of EZH2 has been observed in a wide range of tumor types, and elevated expression is often
correlated with aggressive disease and poor prognosis [69, 70]. More recently, oncogenic gain‐
of‐function mutations in EZH2 have been identified in DLBCL and FL that alter its enzymatic
activity, resulting in elevated levels of H3K27me3 [56, 57]. Moreover, genetic and pharmaco‐
logical inhibition of EZH2 enzymatic activity in both wild‐type and mutant settings has been
shown to inhibit cell proliferation and regress tumor growth, further validating EZH2 as a
potential cancer target [71–73].
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Several lines of evidence suggest that aberrant EZH2 activity plays a role in melanoma
pathogenesis and progression. EZH2 expression has been shown to increase incrementally
during the progression from benign nevi to malignant tumor [74]. To this end, EZH2 is
genetically amplified in melanoma patient samples, and elevated expression has been shown
to correlate with aggressive disease and poor survival [70, 75]. In addition, genetic depletion
of EZH2 in human melanoma cells has been shown to inhibit cell proliferation in vitro and in
vivo by inducing p21‐/CDKN1A‐mediated cellular senescence [76]. More recently, it was
demonstrated that conditional ablation of Ezh2 in a melanoma mouse model inhibited tumor
growth and abolished metastasis without affecting normal melanocytes. Importantly, these
effects were mimicked by pharmacological inhibition of EZH2 confirming the importance of
EZH2 catalytic activity [77]. In addition to genetic amplification, whole‐exome sequencing
analysis has also identified previously characterized EZH2Y641 gain‐of‐function mutations in
melanoma tumors [54, 55]. While inhibition of EZH2 in melanoma cell lines harboring EZH2Y641

mutations has been shown to inhibit cell proliferation and induce apoptosis, a study examining
the growth of EZH2 mutant cells in three‐dimensional assays also uncovered important roles
in cell motility and migration that are independent of cell proliferation [78, 79]. The alterations
in cell proliferation and motility are consistent with the proliferative and metastatic pheno‐
types reported following inhibition of wild‐type EZH2 in mouse melanoma models [77].
Interestingly, EZH2Y641 mutations appear to be coincident with BRAFV600 mutations, suggesting
an important link between epigenetic alterations and the MAPK pathway signaling [80]. This
is supported by a recent finding that the combination of BrafV600E and Ezh2Y641F mutations
accelerated disease progression in a melanoma mouse model [53].

5.2. SETDB1

SET domain bifurcated 1, or SETDB1, is a histone methyltransferase that mediates trimethy‐
lation of lysine 9 on histone H3 (H3K9me3) [81]. SETDB1 has been shown to be involved in the
transcriptional silencing of both euchromatic genes and retro‐elements [81–84]. The mecha‐
nism of transcriptional repression by SETDB1 may involve the DNA methylation machinery
as SETDB1 was shown to be recruited to chromatin by the methyl‐CpG‐binding protein MBD1
to silence tumor suppressor genes, such as RASSF1A and p53BP2 [83, 85]. In 2011, the SETDB1
gene, located on chromosome band 1q21, was found to be amplified in several tumor types,
including melanoma [86]. In the same study, expression of SETDB1 accelerated tumor pro‐
gression in a zebrafish melanoma model harboring an oncogenic BRAFV600E mutation [86].
Chromatin immunoprecipitation coupled to gene expression analysis confirmed that in‐
creased levels of SETDB1 correlated with aberrant silencing of key genes involved in devel‐
opment [86].

On heels of the zebrafish study, there has been surprisingly little data in mammalian systems
linking SETDB1 to melanoma progression. However, in addition to melanoma, SETDB1 is also
focally amplified in non–small cell lung cancer, small cell cancer, ovarian cancer, hepatocellular
carcinoma, prostate cancer, and breast cancer [86–91]. Emerging data in these settings suggests
that elevated expression of SETDB1 may provide tumor cells with a growth advantage. For
example, depletion of SETDB1 by siRNA or shRNA in SETDB1‐amplified breast, liver,
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demethylases, histone ubiquitin ligases, and epigenetic readers (Table 1). In addition, the
prevalence of inactivating mutations in histone modifying enzymes and chromatin remodeling
factors suggests the potential for identifying targetable vulnerabilities in the context of specific
genetic backgrounds.

Target Enzyme class Therapeutic rationale in melanoma References

EZH2 Histone

Methyltransferase

Amplified and overexpressed gain‐of‐function mutations identified

in 3% of patients. Genetic and pharmacological inhibition impairs

tumor growth and metastasis
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SETDB1 Histone

Methyltransferase

Amplified and overexpressed. Accelerates tumor progression in
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JARID1B Histone Demethylase Required for continuous tumor growth. Potential cancer stem cell

marker. Potential role in mediating drug resistance

[96–98]

JMJD3 Histone Demethylase Promotes growth and metastasis of melanoma cells. Modulates tumor

microenvironment through NF‐κB and BMP signaling

[105]

RNF2 Histone Ubiquitin

Ligase

Overexpressed in melanoma. Part of gene signature that correlates

with melanoma invasion. Dual role in tumor growth and invasion

[107–109]

BRD4 Bromodomain Amplified and overexpressed. Genetic and pharmacological inhibition

impairs tumor growth Potentiates Ras‐driven transcription

in NF1‐mutant tumors

[119–123]

Table 1. Novel epigenetic drug targets in melanoma.

5.1. EZH2

Polycomb group (PcG) proteins are regulators of chromatin structure that play essential roles
in transcriptional control during development [60, 61]. The histone methyltransferase EZH2
is the catalytic subunit of polycomb repressor complex 2 (PRC2), a conserved multiprotein
complex that represses gene expression by methylating lysine 27 on histone H3 [62–64]. In the
context of PRC2, EZH2 methyltransferase activity plays a key role in a number of biological
processes, including cellular differentiation, X‐inactivation, and stem cell pluripotency [65].

In addition to its normal roles in development, accumulating evidence supports an oncogenic
role for EZH2 in the initiation and progression of a variety of cancers [66–68]. Overexpression
of EZH2 has been observed in a wide range of tumor types, and elevated expression is often
correlated with aggressive disease and poor prognosis [69, 70]. More recently, oncogenic gain‐
of‐function mutations in EZH2 have been identified in DLBCL and FL that alter its enzymatic
activity, resulting in elevated levels of H3K27me3 [56, 57]. Moreover, genetic and pharmaco‐
logical inhibition of EZH2 enzymatic activity in both wild‐type and mutant settings has been
shown to inhibit cell proliferation and regress tumor growth, further validating EZH2 as a
potential cancer target [71–73].
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Several lines of evidence suggest that aberrant EZH2 activity plays a role in melanoma
pathogenesis and progression. EZH2 expression has been shown to increase incrementally
during the progression from benign nevi to malignant tumor [74]. To this end, EZH2 is
genetically amplified in melanoma patient samples, and elevated expression has been shown
to correlate with aggressive disease and poor survival [70, 75]. In addition, genetic depletion
of EZH2 in human melanoma cells has been shown to inhibit cell proliferation in vitro and in
vivo by inducing p21‐/CDKN1A‐mediated cellular senescence [76]. More recently, it was
demonstrated that conditional ablation of Ezh2 in a melanoma mouse model inhibited tumor
growth and abolished metastasis without affecting normal melanocytes. Importantly, these
effects were mimicked by pharmacological inhibition of EZH2 confirming the importance of
EZH2 catalytic activity [77]. In addition to genetic amplification, whole‐exome sequencing
analysis has also identified previously characterized EZH2Y641 gain‐of‐function mutations in
melanoma tumors [54, 55]. While inhibition of EZH2 in melanoma cell lines harboring EZH2Y641

mutations has been shown to inhibit cell proliferation and induce apoptosis, a study examining
the growth of EZH2 mutant cells in three‐dimensional assays also uncovered important roles
in cell motility and migration that are independent of cell proliferation [78, 79]. The alterations
in cell proliferation and motility are consistent with the proliferative and metastatic pheno‐
types reported following inhibition of wild‐type EZH2 in mouse melanoma models [77].
Interestingly, EZH2Y641 mutations appear to be coincident with BRAFV600 mutations, suggesting
an important link between epigenetic alterations and the MAPK pathway signaling [80]. This
is supported by a recent finding that the combination of BrafV600E and Ezh2Y641F mutations
accelerated disease progression in a melanoma mouse model [53].

5.2. SETDB1

SET domain bifurcated 1, or SETDB1, is a histone methyltransferase that mediates trimethy‐
lation of lysine 9 on histone H3 (H3K9me3) [81]. SETDB1 has been shown to be involved in the
transcriptional silencing of both euchromatic genes and retro‐elements [81–84]. The mecha‐
nism of transcriptional repression by SETDB1 may involve the DNA methylation machinery
as SETDB1 was shown to be recruited to chromatin by the methyl‐CpG‐binding protein MBD1
to silence tumor suppressor genes, such as RASSF1A and p53BP2 [83, 85]. In 2011, the SETDB1
gene, located on chromosome band 1q21, was found to be amplified in several tumor types,
including melanoma [86]. In the same study, expression of SETDB1 accelerated tumor pro‐
gression in a zebrafish melanoma model harboring an oncogenic BRAFV600E mutation [86].
Chromatin immunoprecipitation coupled to gene expression analysis confirmed that in‐
creased levels of SETDB1 correlated with aberrant silencing of key genes involved in devel‐
opment [86].

On heels of the zebrafish study, there has been surprisingly little data in mammalian systems
linking SETDB1 to melanoma progression. However, in addition to melanoma, SETDB1 is also
focally amplified in non–small cell lung cancer, small cell cancer, ovarian cancer, hepatocellular
carcinoma, prostate cancer, and breast cancer [86–91]. Emerging data in these settings suggests
that elevated expression of SETDB1 may provide tumor cells with a growth advantage. For
example, depletion of SETDB1 by siRNA or shRNA in SETDB1‐amplified breast, liver,
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prostate, and lung cancer cells has been shown to inhibit proliferation in vitro and in vivo,
indicating that these cells require elevated SETDB1 for their growth [87–89, 91]. In addition,
inhibition of SETDB1 has been shown to negatively impact cell migration and invasion,
suggesting that the role of SETDB1 may extend beyond the regulation of cell proliferation [88].

While the pathways that trigger cancer‐specific overexpression of SETDB1 remain poorly
elucidated, recent data has begun to shed light on the downstream mechanisms by which
SETDB1 facilitates tumor growth in specific genetic contexts. SETDB1 has been shown to
regulate the stability of tumor suppressors p53 and p53‐related p63 [89, 91]. In 2015, Fei et al.
reported the molecular interplay between SETDB1 and the well‐known hotspot gain‐of‐
function TP53 R249S mutation. In this study, the authors demonstrated that SETDB1 catalyzes
the demethylation of p53K370 and prevents the degradation of p53 by MDM2. More
importantly, they found that inactivation of SETDB1 in HCC cell lines harboring R249S
mutation suppresses cell growth, suggesting that TP53 mutational status renders cancer cells
dependent on SETDB1 activity. While reliance on the tumor suppressive capacity of p53 is
profoundly emphasized by its near universal malfunction in all cancers and TP53 is the most
altered gene in cancer, accumulating evidence indicates that many mutant p53 isoforms can
exert additional oncogenic activity by a gain‐of‐function mechanism [92–94]. With the recent
observation that 19% of melanoma tumor harbor mutations in the TP53 gene, the interplay
between SETDB1 and p53 may suggest a therapeutic strategy for targeting melanoma
patients with TP53 mutations [54].

5.3. JARID1B

One of the main characteristics of melanoma is intratumor heterogeneity, as different subpo‐
pulations of cancer cells are found across patient samples. JARID1B (KDM5B) is a member of
the highly conserved family of Jumonji proteins and is responsible for demethylation of
methylated lysine 4 of histone H3 [95]. While highly expressed in benign nevi, JARID1B
expression is restricted to ∼5–10% of the total cell population in aggressive and metastatic
melanomas [96]. Notably, even within highly proliferative melanomas, a JARID1B‐positive
subpopulation was present in a slow‐cycling state [97]. Although not required for tumor
initiation, elegant studies by Roesch et al. have demonstrated that JARID1B is required for the
continuous tumor growth. While knockdown of JARID1B induces an initial burst of tumor
growth, this is quickly exhausted [97]. Follow‐on studies have shown that the JARID1B‐
positive subpopulation is intrinsically resistant to chemo‐ and targeted therapies [98]. While
self‐renewal and drug resistance are characteristics of stem‐like cells, expression of JARID1B
does not follow the classical hierarchical cancer stem cell model [97]. Overall, these studies
provide valuable insight regarding the mechanisms of tumor heterogeneity and suggest the
possibility of targeting JARID1B as a strategy for overcoming drug resistance in melanoma.

5.4. JMJD3

JMJD3 is a histone demethylase that is responsible for the removal of the trimethyl group from
the H3K27 [99]. Several studies have shown that JMJD3 may play a dual role in human cancers,
functioning as either a tumor suppressor or an oncogene depending on the cell type and
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cellular context [100–104]. Recently, an oncogenic role for JMJD3 was elucidated in melanoma
[105]. Contrary to previous reports showing an antiproliferative effect of JMJD3 in different
cancer types, JMJD3 promoted melanoma tumor growth and metastasis by modulating
intrinsic cellular properties as well as the tumor microenvironment through PI3K signaling.
Importantly, JMJD3 activity in melanoma cells was responsible for the transcriptional activa‐
tion of target genes in the NF‐κB and BMP signaling pathways [105]. Although additional work
will need to be done to fully understand the mechanisms by which JMJD3‐mediated modu‐
lation of H3K27 methylation promotes melanoma, this study provides the initial evidence
linking epigenetic regulation by JMJD3 to melanoma progression and metastasis.

5.5. RNF2

Ubiquitination of histone tails is emerging as an important epigenetic modification in cancer.
RNF2, an E3 ubiquitin ligase, is a core component of the polycomb repressive complex 1
(PRC1). In the context of PRC1, RNF2 promotes gene silencing by monoubiquitinating lysine
119 on histone H2A (H2AK119ub) [106]. RNF2 is overexpressed in multiple cancers and it is
also part of an 18 gene signature that correlates with melanoma invasion [107]. Through a series
of genetic studies in mouse and human systems, Rai et al. recently demonstrated that RNF2
plays a dual role in melanoma progression, regulating both tumorigenic and invasive poten‐
tial [108]. Importantly, the proinvasive function of RNF2 was shown to require its E3 ligase
activity, while its ability to promote tumor growth was independent of this catalytic function
[108]. The TGF‐β pathway is a key regulator of cancer cell invasion and metastasis. RNF2
potentiates TGF‐β signaling by monoubiquitinating H2AK119 at the promoter of the LTBP2
gene, leading to the transcriptional repression of this negative regulator of the TGF‐β pathway
[108]. Given that the vast majority of melanoma deaths stem from metastatic disease, this
mechanistic insight may provide an opportunity for future therapeutic intervention with
catalytic inhibitors of RNF2. Interestingly, the noncatalytic function of RNF2 also provides
important insight to potential therapies. MEK1‐dependent phosphorylation of RNF2 leads to
the formation of alternative complexes containing the histone demethylase KDM6A and the
histone acetyltransferase EP300, which activate downstream target genes such as CCND2
[108].This suggests the possibility of using RNF2 inhibitors in combination with either MEK
or EP300 inhibitors to target both tumor growth and metastasis [109].

5.6. BRD4

In addition to the numerous chromatin modifying proteins and complexes, epigenetic
readers also constitute key components of the mechanisms by which gene expression is
regulated. First identified in members of the SWI/SNF and mediator complexes [110–112],
bromodomains are found in many transcription factors and developmental regulators that
control gene expression through histone modification and chromatin remodeling [113–115].
In addition to playing important roles in cell‐cycle control during normal development,
several bromodomain‐containing proteins have also been implicated in cancer [116, 117].
The bromodomain and extraterminal (BET) protein family member BRD4 has gained con‐
siderable attention due to its aberrant activity in multiple cancer indications and its ability
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prostate, and lung cancer cells has been shown to inhibit proliferation in vitro and in vivo,
indicating that these cells require elevated SETDB1 for their growth [87–89, 91]. In addition,
inhibition of SETDB1 has been shown to negatively impact cell migration and invasion,
suggesting that the role of SETDB1 may extend beyond the regulation of cell proliferation [88].

While the pathways that trigger cancer‐specific overexpression of SETDB1 remain poorly
elucidated, recent data has begun to shed light on the downstream mechanisms by which
SETDB1 facilitates tumor growth in specific genetic contexts. SETDB1 has been shown to
regulate the stability of tumor suppressors p53 and p53‐related p63 [89, 91]. In 2015, Fei et al.
reported the molecular interplay between SETDB1 and the well‐known hotspot gain‐of‐
function TP53 R249S mutation. In this study, the authors demonstrated that SETDB1 catalyzes
the demethylation of p53K370 and prevents the degradation of p53 by MDM2. More
importantly, they found that inactivation of SETDB1 in HCC cell lines harboring R249S
mutation suppresses cell growth, suggesting that TP53 mutational status renders cancer cells
dependent on SETDB1 activity. While reliance on the tumor suppressive capacity of p53 is
profoundly emphasized by its near universal malfunction in all cancers and TP53 is the most
altered gene in cancer, accumulating evidence indicates that many mutant p53 isoforms can
exert additional oncogenic activity by a gain‐of‐function mechanism [92–94]. With the recent
observation that 19% of melanoma tumor harbor mutations in the TP53 gene, the interplay
between SETDB1 and p53 may suggest a therapeutic strategy for targeting melanoma
patients with TP53 mutations [54].

5.3. JARID1B

One of the main characteristics of melanoma is intratumor heterogeneity, as different subpo‐
pulations of cancer cells are found across patient samples. JARID1B (KDM5B) is a member of
the highly conserved family of Jumonji proteins and is responsible for demethylation of
methylated lysine 4 of histone H3 [95]. While highly expressed in benign nevi, JARID1B
expression is restricted to ∼5–10% of the total cell population in aggressive and metastatic
melanomas [96]. Notably, even within highly proliferative melanomas, a JARID1B‐positive
subpopulation was present in a slow‐cycling state [97]. Although not required for tumor
initiation, elegant studies by Roesch et al. have demonstrated that JARID1B is required for the
continuous tumor growth. While knockdown of JARID1B induces an initial burst of tumor
growth, this is quickly exhausted [97]. Follow‐on studies have shown that the JARID1B‐
positive subpopulation is intrinsically resistant to chemo‐ and targeted therapies [98]. While
self‐renewal and drug resistance are characteristics of stem‐like cells, expression of JARID1B
does not follow the classical hierarchical cancer stem cell model [97]. Overall, these studies
provide valuable insight regarding the mechanisms of tumor heterogeneity and suggest the
possibility of targeting JARID1B as a strategy for overcoming drug resistance in melanoma.

5.4. JMJD3

JMJD3 is a histone demethylase that is responsible for the removal of the trimethyl group from
the H3K27 [99]. Several studies have shown that JMJD3 may play a dual role in human cancers,
functioning as either a tumor suppressor or an oncogene depending on the cell type and
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cellular context [100–104]. Recently, an oncogenic role for JMJD3 was elucidated in melanoma
[105]. Contrary to previous reports showing an antiproliferative effect of JMJD3 in different
cancer types, JMJD3 promoted melanoma tumor growth and metastasis by modulating
intrinsic cellular properties as well as the tumor microenvironment through PI3K signaling.
Importantly, JMJD3 activity in melanoma cells was responsible for the transcriptional activa‐
tion of target genes in the NF‐κB and BMP signaling pathways [105]. Although additional work
will need to be done to fully understand the mechanisms by which JMJD3‐mediated modu‐
lation of H3K27 methylation promotes melanoma, this study provides the initial evidence
linking epigenetic regulation by JMJD3 to melanoma progression and metastasis.

5.5. RNF2

Ubiquitination of histone tails is emerging as an important epigenetic modification in cancer.
RNF2, an E3 ubiquitin ligase, is a core component of the polycomb repressive complex 1
(PRC1). In the context of PRC1, RNF2 promotes gene silencing by monoubiquitinating lysine
119 on histone H2A (H2AK119ub) [106]. RNF2 is overexpressed in multiple cancers and it is
also part of an 18 gene signature that correlates with melanoma invasion [107]. Through a series
of genetic studies in mouse and human systems, Rai et al. recently demonstrated that RNF2
plays a dual role in melanoma progression, regulating both tumorigenic and invasive poten‐
tial [108]. Importantly, the proinvasive function of RNF2 was shown to require its E3 ligase
activity, while its ability to promote tumor growth was independent of this catalytic function
[108]. The TGF‐β pathway is a key regulator of cancer cell invasion and metastasis. RNF2
potentiates TGF‐β signaling by monoubiquitinating H2AK119 at the promoter of the LTBP2
gene, leading to the transcriptional repression of this negative regulator of the TGF‐β pathway
[108]. Given that the vast majority of melanoma deaths stem from metastatic disease, this
mechanistic insight may provide an opportunity for future therapeutic intervention with
catalytic inhibitors of RNF2. Interestingly, the noncatalytic function of RNF2 also provides
important insight to potential therapies. MEK1‐dependent phosphorylation of RNF2 leads to
the formation of alternative complexes containing the histone demethylase KDM6A and the
histone acetyltransferase EP300, which activate downstream target genes such as CCND2
[108].This suggests the possibility of using RNF2 inhibitors in combination with either MEK
or EP300 inhibitors to target both tumor growth and metastasis [109].

5.6. BRD4

In addition to the numerous chromatin modifying proteins and complexes, epigenetic
readers also constitute key components of the mechanisms by which gene expression is
regulated. First identified in members of the SWI/SNF and mediator complexes [110–112],
bromodomains are found in many transcription factors and developmental regulators that
control gene expression through histone modification and chromatin remodeling [113–115].
In addition to playing important roles in cell‐cycle control during normal development,
several bromodomain‐containing proteins have also been implicated in cancer [116, 117].
The bromodomain and extraterminal (BET) protein family member BRD4 has gained con‐
siderable attention due to its aberrant activity in multiple cancer indications and its ability
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prostate, and lung cancer cells has been shown to inhibit proliferation in vitro and in vivo,
indicating that these cells require elevated SETDB1 for their growth [87–89, 91]. In addition,
inhibition of SETDB1 has been shown to negatively impact cell migration and invasion,
suggesting that the role of SETDB1 may extend beyond the regulation of cell proliferation [88].

While the pathways that trigger cancer‐specific overexpression of SETDB1 remain poorly
elucidated, recent data has begun to shed light on the downstream mechanisms by which
SETDB1 facilitates tumor growth in specific genetic contexts. SETDB1 has been shown to
regulate the stability of tumor suppressors p53 and p53‐related p63 [89, 91]. In 2015, Fei et al.
reported the molecular interplay between SETDB1 and the well‐known hotspot gain‐of‐
function TP53 R249S mutation. In this study, the authors demonstrated that SETDB1 catalyzes
the demethylation of p53K370 and prevents the degradation of p53 by MDM2. More
importantly, they found that inactivation of SETDB1 in HCC cell lines harboring R249S
mutation suppresses cell growth, suggesting that TP53 mutational status renders cancer cells
dependent on SETDB1 activity. While reliance on the tumor suppressive capacity of p53 is
profoundly emphasized by its near universal malfunction in all cancers and TP53 is the most
altered gene in cancer, accumulating evidence indicates that many mutant p53 isoforms can
exert additional oncogenic activity by a gain‐of‐function mechanism [92–94]. With the recent
observation that 19% of melanoma tumor harbor mutations in the TP53 gene, the interplay
between SETDB1 and p53 may suggest a therapeutic strategy for targeting melanoma
patients with TP53 mutations [54].

5.3. JARID1B

One of the main characteristics of melanoma is intratumor heterogeneity, as different subpo‐
pulations of cancer cells are found across patient samples. JARID1B (KDM5B) is a member of
the highly conserved family of Jumonji proteins and is responsible for demethylation of
methylated lysine 4 of histone H3 [95]. While highly expressed in benign nevi, JARID1B
expression is restricted to ∼5–10% of the total cell population in aggressive and metastatic
melanomas [96]. Notably, even within highly proliferative melanomas, a JARID1B‐positive
subpopulation was present in a slow‐cycling state [97]. Although not required for tumor
initiation, elegant studies by Roesch et al. have demonstrated that JARID1B is required for the
continuous tumor growth. While knockdown of JARID1B induces an initial burst of tumor
growth, this is quickly exhausted [97]. Follow‐on studies have shown that the JARID1B‐
positive subpopulation is intrinsically resistant to chemo‐ and targeted therapies [98]. While
self‐renewal and drug resistance are characteristics of stem‐like cells, expression of JARID1B
does not follow the classical hierarchical cancer stem cell model [97]. Overall, these studies
provide valuable insight regarding the mechanisms of tumor heterogeneity and suggest the
possibility of targeting JARID1B as a strategy for overcoming drug resistance in melanoma.

5.4. JMJD3

JMJD3 is a histone demethylase that is responsible for the removal of the trimethyl group from
the H3K27 [99]. Several studies have shown that JMJD3 may play a dual role in human cancers,
functioning as either a tumor suppressor or an oncogene depending on the cell type and
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cellular context [100–104]. Recently, an oncogenic role for JMJD3 was elucidated in melanoma
[105]. Contrary to previous reports showing an antiproliferative effect of JMJD3 in different
cancer types, JMJD3 promoted melanoma tumor growth and metastasis by modulating
intrinsic cellular properties as well as the tumor microenvironment through PI3K signaling.
Importantly, JMJD3 activity in melanoma cells was responsible for the transcriptional activa‐
tion of target genes in the NF‐κB and BMP signaling pathways [105]. Although additional work
will need to be done to fully understand the mechanisms by which JMJD3‐mediated modu‐
lation of H3K27 methylation promotes melanoma, this study provides the initial evidence
linking epigenetic regulation by JMJD3 to melanoma progression and metastasis.

5.5. RNF2

Ubiquitination of histone tails is emerging as an important epigenetic modification in cancer.
RNF2, an E3 ubiquitin ligase, is a core component of the polycomb repressive complex 1
(PRC1). In the context of PRC1, RNF2 promotes gene silencing by monoubiquitinating lysine
119 on histone H2A (H2AK119ub) [106]. RNF2 is overexpressed in multiple cancers and it is
also part of an 18 gene signature that correlates with melanoma invasion [107]. Through a series
of genetic studies in mouse and human systems, Rai et al. recently demonstrated that RNF2
plays a dual role in melanoma progression, regulating both tumorigenic and invasive poten‐
tial [108]. Importantly, the proinvasive function of RNF2 was shown to require its E3 ligase
activity, while its ability to promote tumor growth was independent of this catalytic function
[108]. The TGF‐β pathway is a key regulator of cancer cell invasion and metastasis. RNF2
potentiates TGF‐β signaling by monoubiquitinating H2AK119 at the promoter of the LTBP2
gene, leading to the transcriptional repression of this negative regulator of the TGF‐β pathway
[108]. Given that the vast majority of melanoma deaths stem from metastatic disease, this
mechanistic insight may provide an opportunity for future therapeutic intervention with
catalytic inhibitors of RNF2. Interestingly, the noncatalytic function of RNF2 also provides
important insight to potential therapies. MEK1‐dependent phosphorylation of RNF2 leads to
the formation of alternative complexes containing the histone demethylase KDM6A and the
histone acetyltransferase EP300, which activate downstream target genes such as CCND2
[108].This suggests the possibility of using RNF2 inhibitors in combination with either MEK
or EP300 inhibitors to target both tumor growth and metastasis [109].

5.6. BRD4

In addition to the numerous chromatin modifying proteins and complexes, epigenetic
readers also constitute key components of the mechanisms by which gene expression is
regulated. First identified in members of the SWI/SNF and mediator complexes [110–112],
bromodomains are found in many transcription factors and developmental regulators that
control gene expression through histone modification and chromatin remodeling [113–115].
In addition to playing important roles in cell‐cycle control during normal development,
several bromodomain‐containing proteins have also been implicated in cancer [116, 117].
The bromodomain and extraterminal (BET) protein family member BRD4 has gained con‐
siderable attention due to its aberrant activity in multiple cancer indications and its ability
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to drive expression of key oncogenes, such as MYC and BCL2 [118]. BRD4 was found to be
amplified or overexpressed in melanoma cell lines and primary tumors, and stable gene
knockdown caused a significant reduction in tumor growth with significant impact on key
cell‐cycle genes [119]. In agreement with this genetic data, pharmacological inhibition of
BRD4 has been shown to impair melanoma cell growth both in vitro and in vivo, further
validating this epigenetic reader as a cancer target in this disease [119–121]. In addition,
BET bromodomain inhibitors have been shown to selectively inhibit uveal melanoma cells
harboring Gnaq/11 mutations in a Myc‐independent manner, suggesting a precision medi‐
cine strategy for therapeutic intervention [122]. Melanomas are also characterized by loss‐
of‐function mutations in the gene encoding the Ras GTPase‐activating protein NF1 [123]. It
was recently reported that the combined loss of NF1 and the PRC2 component SUZ12 am‐
plifies RAS‐driven transcription, and that this effect is mediated by BRD4 recruitment to
H3K27Ac at downstream target genes [123]. This study also highlighted the therapeutic
potential of simultaneously targeting BRD4 and the MAPK pathway.

5.7. Synthetic lethal strategies

SWI/SNF is evolutionarily conserved, ATP‐dependent chromatin remodeling complex. Re‐
cent genome‐wide sequencing approaches have revealed that subunits of SWI/SNF are re‐
currently mutated across many human cancers, including melanoma [32, 124, 125].
Although the roles of SWI/SNF complex in cancer are still poorly understood, studies indi‐
cate that SWI/SNF complexes may be master regulators of genes involved in cellular differ‐
entiation and that perturbations in the activity and stoichiometry of this complex promote
tumorigenesis [126–128]. In melanoma, loss‐of‐function mutations have been identified in
several genes encoding SWI/SNF components, including ARID2, ARID1A, ARID1B, SMAR‐
CA2, and SMARCA4 [23, 54, 55]. Investigation into these deficiencies has begun to reveal
tumor‐specific referred dependencies that may represent druggable targets. For example,
recent studies have identified putative synthetic lethal relationships in SMARCA4‐ and
ARID1A‐deficient tumors, where proliferation of the mutant cells depends on the activity
of the closely related paralogs SMARCA2 and ARID1B [129–132]. While similar dependen‐
cies have yet to be demonstrated in melanoma tumors harboring SWI/SNF mutations, these
observations have at least opened up the possibility of treating melanoma patients with
genetically defined mutations in the SWI/SNF complex. Recently, this concept of epigenetic
synthetic lethality has been extended to CBP/EP300‐deficient cancers [133]. EP300 and CBP
are closely related chromatin modifying proteins facilitating acetylation of lysine residues
on histones H3 and H4 [134, 135]. Genome‐wide sequencing studies have revealed that
multiple types of human cancers, including melanoma, harbor loss‐of‐function mutations
in both CBP and EP300 [136–139]. A recent study has identified EP300 as a key target in
CBP‐deficient cancer cells, describing another example of a paralog targeting strategy that
specifically exploits human cancers harboring loss‐of‐function CBP mutations [133]. Given
the frequency and mutually exclusive nature of CBP and EP300 mutations in melanoma,
the paralog targeting approach may provide an additional opportunity for targeting these
epigenetically defined subsets of melanoma patients.

Human Skin Cancer, Potential Biomarkers and Therapeutic Targets18

6. Clinical strategies for the treatment of melanoma with epigenetic
inhibitors

6.1. First‐generation epigenetic inhibitors: DNA hypomethylating agents and HDAC
inhibitors

The initial foray into epigenetic therapy focused on the development of small molecule in‐
hibitors to DNA methyltransferase (DNMT) and histone deacetylase enzymes, and these
molecules are being explored as therapeutic modalities in multiple cancer types, including
melanoma. However, treatment of solid tumors with these agents continues to be a chal‐
lenge, with approvals in the clinic being limited to a subset of hematological malignancies
[140]. In recent years, treatment paradigms have shifted toward the use of lower, transient
doses that favor modulation of DNA and chromatin structure over general cytotoxicities
[141]. Treatment strategies in melanoma are currently focused on drug combinations that
override resistance mechanisms and potentiate antitumor immune responses (Table 2) [24].
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Study to Determine Efficacy and Safety of CC‐486 with

Nab‐Paclitaxel in Patients with Chemotherapy Naïve

Metastatic Melanoma

DNA Hypomethylating Agent NCT01933061 II

Treatment of Resistant Disease Using Decitabine Combined

with Vemurafenib Plus Cobimetinib

DNA Hypomethylating Agent NCT01876641 I/II

Combination of Decitabine and Temozolomide in the

Treatment of Patients with Metastatic Melanoma

DNA Hypomethylating Agent NCT00715793 I/II

Parallel Trial of Decitabine and Peg‐Interferon in Melanoma:

Phase II Portion

DNA Hypomethylating Agent NCT02605473 II

Parallel Trial of Decitabine and Peg‐Interferon in Melanoma:

Phase I Portion

DNA Hypomethylating Agent NCT00791271 I

Azacitidine and Interferon Alfa in Treating Patients with

Metastatic Melanoma

DNA Hypomethylating Agent NCT00398450 I

Phase I/II Trial of Valproic Acid and Karenitecin for

Melanoma

DNA Hypomethylating Agent NCT00358319 I/II

Azacitidine and Recombinant Interferon Alfa‐2B in Treating

Patients with Stage III or IV Melanoma
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Treatment of Resistant Metastatic Melanoma using DNA Hypomethylating NCT00925132 I/II
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cies have yet to be demonstrated in melanoma tumors harboring SWI/SNF mutations, these
observations have at least opened up the possibility of treating melanoma patients with
genetically defined mutations in the SWI/SNF complex. Recently, this concept of epigenetic
synthetic lethality has been extended to CBP/EP300‐deficient cancers [133]. EP300 and CBP
are closely related chromatin modifying proteins facilitating acetylation of lysine residues
on histones H3 and H4 [134, 135]. Genome‐wide sequencing studies have revealed that
multiple types of human cancers, including melanoma, harbor loss‐of‐function mutations
in both CBP and EP300 [136–139]. A recent study has identified EP300 as a key target in
CBP‐deficient cancer cells, describing another example of a paralog targeting strategy that
specifically exploits human cancers harboring loss‐of‐function CBP mutations [133]. Given
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the paralog targeting approach may provide an additional opportunity for targeting these
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Clinical trial name Class of epigenetic therapy Identifier    Phase

Decitabine, Temozoomide and Panobinostat Agent, HDAC inhibitor

Ph1b/2 Dose Escalation Study of Entinostat with

Pembrolizumab in NSCLC with Expansion Cohorts in

NSCLC and Melanoma

HDAC Inhibitor NCT02437136 I/II

Phase I of Histone Deacetylase Inhibitor Panobinostat with

Ipilimumab with Unresectable II/IV melanoma

HDAC Inhibitor NCT02032810 I

Vorinostat in Treating Patients with Metastatic Melanoma

of the Eye

HDAC Inhibitor NCT01587352 II

Proteasome inhibitor NPI‐0052 and Vorinostat in Patients

with NSCLC, pancreatic cancer, melanoma or

lymphoma

HDAC Inhibitor NCT00667082 I

Vorinostat in Treating Patients with Metastatic or

Unresectable Melanoma

HDAC Inhibitor NCT00121225 II

Safety and Efficacy of a New Chemotherapy Agent to Treat

Metastatic Melanoma

HDAC Inhibitor NCT00185302 II

MS‐275 in Treating Patients with Advanced Solid Tumors

or Lymphoma

HDAC Inhibitor NCT00020579 I

Table 2. Melanoma clinical trials with epigenetic therapies.

6.1.1. Overcoming resistance to chemo‐ and targeted therapies

As stated earlier, rapid onset of drug resistance is a major impediment to targeted melanoma
therapies. The observation that drug resistance is often accompanied by changes in chromatin
structure and gene expression suggests the possibility of reversing this process through
epigenetic therapy. To this end, increased expression of HDACs has been shown to mediate
drug resistance in melanoma, and acquired resistance to vemurafenib in BRAF‐mutant
melanoma cells can be overcome when this agent is used in combination with HDAC inhibi‐
tors [142]. Epigenetic therapies are also being explored as a strategy for overcoming resistance
to chemotherapy. For example, sequential treatment with the DNA hypomethylating agent
decitabine and the HDAC inhibitor panobinostat is currently being explored in combination
with temozolomide, a DNA alkylating agent, in metastatic melanoma (Table 2) [143]. Tumor
necrosis factor‐related apoptosis‐inducing ligand (TRAIL) has shown promise in melanoma
clinical trials; however, its utility has been limited by intrinsic and acquired resistance. The
combination of TRAIL and the HDAC inhibitor entinostat was shown to override TRAIL
resistance and induce cell death [144]. Resistance to interferon‐based immunotherapy has been
postulated to result from epigenetic silencing of interferon response genes. Treatment of
melanoma cell lines with DNMT inhibitors has been shown to upregulate interferon response
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genes, such as DR4 and XAF1, and augment the antiproliferative effects of interferon‐alpha
and interferon‐beta [145, 146]. These examples highlight the potential use of epigenetic therapy
to overcome resistance mechanisms that limit the efficacy of current melanoma therapies.

6.1.2. Combinations with immunotherapy

Durable survival benefits have been achieved in melanoma patients treated with immune
checkpoint inhibitors [18–20]. Data in extensively treated patients with advanced non–small
cell lung cancer suggests that this effect can be enhanced by combined epigenetic therapy. In
this study, a subset of patients pretreated with a low‐dose combination of the DNMT inhibitor
5‐azacytidine and the HDAC inhibitor entinostat had major objective responses following
subsequent treatment with immune checkpoint inhibitors [147]. Further mechanistic studies
suggest that these agents may prime cancer cells to immunotherapy treatment by modulating
immune response pathways [148, 149]. Intriguingly, this effect does not appear to be mediated
through direct regulation of immune response genes, but rather by the upregulation of
endogenous retroviruses that trigger viral immune response pathways [150, 151]. This
observation has led to the hypothesis that epigenetic therapy activates innate immune response
pathways by inducing a state of viral mimicry. In support of this premise, a retrospective
analysis of RNA‐seq data from melanoma patients treated with the immune checkpoint
inhibitor anti‐CTLA‐4 revealed high levels of a viral defense signature in patients that
correlated with long‐term therapeutic benefit. Moreover, the authors went on to demonstrate
that treatment with low‐dose 5‐azacytidine potentiates the antitumor activity of anti‐CTLA‐4
antibodies in a mouse melanoma model [150]. Epigenetic mechanisms also promote immune
evasion by downregulating the expression of cell surface receptors and antigens required for
immune recognition. Treatment of melanoma cell lines with DNMT and HDAC inhibitors
induces the expression of tumor‐associated antigens, costimulatory molecules, and MHC class
I molecules, which unmask the tumor cell to allow T‐cell‐mediated responses [152–154]. In
addition, epigenetic therapy has been shown to alter immunogenicity in melanoma cells by
upregulating the expression of PD‐L1, the ligand for the immune checkpoint molecule PD‐1.
In immunocompetent mice, the combination of HDAC inhibitor and PD‐1 blockade inhibited
tumor growth and significantly improved survival [155]. Taken together, these data highlight
the potential for first‐generation epigenetic drugs to augment the activity of immunotherapies
in melanoma patients.

6.2. The emergence and promise of second‐generation epigenetic therapies

The next generation of targeted epigenetic therapies has recently made its way into the clinic.
In general, these agents are more selective than their first‐generation counterparts and target
a broader range of epigenetic mechanisms. Small molecule inhibitors of EZH2 are currently in
phase I/II trials for the treatment of genetically defined tumors harboring mutations in EZH2,
INI1, and SMARCA4 [156]. The first of these agents, EPZ‐6438, has demonstrated robust signs
of clinical activity that extend beyond the original precision medicine hypothesis [157].
Preclinical data in both EZH2 mutant and wild‐type melanoma models demonstrating that
EZH2 inhibitors negatively impact tumor growth and metastasis suggests that EZH2 inhibition
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subsequent treatment with immune checkpoint inhibitors [147]. Further mechanistic studies
suggest that these agents may prime cancer cells to immunotherapy treatment by modulating
immune response pathways [148, 149]. Intriguingly, this effect does not appear to be mediated
through direct regulation of immune response genes, but rather by the upregulation of
endogenous retroviruses that trigger viral immune response pathways [150, 151]. This
observation has led to the hypothesis that epigenetic therapy activates innate immune response
pathways by inducing a state of viral mimicry. In support of this premise, a retrospective
analysis of RNA‐seq data from melanoma patients treated with the immune checkpoint
inhibitor anti‐CTLA‐4 revealed high levels of a viral defense signature in patients that
correlated with long‐term therapeutic benefit. Moreover, the authors went on to demonstrate
that treatment with low‐dose 5‐azacytidine potentiates the antitumor activity of anti‐CTLA‐4
antibodies in a mouse melanoma model [150]. Epigenetic mechanisms also promote immune
evasion by downregulating the expression of cell surface receptors and antigens required for
immune recognition. Treatment of melanoma cell lines with DNMT and HDAC inhibitors
induces the expression of tumor‐associated antigens, costimulatory molecules, and MHC class
I molecules, which unmask the tumor cell to allow T‐cell‐mediated responses [152–154]. In
addition, epigenetic therapy has been shown to alter immunogenicity in melanoma cells by
upregulating the expression of PD‐L1, the ligand for the immune checkpoint molecule PD‐1.
In immunocompetent mice, the combination of HDAC inhibitor and PD‐1 blockade inhibited
tumor growth and significantly improved survival [155]. Taken together, these data highlight
the potential for first‐generation epigenetic drugs to augment the activity of immunotherapies
in melanoma patients.

6.2. The emergence and promise of second‐generation epigenetic therapies

The next generation of targeted epigenetic therapies has recently made its way into the clinic.
In general, these agents are more selective than their first‐generation counterparts and target
a broader range of epigenetic mechanisms. Small molecule inhibitors of EZH2 are currently in
phase I/II trials for the treatment of genetically defined tumors harboring mutations in EZH2,
INI1, and SMARCA4 [156]. The first of these agents, EPZ‐6438, has demonstrated robust signs
of clinical activity that extend beyond the original precision medicine hypothesis [157].
Preclinical data in both EZH2 mutant and wild‐type melanoma models demonstrating that
EZH2 inhibitors negatively impact tumor growth and metastasis suggests that EZH2 inhibition
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will also be a promising strategy for treating melanoma patients [77, 79]. In addition to
potential single agent studies, several lines of evidence support the pursuit of combination
trials with current therapies. Recent studies in mice have uncovered a role for EZH2 in the
maintenance of T regulatory (Treg) cell identity during cellular activation [158, 159]. In
addition, EZH2 promotes immune evasion and suppression by directly repressing the
expression of chemokines and cell surface antigens [75, 160, 161]. In both of these cases, EZH2
inhibition is likely to revert this immunosuppressive environment, rendering the tumor
susceptible to immunotherapies. There is also the potential for using EZH2 inhibitors in
combination with DNA methyltransferase inhibitors and/or HDAC inhibitors as these agents
have demonstrated the ability to upregulate immune response pathways and synergize with
immune checkpoint blockade therapy in non–small cell lung cancer [147, 148].

BET inhibitors modulate gene expression by disrupting the interaction between BET family
bromodomains and acetylated lysine residues. Several BET inhibitors are currently being
evaluated in the phase I/II clinical trials in multiple indications, and clinical proof of concept
has recently been reported for OTX015/MK‐8628 in patients with NUT midline carcinomas
harboring the oncogenic BRD4‐NUT translocation [162, 163]. This data highlights the potential
for clinical application in additional indications. Treatment of melanoma cell lines with BET
inhibitors leads to the rapid downregulation of cell‐cycle genes and induces robust antiproli‐
ferative effects in vitro and in vivo [119, 120]. In addition, the combination of BET and HDAC
inhibitors synergistically induces Bim‐dependent apoptosis in melanoma cell lines and
downregulates components of the AKT and YAP signaling pathways [164]. Most recently,
important data has emerged around the role of BRD4 in drug resistance. In breast cancer cells
that are intrinsically resistant to PI3K inhibitors, BRD4 participates in activation of upstream
receptor tyrosine kinases to induce a feedback activation loop. The combination of the BET
inhibitor JQ1 and the PI3K inhibitor GDC‐0941 was able to overcome this resistance mechanism
and inhibit tumor growth in multiple cancer models, suggesting a broad role for BRD4 in drug
resistance [165]. Along these lines, it was also discovered that drug tolerant leukemia cells
require BRD4 to maintain expression of proliferative and antiapoptotic genes, such as MYC
and BCL2 [166]. Treatment of this drug‐resistant population with the BET inhibitor JQ1 resulted
in downregulation of BRD4 target genes and induction of apoptosis. As stated earlier, the
primary limitation of targeted therapies in melanoma is the rapid onset of acquired resistance.
Given the emerging roles of BRD4 in this process, it is tempting to think that BET inhibitors
could be used as a therapeutic strategy to overcome MAPK pathway‐mediated drug resistance
in melanoma patients. In addition, the ability of BET bromodomain inhibitors to modulate
differentiation status and inflammatory functions of T cells warrants further investigation of
their potential use in combination with targeted immunotherapies [167, 168].

While histone methyltransferase and BET bromodomain inhibitors continue to be evaluated
in the clinic, there is increasing emphasis on the discovery of pharmacological inhibitors
targeting other classes of epigenetic enzymes and chromatin regulators [169]. Catalytic
inhibitors of the demethylases JMJD3 and JARID1B and the ubiquitin ligase RNF2 have been
reported in the literature, and further optimization and preclinical evaluation in cancer models
are underway [104, 170, 171]. In addition, potent inhibitors of bromodomains outside the well‐
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characterized BET family have also recently been identified. These novel molecules are being
pursued as alternative approaches to targeting epigenetic enzymes whose catalytic domains
have been historically difficult to drug, such as the histone acetyltransferases and ATPase/
helicases [172, 173]. The continued development of second‐generation epigenetic therapies and
the exploration of their use as single agents as well as in combination with targeted and
immunotherapies is likely to have a significant impact on future treatment options for patients
with advanced or metastatic melanoma.

7. Conclusions

It is becoming increasingly clear that epigenetic reprogramming is a hallmark of melanoma.
In addition to changes in DNA methylation and histone acetylation, the advent of genome‐
wide whole‐exome sequencing from patient samples has revealed a high incidence of genetic
alterations in genes from key families of epigenetic regulators. The identification of gene
amplifications and activating mutations, in addition to gene deletions and inactivating
mutations, indicates that an individual epigenetic regulator may play either an oncogenic or
tumor suppressive role depending on the genetic background or stage of the disease. Impor‐
tantly, further interrogation in human and mouse cancer models has led to the identification
of several proteins that appear to play important roles in melanoma growth, metastasis, and
stem cell renewal, suggesting that they may be bona fide cancer targets. DNA hypomethylating
agents and histone deacetylase inhibitors, the first generation of epigenetic therapies, continue
to be evaluated in clinical trials, primarily in combination with chemo‐, targeted, and immu‐
notherapies. The second generation of epigenetic inhibitors are highly selective and target
novel epigenetic mechanisms that regulate multiple facets of cancer biology, including cell
proliferation, cell migration, metastasis, stem cell renewal, drug resistance, and immune
regulation. While it remains to be seen if these epigenetic targets are oncogenic drivers in the
strict sense, they may cooperate with other oncogenes (for example, BRAF) to fine tune the
transcriptional landscape in melanoma cells to promote tumorigenesis, confer drug resistance
and evade immune responses. As they continue to make their way into the clinic, this next
generation of novel epigenetic therapies will provide opportunities for multiple levels of
therapeutic intervention for melanoma patients. Moreover, further exploration of the evolving
melanoma landscape will continue to uncover novel epigenetic mechanisms and guide the
future generations of epigenetic therapy.
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have demonstrated the ability to upregulate immune response pathways and synergize with
immune checkpoint blockade therapy in non–small cell lung cancer [147, 148].
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bromodomains and acetylated lysine residues. Several BET inhibitors are currently being
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harboring the oncogenic BRD4‐NUT translocation [162, 163]. This data highlights the potential
for clinical application in additional indications. Treatment of melanoma cell lines with BET
inhibitors leads to the rapid downregulation of cell‐cycle genes and induces robust antiproli‐
ferative effects in vitro and in vivo [119, 120]. In addition, the combination of BET and HDAC
inhibitors synergistically induces Bim‐dependent apoptosis in melanoma cell lines and
downregulates components of the AKT and YAP signaling pathways [164]. Most recently,
important data has emerged around the role of BRD4 in drug resistance. In breast cancer cells
that are intrinsically resistant to PI3K inhibitors, BRD4 participates in activation of upstream
receptor tyrosine kinases to induce a feedback activation loop. The combination of the BET
inhibitor JQ1 and the PI3K inhibitor GDC‐0941 was able to overcome this resistance mechanism
and inhibit tumor growth in multiple cancer models, suggesting a broad role for BRD4 in drug
resistance [165]. Along these lines, it was also discovered that drug tolerant leukemia cells
require BRD4 to maintain expression of proliferative and antiapoptotic genes, such as MYC
and BCL2 [166]. Treatment of this drug‐resistant population with the BET inhibitor JQ1 resulted
in downregulation of BRD4 target genes and induction of apoptosis. As stated earlier, the
primary limitation of targeted therapies in melanoma is the rapid onset of acquired resistance.
Given the emerging roles of BRD4 in this process, it is tempting to think that BET inhibitors
could be used as a therapeutic strategy to overcome MAPK pathway‐mediated drug resistance
in melanoma patients. In addition, the ability of BET bromodomain inhibitors to modulate
differentiation status and inflammatory functions of T cells warrants further investigation of
their potential use in combination with targeted immunotherapies [167, 168].

While histone methyltransferase and BET bromodomain inhibitors continue to be evaluated
in the clinic, there is increasing emphasis on the discovery of pharmacological inhibitors
targeting other classes of epigenetic enzymes and chromatin regulators [169]. Catalytic
inhibitors of the demethylases JMJD3 and JARID1B and the ubiquitin ligase RNF2 have been
reported in the literature, and further optimization and preclinical evaluation in cancer models
are underway [104, 170, 171]. In addition, potent inhibitors of bromodomains outside the well‐
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characterized BET family have also recently been identified. These novel molecules are being
pursued as alternative approaches to targeting epigenetic enzymes whose catalytic domains
have been historically difficult to drug, such as the histone acetyltransferases and ATPase/
helicases [172, 173]. The continued development of second‐generation epigenetic therapies and
the exploration of their use as single agents as well as in combination with targeted and
immunotherapies is likely to have a significant impact on future treatment options for patients
with advanced or metastatic melanoma.
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In addition to changes in DNA methylation and histone acetylation, the advent of genome‐
wide whole‐exome sequencing from patient samples has revealed a high incidence of genetic
alterations in genes from key families of epigenetic regulators. The identification of gene
amplifications and activating mutations, in addition to gene deletions and inactivating
mutations, indicates that an individual epigenetic regulator may play either an oncogenic or
tumor suppressive role depending on the genetic background or stage of the disease. Impor‐
tantly, further interrogation in human and mouse cancer models has led to the identification
of several proteins that appear to play important roles in melanoma growth, metastasis, and
stem cell renewal, suggesting that they may be bona fide cancer targets. DNA hypomethylating
agents and histone deacetylase inhibitors, the first generation of epigenetic therapies, continue
to be evaluated in clinical trials, primarily in combination with chemo‐, targeted, and immu‐
notherapies. The second generation of epigenetic inhibitors are highly selective and target
novel epigenetic mechanisms that regulate multiple facets of cancer biology, including cell
proliferation, cell migration, metastasis, stem cell renewal, drug resistance, and immune
regulation. While it remains to be seen if these epigenetic targets are oncogenic drivers in the
strict sense, they may cooperate with other oncogenes (for example, BRAF) to fine tune the
transcriptional landscape in melanoma cells to promote tumorigenesis, confer drug resistance
and evade immune responses. As they continue to make their way into the clinic, this next
generation of novel epigenetic therapies will provide opportunities for multiple levels of
therapeutic intervention for melanoma patients. Moreover, further exploration of the evolving
melanoma landscape will continue to uncover novel epigenetic mechanisms and guide the
future generations of epigenetic therapy.
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maintenance of T regulatory (Treg) cell identity during cellular activation [158, 159]. In
addition, EZH2 promotes immune evasion and suppression by directly repressing the
expression of chemokines and cell surface antigens [75, 160, 161]. In both of these cases, EZH2
inhibition is likely to revert this immunosuppressive environment, rendering the tumor
susceptible to immunotherapies. There is also the potential for using EZH2 inhibitors in
combination with DNA methyltransferase inhibitors and/or HDAC inhibitors as these agents
have demonstrated the ability to upregulate immune response pathways and synergize with
immune checkpoint blockade therapy in non–small cell lung cancer [147, 148].

BET inhibitors modulate gene expression by disrupting the interaction between BET family
bromodomains and acetylated lysine residues. Several BET inhibitors are currently being
evaluated in the phase I/II clinical trials in multiple indications, and clinical proof of concept
has recently been reported for OTX015/MK‐8628 in patients with NUT midline carcinomas
harboring the oncogenic BRD4‐NUT translocation [162, 163]. This data highlights the potential
for clinical application in additional indications. Treatment of melanoma cell lines with BET
inhibitors leads to the rapid downregulation of cell‐cycle genes and induces robust antiproli‐
ferative effects in vitro and in vivo [119, 120]. In addition, the combination of BET and HDAC
inhibitors synergistically induces Bim‐dependent apoptosis in melanoma cell lines and
downregulates components of the AKT and YAP signaling pathways [164]. Most recently,
important data has emerged around the role of BRD4 in drug resistance. In breast cancer cells
that are intrinsically resistant to PI3K inhibitors, BRD4 participates in activation of upstream
receptor tyrosine kinases to induce a feedback activation loop. The combination of the BET
inhibitor JQ1 and the PI3K inhibitor GDC‐0941 was able to overcome this resistance mechanism
and inhibit tumor growth in multiple cancer models, suggesting a broad role for BRD4 in drug
resistance [165]. Along these lines, it was also discovered that drug tolerant leukemia cells
require BRD4 to maintain expression of proliferative and antiapoptotic genes, such as MYC
and BCL2 [166]. Treatment of this drug‐resistant population with the BET inhibitor JQ1 resulted
in downregulation of BRD4 target genes and induction of apoptosis. As stated earlier, the
primary limitation of targeted therapies in melanoma is the rapid onset of acquired resistance.
Given the emerging roles of BRD4 in this process, it is tempting to think that BET inhibitors
could be used as a therapeutic strategy to overcome MAPK pathway‐mediated drug resistance
in melanoma patients. In addition, the ability of BET bromodomain inhibitors to modulate
differentiation status and inflammatory functions of T cells warrants further investigation of
their potential use in combination with targeted immunotherapies [167, 168].

While histone methyltransferase and BET bromodomain inhibitors continue to be evaluated
in the clinic, there is increasing emphasis on the discovery of pharmacological inhibitors
targeting other classes of epigenetic enzymes and chromatin regulators [169]. Catalytic
inhibitors of the demethylases JMJD3 and JARID1B and the ubiquitin ligase RNF2 have been
reported in the literature, and further optimization and preclinical evaluation in cancer models
are underway [104, 170, 171]. In addition, potent inhibitors of bromodomains outside the well‐
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the exploration of their use as single agents as well as in combination with targeted and
immunotherapies is likely to have a significant impact on future treatment options for patients
with advanced or metastatic melanoma.
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In addition to changes in DNA methylation and histone acetylation, the advent of genome‐
wide whole‐exome sequencing from patient samples has revealed a high incidence of genetic
alterations in genes from key families of epigenetic regulators. The identification of gene
amplifications and activating mutations, in addition to gene deletions and inactivating
mutations, indicates that an individual epigenetic regulator may play either an oncogenic or
tumor suppressive role depending on the genetic background or stage of the disease. Impor‐
tantly, further interrogation in human and mouse cancer models has led to the identification
of several proteins that appear to play important roles in melanoma growth, metastasis, and
stem cell renewal, suggesting that they may be bona fide cancer targets. DNA hypomethylating
agents and histone deacetylase inhibitors, the first generation of epigenetic therapies, continue
to be evaluated in clinical trials, primarily in combination with chemo‐, targeted, and immu‐
notherapies. The second generation of epigenetic inhibitors are highly selective and target
novel epigenetic mechanisms that regulate multiple facets of cancer biology, including cell
proliferation, cell migration, metastasis, stem cell renewal, drug resistance, and immune
regulation. While it remains to be seen if these epigenetic targets are oncogenic drivers in the
strict sense, they may cooperate with other oncogenes (for example, BRAF) to fine tune the
transcriptional landscape in melanoma cells to promote tumorigenesis, confer drug resistance
and evade immune responses. As they continue to make their way into the clinic, this next
generation of novel epigenetic therapies will provide opportunities for multiple levels of
therapeutic intervention for melanoma patients. Moreover, further exploration of the evolving
melanoma landscape will continue to uncover novel epigenetic mechanisms and guide the
future generations of epigenetic therapy.
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Abstract

Each stage of melanoma development from transformed melanocytes to metastatic
lesions requires the involvement of cell adhesion receptors, among which integrins
are  of  particular  importance.  Strong  N-glycosylation  of  αβ  integrin  heterodimers
influences their processing, activation, and functions related to the modulation of cell
adhesion to extracellular matrix proteins (ECM) and the basement membrane. A lack
of N-glycans on integrin chains significantly reduces their interactions with the ECM.
Melanoma progression is accompanied by changes in the composition of N-glycans
on integrin subunits. The glycosylation profile of integrins depends on the stage of
melanoma development and on the location of the metastasis. Enhanced expression
of  β1,6-branched  complex-type  oligosaccharides  and  altered  sialylation  are  well-
characterized  changes  in  the  N-glycosylation  of  integrins  observed  in  melanoma
progression.  This  chapter  summarizes the current  state  of  knowledge about α3β1,
α5β1, and αvβ3 integrin glycosylation in melanoma and the functional consequences
of changed glycosylation for the development of this cancer.

Keywords: integrin, N-glycosylation, melanoma, β1,6 branching, migration, extracel-
lular matrix proteins

1. Introduction

Melanoma  progression  and  the  acquisition  of  invasive  and  metastatic  competence  by
melanoma cells are accompanied not only by changes in integrin expression but also by
alterations of the sugar component of these heavily N-glycosylated adhesive proteins [1]. This
post-translational modification is critical to integrin functions, mainly its interactions with
extracellular  matrix  proteins  (ECM)  and  the  basement  membrane  [2].  Changes  in  the
expression and glycosylation of integrins contribute to each stage of melanoma progression.
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Human cutaneous melanoma develops in a series of definable stages, from the common
acquired nevus and dysplastic nevus through the radial growth phase (RGP) and vertical
growth phase (VGP) of primary melanoma and finally metastatic melanoma. During these
multistep transformations, melanoma cells acquire the ability to invade the dermis and then
disseminate  throughout  the  body via  blood and lymphatic  vessels  [3–8].  Adjustment  of
integrin  glycosylation  is  an  important  feature  of  the  melanoma  cell’s  adaptation  to  the
constantly changing conditions of its microenvironment. This chapter reviews the current
state of knowledge about integrin glycosylation in the course of melanoma progression.

2. Overall characteristics of integrins

The term “integrins” introduced by Hynes reflects the capacity of these cell surface receptors
to integrate ECM proteins with the cytoskeleton and with intracellular signaling pathways by
physical connection [9]. The role of integrin-mediated adhesion to the ECM in cell survival is
now accepted. Integrins are heterodimeric cell surface adhesion molecules consisting of α and
β subunits. By combining 18 α with 8 β subunits, at least 24 integrin dimers can be formed,
each with its own characteristic specificity for ligands [10] (Figure 1).

Figure 1. Integrin classification based on β subunits possessed in common. Integrin heterodimers whose expression
was observed to increase during melanoma progression are marked in red.

2.1. The structure of α and β subunit ectodomains

Each integrin subunit consists of a large extracellular domain and short transmembrane and
cytoplasmic domains. The extracellular domains (ectodomains) of the α and β subunits are
constructed of several subdomains joined together by flexible linkers [11, 12]. The crystal
structure of the αvβ3 [13] and αIIbβ3 [14] ectodomains has been characterized in detail.

The ectodomain of the α-subunit contains four or five elements: a seven-bladed β-propeller, a
thigh, and two calfs. There are also nine integrins with an α-subunit containing an additional
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α-I domain inserted between blades 2 and 3 of the β-propeller. A structure similar to an α-I
domain is also present in the β subunit of integrins. The β-propeller contains Ca2+-binding sites
needed for ligand binding. The thigh and calf of the α-subunit have 140–170 residues folded
into an immunoglobulin-like domain.

The ectodomain of the β-subunit consists of seven subdomains: a PSI (plexin-semaphorin-
integrin), an Ig-like hybrid, a β-I-like domain, and four EGF-like modules (epidermal growth
factor-like modules), followed by the β-tail part. The β-I-like domain is inserted into the hybrid
modules and shows homology to the α-I domain. The PSI domain is split into two parts. The
α-I domain is the primary region of ligand binding in integrins that have this structure,
whereas the other integrins form the binding site through the cooperation of both subunit
ectodomains (β-propeller/β-I-like interface) [15]. It has been suggested that the I-domain can
exist as an “open” (high-affinity) or “closed” (low-affinity) conformation. The presence of a
“metal-ion-dependent-adhesion-site” (MIDAS) motif indicates the role of divalent metal ions
in achievement of the high-affinity state by integrins.

The transmembrane segments of each subunit are followed by a short cytoplasmic tail.
Although they have no enzymatic activity, cytoplasmic tails play an important role in integrin
activity and signal transfer.

2.2. Bidirectional signaling of integrins

Integrins are involved in bidirectional signaling—inside-out and outside-in—through their
function as a linker between the ECM and the cytoskeleton [16, 17]. Control of the integrin
conformation state is required for their signaling. There is little agreement among the findings
from nuclear magnetic resonance (NMR) studies of cytoplasmic tails [12], but other data
support the view that transmembrane and cytoplasmic domains play a key role in this
signaling. In the inactive state, these domains are closely associated; separation of the chain
results in activation of adhesion [11, 16].

Inside-out activation is mediated by talin binding to the β-tail, which interrupts the α/β
interaction [18]. In fact, a large number of proteins have been shown to interact with cytoplas-
mic domains of integrins, among them cytoskeleton proteins (talin, filamin, and kindlins),
adaptor proteins, and kinases [11, 19]. Talin and kindlins bound to β-integrin cooperate to
regulate integrin affinity [19]. Upon binding of the ligand to the integrins’ extracellular domain,
signal transduction to the cytoplasm is transmitted in the classical direction: outside-in.
Generation of intracellular signals leads to the formation of a focal adhesion complex which
involves over 150 intracellular proteins and serves as a center of intracellular signaling [20].
Among these proteins are scaffolding molecules and also kinases such as focal adhesion kinase
(FAK) and Src family kinase (SFK). So the function of integrin is related to its ligand affinity,
which can be induced either by conformational changes or by clustering on the cell surface [11].

2.3. Classification of integrins and their ligands

The first classification of integrins was based on the presence of a common β subunit having
distinct α subfamilies. Recent work has shown that one α subunit may associate with different
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modules and shows homology to the α-I domain. The PSI domain is split into two parts. The
α-I domain is the primary region of ligand binding in integrins that have this structure,
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ectodomains (β-propeller/β-I-like interface) [15]. It has been suggested that the I-domain can
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β subunits, in particular a αv subunit. However, the largest number of integrins are still
assigned to the β1 (VLA, very late-activated antigens) subfamily. In this group, are integrins
recognizing fibronectin (FN) (α5β1, α4β1), collagen (α1β1, α2β1, α10β1, α11β1) or laminin
(LN) (α2β1, α3β1, α6β1, α7β1) [21, 22] (Figure 1). The α4β1 integrin present on human
lymphocytes has been shown to bind vascular cell adhesion molecule 1 (VCAM-1), the cell
surface protein of activated endothelia. The β2 subfamily of integrins is limited to white blood
cells. Recognition of cell surface receptors of the Ig superfamily by β2 integrins is crucial to
leukocyte–endothelium interaction [22, 23]. The β3 subfamily consists of two members: platelet
receptor (αIIbβ3) and vitronectin - receptor (αvβ3). Integrin αIIbβ3 is specific for platelets; it
recognizes fibrinogen specifically but upon platelet activation can also bind fibronectin (FN),
von Willebrand’s factor and thrombospondin. Integrin αvβ3 binds multiple ligands including
vitronectin (VN), fibrinogen, thrombospondin, and von Willebrand’s factor [23]. αv subunit
can associate with more than one β subunit, such as β1, β5, β6, and β8 [22].

Integrins bind to a specific motif in their ligands. The RGD (Arg-Gly-Asp) sequence found
within matrix proteins including FN, VN, thrombospondin, and laminin (LN) is usually
recognized by integrins [12, 23], but there are integrins that recognize their ligands through
motifs other than RGD. Integrins, α3β1, α6β1, and α7β1, being highly specific LN receptors,
bind to different regions of this ligand [12]. Fibrinogen contains the binding sequence Lys-Gln-
Ala-Gly-Asp-Val, while Asp-Gly-Glu-Ala was found to be the dominant binding motif in type
I collagen [24].

3. Integrin expression in melanoma

Changes in integrin expression have been studied extensively in melanoma carcinogenesis [8,
25]. The integrin profile of melanoma cells differs significantly from that of normal melanocytes
[26, 27] and is closely related to the stage of melanoma progression [24, 28]. Flow cytometry
showed significant differences in the expression of α2, α3, β1, and especially α5 integrin
subunits between WM35 primary and two metastatic human cell lines (WM9 and A375),
indicating that acceleration of melanoma invasion is accompanied by increased integrin
subunit synthesis [29]. Significant up-regulation of α5 integrin expression was also shown in
highly metastatic B16-F10 murine melanoma cells as compared to weakly metastatic B16-F1
cells [30]. A low level of α3β1 integrin was found in benign lesions of primary melanoma,
whereas in malignant cutaneous melanoma, the expression of the heterodimer progressively
increased and was connected with the degree of invasion into the dermis [31].

It is well documented in in vitro models that melanoma development and acquisition of the
metastatic phenotype are also correlated with the expression of αvβ3 integrin [26, 32, 33]. An
early study by Albelda et al. [34] showed that the β3 subunit is restricted to the VGP and
metastatic melanomas; in the RGP and in nevus cells, this integrin chain was not found. A
study of pairs of differing melanoma cells taken from the same patient (primary WM115 and
metastatic WM266-4 cell lines) supported previous observations that in primary melanoma
the cells survive without αv integrins, while in disease progression, their growth and functions
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depend on this receptor’s expression [35]. Our group detected αvβ3 integrin in both primary
RGP-derived (WM35) and metastatic melanoma cells (WM9, WM239 and A397 cell lines) [36,
37]. On the other hand, immunohistochemical staining of αvβ3 in human tumor tissue samples
did not confirm a positive correlation of integrin expression with the melanoma metastatic
phenotype; melanoma in situ with a pre-invasive phenotype showed the highest level of
αvβ3 expression [38].

Most studies have demonstrated up-regulation of integrin expression in melanoma carcino-
genesis; only a few integrin receptors have been found to reduce their expression during
disease progression. Ziober et al. [39] found that acquisition of a highly metastatic phenotype
by melanoma cells was accompanied by loss of α7β1 expression.

Enhancement of the expression of most integrins promotes conversion of melanoma from the
RGP to the VGP and then acquisition of metastatic competence. The switch in expression from
LN-binding to FN-binding integrins was shown to contribute to the movement of melanoma
cells from the epidermis to the dermis through degraded basement membrane. Apart from
induction of αvβ3 expression, the involvement of α3β1 [31], α5β1, and αvβ5 integrins in this
process has been found [40].

4. Functions of integrins: role of glycosylation

Integrins participate in a wide range of biological processes, including growth, proliferation,
differentiation, survival/apoptosis, and cell-cycle regulation [41–44]. Apart from the adhesion
function, they mediate cell signaling events [45–47].

Tumor progression requires comprehensive alteration of normal cell-cell and cell-ECM
interactions [34, 48]. Integrins are the main adhesion proteins responsible for these changes,
mainly due to their altered expression. They contribute to regulation of such processes as
angiogenesis, tumor growth and metastasis, as well as cell proliferation, survival and motility
[49–53]. Abundant glycosylation of the extracellular domains of integrins also significantly
affects the function of these receptors [2, 54, 55].

Glycosylation is one of the most frequent post-translational modifications of transmembrane
and secreted proteins. Both integrin chains are subject to this modification [56]. Integrin α
subunits are more profusely N-glycosylated than their β partners. Subunits α3, α5, and αv in
the polypeptide sequences contain 13, 14, and 13 potential N-glycosylation sites, respectively,
whereas the β1 and β3 chains include 12 and 6 N-glycan-linked sequences, respectively [57].
Intensive glycosylation of integrin chains during post-translational processing results in high
content of the sugar component of the whole glycoprotein molecule. Peptide N-glycosidase F
(PNGase F) digestion showed that ca. 24 and 25% of the glycoprotein’s molecular weight (MW)
responds to N-glycans in α3 subunits from WM35 primary and A375 metastatic melanoma
cells, respectively. N-oligosaccharides on β1 subunits account for ca. 24 and 33% of total MW
in primary and metastatic cells, respectively. In both subunits, the pool of sialic acids increases
in metastatic cells in compared with primary melanoma [58] (Figure 2). N-oligosaccharides on
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β subunits, in particular a αv subunit. However, the largest number of integrins are still
assigned to the β1 (VLA, very late-activated antigens) subfamily. In this group, are integrins
recognizing fibronectin (FN) (α5β1, α4β1), collagen (α1β1, α2β1, α10β1, α11β1) or laminin
(LN) (α2β1, α3β1, α6β1, α7β1) [21, 22] (Figure 1). The α4β1 integrin present on human
lymphocytes has been shown to bind vascular cell adhesion molecule 1 (VCAM-1), the cell
surface protein of activated endothelia. The β2 subfamily of integrins is limited to white blood
cells. Recognition of cell surface receptors of the Ig superfamily by β2 integrins is crucial to
leukocyte–endothelium interaction [22, 23]. The β3 subfamily consists of two members: platelet
receptor (αIIbβ3) and vitronectin - receptor (αvβ3). Integrin αIIbβ3 is specific for platelets; it
recognizes fibrinogen specifically but upon platelet activation can also bind fibronectin (FN),
von Willebrand’s factor and thrombospondin. Integrin αvβ3 binds multiple ligands including
vitronectin (VN), fibrinogen, thrombospondin, and von Willebrand’s factor [23]. αv subunit
can associate with more than one β subunit, such as β1, β5, β6, and β8 [22].

Integrins bind to a specific motif in their ligands. The RGD (Arg-Gly-Asp) sequence found
within matrix proteins including FN, VN, thrombospondin, and laminin (LN) is usually
recognized by integrins [12, 23], but there are integrins that recognize their ligands through
motifs other than RGD. Integrins, α3β1, α6β1, and α7β1, being highly specific LN receptors,
bind to different regions of this ligand [12]. Fibrinogen contains the binding sequence Lys-Gln-
Ala-Gly-Asp-Val, while Asp-Gly-Glu-Ala was found to be the dominant binding motif in type
I collagen [24].

3. Integrin expression in melanoma

Changes in integrin expression have been studied extensively in melanoma carcinogenesis [8,
25]. The integrin profile of melanoma cells differs significantly from that of normal melanocytes
[26, 27] and is closely related to the stage of melanoma progression [24, 28]. Flow cytometry
showed significant differences in the expression of α2, α3, β1, and especially α5 integrin
subunits between WM35 primary and two metastatic human cell lines (WM9 and A375),
indicating that acceleration of melanoma invasion is accompanied by increased integrin
subunit synthesis [29]. Significant up-regulation of α5 integrin expression was also shown in
highly metastatic B16-F10 murine melanoma cells as compared to weakly metastatic B16-F1
cells [30]. A low level of α3β1 integrin was found in benign lesions of primary melanoma,
whereas in malignant cutaneous melanoma, the expression of the heterodimer progressively
increased and was connected with the degree of invasion into the dermis [31].

It is well documented in in vitro models that melanoma development and acquisition of the
metastatic phenotype are also correlated with the expression of αvβ3 integrin [26, 32, 33]. An
early study by Albelda et al. [34] showed that the β3 subunit is restricted to the VGP and
metastatic melanomas; in the RGP and in nevus cells, this integrin chain was not found. A
study of pairs of differing melanoma cells taken from the same patient (primary WM115 and
metastatic WM266-4 cell lines) supported previous observations that in primary melanoma
the cells survive without αv integrins, while in disease progression, their growth and functions
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did not confirm a positive correlation of integrin expression with the melanoma metastatic
phenotype; melanoma in situ with a pre-invasive phenotype showed the highest level of
αvβ3 expression [38].
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genesis; only a few integrin receptors have been found to reduce their expression during
disease progression. Ziober et al. [39] found that acquisition of a highly metastatic phenotype
by melanoma cells was accompanied by loss of α7β1 expression.
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RGP to the VGP and then acquisition of metastatic competence. The switch in expression from
LN-binding to FN-binding integrins was shown to contribute to the movement of melanoma
cells from the epidermis to the dermis through degraded basement membrane. Apart from
induction of αvβ3 expression, the involvement of α3β1 [31], α5β1, and αvβ5 integrins in this
process has been found [40].

4. Functions of integrins: role of glycosylation

Integrins participate in a wide range of biological processes, including growth, proliferation,
differentiation, survival/apoptosis, and cell-cycle regulation [41–44]. Apart from the adhesion
function, they mediate cell signaling events [45–47].

Tumor progression requires comprehensive alteration of normal cell-cell and cell-ECM
interactions [34, 48]. Integrins are the main adhesion proteins responsible for these changes,
mainly due to their altered expression. They contribute to regulation of such processes as
angiogenesis, tumor growth and metastasis, as well as cell proliferation, survival and motility
[49–53]. Abundant glycosylation of the extracellular domains of integrins also significantly
affects the function of these receptors [2, 54, 55].

Glycosylation is one of the most frequent post-translational modifications of transmembrane
and secreted proteins. Both integrin chains are subject to this modification [56]. Integrin α
subunits are more profusely N-glycosylated than their β partners. Subunits α3, α5, and αv in
the polypeptide sequences contain 13, 14, and 13 potential N-glycosylation sites, respectively,
whereas the β1 and β3 chains include 12 and 6 N-glycan-linked sequences, respectively [57].
Intensive glycosylation of integrin chains during post-translational processing results in high
content of the sugar component of the whole glycoprotein molecule. Peptide N-glycosidase F
(PNGase F) digestion showed that ca. 24 and 25% of the glycoprotein’s molecular weight (MW)
responds to N-glycans in α3 subunits from WM35 primary and A375 metastatic melanoma
cells, respectively. N-oligosaccharides on β1 subunits account for ca. 24 and 33% of total MW
in primary and metastatic cells, respectively. In both subunits, the pool of sialic acids increases
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subunits between WM35 primary and two metastatic human cell lines (WM9 and A375),
indicating that acceleration of melanoma invasion is accompanied by increased integrin
subunit synthesis [29]. Significant up-regulation of α5 integrin expression was also shown in
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cells [30]. A low level of α3β1 integrin was found in benign lesions of primary melanoma,
whereas in malignant cutaneous melanoma, the expression of the heterodimer progressively
increased and was connected with the degree of invasion into the dermis [31].

It is well documented in in vitro models that melanoma development and acquisition of the
metastatic phenotype are also correlated with the expression of αvβ3 integrin [26, 32, 33]. An
early study by Albelda et al. [34] showed that the β3 subunit is restricted to the VGP and
metastatic melanomas; in the RGP and in nevus cells, this integrin chain was not found. A
study of pairs of differing melanoma cells taken from the same patient (primary WM115 and
metastatic WM266-4 cell lines) supported previous observations that in primary melanoma
the cells survive without αv integrins, while in disease progression, their growth and functions
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depend on this receptor’s expression [35]. Our group detected αvβ3 integrin in both primary
RGP-derived (WM35) and metastatic melanoma cells (WM9, WM239 and A397 cell lines) [36,
37]. On the other hand, immunohistochemical staining of αvβ3 in human tumor tissue samples
did not confirm a positive correlation of integrin expression with the melanoma metastatic
phenotype; melanoma in situ with a pre-invasive phenotype showed the highest level of
αvβ3 expression [38].

Most studies have demonstrated up-regulation of integrin expression in melanoma carcino-
genesis; only a few integrin receptors have been found to reduce their expression during
disease progression. Ziober et al. [39] found that acquisition of a highly metastatic phenotype
by melanoma cells was accompanied by loss of α7β1 expression.

Enhancement of the expression of most integrins promotes conversion of melanoma from the
RGP to the VGP and then acquisition of metastatic competence. The switch in expression from
LN-binding to FN-binding integrins was shown to contribute to the movement of melanoma
cells from the epidermis to the dermis through degraded basement membrane. Apart from
induction of αvβ3 expression, the involvement of α3β1 [31], α5β1, and αvβ5 integrins in this
process has been found [40].

4. Functions of integrins: role of glycosylation

Integrins participate in a wide range of biological processes, including growth, proliferation,
differentiation, survival/apoptosis, and cell-cycle regulation [41–44]. Apart from the adhesion
function, they mediate cell signaling events [45–47].

Tumor progression requires comprehensive alteration of normal cell-cell and cell-ECM
interactions [34, 48]. Integrins are the main adhesion proteins responsible for these changes,
mainly due to their altered expression. They contribute to regulation of such processes as
angiogenesis, tumor growth and metastasis, as well as cell proliferation, survival and motility
[49–53]. Abundant glycosylation of the extracellular domains of integrins also significantly
affects the function of these receptors [2, 54, 55].

Glycosylation is one of the most frequent post-translational modifications of transmembrane
and secreted proteins. Both integrin chains are subject to this modification [56]. Integrin α
subunits are more profusely N-glycosylated than their β partners. Subunits α3, α5, and αv in
the polypeptide sequences contain 13, 14, and 13 potential N-glycosylation sites, respectively,
whereas the β1 and β3 chains include 12 and 6 N-glycan-linked sequences, respectively [57].
Intensive glycosylation of integrin chains during post-translational processing results in high
content of the sugar component of the whole glycoprotein molecule. Peptide N-glycosidase F
(PNGase F) digestion showed that ca. 24 and 25% of the glycoprotein’s molecular weight (MW)
responds to N-glycans in α3 subunits from WM35 primary and A375 metastatic melanoma
cells, respectively. N-oligosaccharides on β1 subunits account for ca. 24 and 33% of total MW
in primary and metastatic cells, respectively. In both subunits, the pool of sialic acids increases
in metastatic cells in compared with primary melanoma [58] (Figure 2). N-oligosaccharides on
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the αv integrin subunit from WM793 primary melanoma cells respond to nearly 30% of
glycoprotein MW, and from WM1205Lu metastatic cells 28%. Subunit β3 contains 16% of the
N-glycans in WM793 cells and 12% of the N-glycans in WM1205Lu cells [59].

Figure 2. Percentage content of the N-glycan pool and sialic acid in subunits of α3β1 integrin, based on Pocheć et al.
[58].

Integrin chains bear all types of N-glycan structures, starting from the evolutionarily oldest
structures high-mannose-type, through hybrid glycans, and ending in the most complicated
complex-type oligosaccharides [1, 54]. The occurrence of these glycostructures on β1 integrins
in B16-F10 melanoma cells depends on the stage of integrin maturation. High-mannose glycans
recognized by GNA lectin (Galanthus nivalis agglutinin) were abundant on the immature form
of β1 integrins with lower molecular weight. The mature, larger β1 chain carried mostly
sialylated complex-type structures, identified using DSA (Datura stramonium agglutinin) and
MAA (Maackia ammurensis agglutinin) lectins. Only the completely processed form of β1
integrin was detected at the cell surface of murine melanoma [60].

Glycosylation is crucial to the processing, activation, and functioning of integrins [56, 61]. The
function of integrin glycans has been determined mostly using N-glycan synthesis inhibitors,
such as castanospermine and N-methyldeoxynojirimycin, which block glucosidases I and II
responsible for trimming glucose from the precursor form of N-linked oligosaccharides; 1-
deoxymannojirimycin and swainsonine (SW), inhibitors of mannosidase I and II, respectively,
and tunicamycin, which abolishes N-glycosylation by inhibiting the action of N-acetylglucos-
amine-1-phosphotransferase. Other useful tools for assessing N-glycan functioning are
recombinant glycosidases, such as PNGase F, which removes glycans N-linked to the protein
backbone, and endo-N-acetylglucosaminidase F (Endo F), which cleaves high-mannose and
complex-type N-glycans [62].
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Glycosylation of αvβ3 integrin is necessary to assembly of the heterodimer, proteolytic
cleavage of the α chain, and cell surface expression of this VN receptor in human melanoma
cells. Application of castanospermine and N-methyldeoxynojirimycin decreased αvβ3 surface
expression as the result of reduced chain assembly and α polypeptide cleavage. On the other
hand, 1-deoxymannojirimycin and SW, inhibitors acting on the later stages of glycan synthesis,
did not influence αvβ3 transport to the cell membrane [63]. The importance of N-glycosylation
in associating the two subunits was also clearly demonstrated by treating α5βl integrin with
Endo F and PNGase F. Enzymatic digestion of purified α5βl integrin resulted in separate
precipitation of the α and β polypeptide chains; undigested integrin subunits underwent co-
precipitation [64]. Further research using sequential side-directed mutagenesis showed that
N-glycosylation of the I-like domain of the βl subunit is essential for the formation of the
α5βl heterodimer and for integrin functioning [65].

Cell surface carbohydrates present on adhesion proteins are involved in adhesive and
migratory events crucial to each step of the metastatic process. In early studies by Chammas
et al., it was found that glycosylation of the β1 subunit complexed with α6 integrin is essential
for interaction with LN. Binding of B16-F10 melanoma cells to LN via α6βl integrin was nearly
abolished in tunicamycin-treated cells and after treating LN with Endo F/PNGase F [66].
Similarly, digestion of α5βl integrin with a mixture of Endo F and PNGase F led to the loss of
FN binding [64]. Lectin analysis showed that both subunits of α6βl integrin bear mainly
sialylated complex-type N-glycan structures. Exoglycosidase treatment identified galactose
residues on the α subunit as the LN-binding determinants involved in cell adhesion to this
ECM ligand. The integrin β chain, abundant in complex-type structures, whose synthesis was
inhibited by SW (which blocks the formation of complex-type glycans, among them β1,6-
branched glycans), was associated with cell spread but not cell adhesion [67]. Also, human
metastatic malignant melanoma cell lines LOX and FEMX treated with tunicamycin showed
significantly weaker adhesion to LN and to a lesser extent to type IV collagen. Inhibition of N-
glycan synthesis by tunicamycin resulted in reduction of LOX and FEMX invasion through
Matrigel-coated chambers, as well as diminution of human melanoma aggregation [68].

5. Alterations of integrin glycosylation in melanoma carcinogenesis

The vast majority of studies on integrin glycosylation in melanoma have used mouse mela-
noma cell line B16-F10 and phenotypic variants of it that show different degrees of invasive
potential, mainly the weakly invasive cell lines B16-F1 or B16-Flr, and B16-BL6 cells selected
for their higher ability to metastasize to the lungs [60, 67, 69–73], as well as human melanoma
cell lines derived from each stage of melanoma progression, most of which were established
by Herlyn’s group [3].

It has been demonstrated that the glycosylation profile of integrins depends on the stage of
melanoma development [37, 58, 59, 74] and the location of the metastasis [75, 76] and that
glycosylation is essential to the interaction between integrin and ECM proteins during
adhesion and migration processes [58, 75, 76]. These studies have produced ample evidence
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of β1 integrins with lower molecular weight. The mature, larger β1 chain carried mostly
sialylated complex-type structures, identified using DSA (Datura stramonium agglutinin) and
MAA (Maackia ammurensis agglutinin) lectins. Only the completely processed form of β1
integrin was detected at the cell surface of murine melanoma [60].

Glycosylation is crucial to the processing, activation, and functioning of integrins [56, 61]. The
function of integrin glycans has been determined mostly using N-glycan synthesis inhibitors,
such as castanospermine and N-methyldeoxynojirimycin, which block glucosidases I and II
responsible for trimming glucose from the precursor form of N-linked oligosaccharides; 1-
deoxymannojirimycin and swainsonine (SW), inhibitors of mannosidase I and II, respectively,
and tunicamycin, which abolishes N-glycosylation by inhibiting the action of N-acetylglucos-
amine-1-phosphotransferase. Other useful tools for assessing N-glycan functioning are
recombinant glycosidases, such as PNGase F, which removes glycans N-linked to the protein
backbone, and endo-N-acetylglucosaminidase F (Endo F), which cleaves high-mannose and
complex-type N-glycans [62].
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precipitation of the α and β polypeptide chains; undigested integrin subunits underwent co-
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N-glycosylation of the I-like domain of the βl subunit is essential for the formation of the
α5βl heterodimer and for integrin functioning [65].

Cell surface carbohydrates present on adhesion proteins are involved in adhesive and
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inhibited by SW (which blocks the formation of complex-type glycans, among them β1,6-
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significantly weaker adhesion to LN and to a lesser extent to type IV collagen. Inhibition of N-
glycan synthesis by tunicamycin resulted in reduction of LOX and FEMX invasion through
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Figure 2. Percentage content of the N-glycan pool and sialic acid in subunits of α3β1 integrin, based on Pocheć et al.
[58].

Integrin chains bear all types of N-glycan structures, starting from the evolutionarily oldest
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sialylated complex-type structures, identified using DSA (Datura stramonium agglutinin) and
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deoxymannojirimycin and swainsonine (SW), inhibitors of mannosidase I and II, respectively,
and tunicamycin, which abolishes N-glycosylation by inhibiting the action of N-acetylglucos-
amine-1-phosphotransferase. Other useful tools for assessing N-glycan functioning are
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complex-type N-glycans [62].
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significantly weaker adhesion to LN and to a lesser extent to type IV collagen. Inhibition of N-
glycan synthesis by tunicamycin resulted in reduction of LOX and FEMX invasion through
Matrigel-coated chambers, as well as diminution of human melanoma aggregation [68].

5. Alterations of integrin glycosylation in melanoma carcinogenesis

The vast majority of studies on integrin glycosylation in melanoma have used mouse mela-
noma cell line B16-F10 and phenotypic variants of it that show different degrees of invasive
potential, mainly the weakly invasive cell lines B16-F1 or B16-Flr, and B16-BL6 cells selected
for their higher ability to metastasize to the lungs [60, 67, 69–73], as well as human melanoma
cell lines derived from each stage of melanoma progression, most of which were established
by Herlyn’s group [3].

It has been demonstrated that the glycosylation profile of integrins depends on the stage of
melanoma development [37, 58, 59, 74] and the location of the metastasis [75, 76] and that
glycosylation is essential to the interaction between integrin and ECM proteins during
adhesion and migration processes [58, 75, 76]. These studies have produced ample evidence
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for the presence of glycoforms associated with melanoma carcinogenesis on α3β1, α5β1, and
αvβ3 integrins. The changes in the β1,6 branching of complex-type N-glycans, and their
sialylation, have been observed on these integrins during human melanoma progression.

5.1. Branched complex-type N-glycans

One of the well-characterized changes in N-glycosylation is enhanced expression of β1,6-N-
acetylglucosaminyltransferase V (GnT-V) and its products, N-acetylglucosamine (GlcNAc)
β1,6-branched N-linked oligosaccharides, observed in the tumorigenesis of many cancers [77–
81], including melanoma [74]. β1,6-branched N-glycans are important in invasion of the
basement membrane [82] and acquisition of metastatic competence [83]. β1,6 branching of
glycans on integrin chains has been described in studies of mouse and human melanoma.

The presence of β1,6-branched complex-type oligosaccharides on the integrin receptors that
bind LN and FN was first shown by Chammas et al. in mouse melanoma cell line B16-F10 [70]
and then confirmed on the β1 subunit sharing integrins in this parent cell line and its highly
invasive B16-BL6 variant [73, 84, 85]. Significantly enhanced β1,6 branching found on highly
invasive B16-BL6 cells resulted in their more efficient invasion and migration, as well as
impaired adhesion to different ECM proteins (LN, FN, VN, type I and type IV collagen,
hyaluronic acid, and Matrigel). Inhibition of β1,6 branching on two levels—expression of GnT-
V by cell transfection (using antisense cDNA), and oligosaccharide synthesis (using SW)—
decreased metastasis and invasion of B16-BL6 cells by half, and reduced the formation of
metastatic colonies in lungs [73]. Later it was found that α3β1 and α5β1 integrins on mouse
B16-BL6 cells carry β1,6-branched oligosaccharides and that β1,6-glycosylation of integrins
has an effect on the spread of melanoma cells on FN and Matrigel. Interestingly, β1,6-branched
glycans on α3β1 weakened the association of integrin with CD151 tetraspanin [85]. Earlier the
crucial role of glycosylation in the interaction of α3β1 with CD151 had been described in work
using MDA-MB-231 human breast cancer cells [86]. For B16-BL6 mouse melanoma cells, it was
shown (by co-precipitating α3β1 and CD151 from SW-treated cells) that β1,6-branched N-
glycans regulate the association of CD151 with this integrin [85].

In human melanoma cells, we demonstrated β1,6 branching of cancer-associated integrin
subunits such as α2, α3, α4, α5, αv, β1, and β3 [37]; integrin heterodimers of special importance
in melanoma carcinogenesis are α3β1 [58, 75], α5β1 [74], and αvβ3 [59, 75, 87].

A number of studies have confirmed the involvement of α3β1 integrin in melanoma develop-
ment through its participation in cell adhesion, migration, and invasion [88–90]. The ability of
α3β1 to promote melanoma metastasis results from its enhanced synthesis [91, 92] and also
from altered glycosylation of it, particularly enhanced β1,6 branching [58, 74, 75].

Glycosylation of α3β1 integrin was first recognized as a factor promoting tumorigenesis in
human colon carcinoma cells. Sialylated β1,6-branched Asn-linked oligosaccharides with short
poly-N-acetyllactosamine units were found on both integrin subunits. Due to their role in
cancer development, they were suggested to be oncodevelopmental carbohydrate epitopes
[93].
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Different techniques have been employed to analyze α3β1 integrin glycosylation in detail in
melanoma cells derived from primary and metastatic tumors. The use of matrix-assisted laser
desorption/ionization mass spectrometry (MALDI-MS) showed the presence of tetra-antenn-
ary complex-type glycans on the β1 subunit in highly metastatic A375 melanoma cells but not
in WM35 cells from the primary site. The reaction of affinity-chromatography-purified α3β1
integrin with Phaseolus vulgaris agglutinin (PHA-L) revealed that complex-type glycans are
β1,6-branched in the α3 subunit from metastatic but not from primary cells [58]. The presence
of GlcNAc β1,6-branched glycans on α3β1 in A375 metastatic cells was confirmed by tandem
mass spectrometry (MS/MS) of PHA-L-positive glycoproteins eluted in lectin-affinity chro-
matography [36]. The absence of this type of branching on the α3 subunit in WM35 primary
melanoma was thoroughly documented by MS/MS identification of PHA-L bound proteins
and two-sided control of integrin glycosylation: immunoblotting in PHA-L-eluted material
and PHA-L blotting in immunoprecipitation [37]. In two other metastatic melanoma cell lines
(WM9 and WM239), β1,6 branching of α3β1 integrin was shown using MS/MS identification
of PHA-L-bound glycoproteins [37] and confirmed using MALDI-MS and PHA-L precipita-
tion [75]. The amount of glycans with β1,6-linked antenna increased in WM1205Lu metastatic
melanoma as compared to WM793 primary cells [74]. Using normal-phase high-performance
liquid chromatography (NP-HPLC), however, Link-Lenczowski et al. [94] did not observe
differences in α3β1 glycosylation profiles between WM115 primary and WM266-4 metastatic
human melanoma cell lines originating from the same patient.

The role of α5 integrin in promoting melanoma metastasis has been shown in uveal [95] and
cutaneous melanoma [29, 96]. An increase of the metastatic potential of melanoma is accom-
panied by enhancement of α5 integrin expression [30, 97]. In highly metastatic B16-F10
melanoma cells, the level of α5 integrin was conspicuously elevated as compared to weakly
metastatic B16-F1 cells. Pulmonary metastasis in mice as well as the adhesion and spread of
B16-F10 cells to FN in vitro was significantly reduced after blocking of α5 integrin by a specific
antibody. The loss of α5-mediated melanoma cell-FN anchoring promoted apoptosis of B16-
F10 cells [30].

Integrin α5β1 is also a carrier of β1,6-branched glycans in metastatic cells, but on the α5 subunit
from primary melanoma, this type of branching was not detected. In each of three analyzed
metastatic cell lines (WM9, WM239 and A375), the α5 subunit oligosaccharides were β1,6-
branched [37], but not the α5 chain in WM35 melanoma cells [36], as determined using
MS/MS analysis of PHA-L-positive glycoproteins. A comparison of α5 integrin chains from
early VGP and metastatic lesion cells showed an uptrend of β1,6 branching during acquisition
of metastatic competence [74]. These findings suggest that GlcNAc β1,6-branched structures
appear earlier in melanoma development on the β1 subunit than on the α3 and α5 chains and
that in melanoma cancerogenesis their content is more stable on the β1 subunit than on the
α3 and α5 chains [36, 37, 74].

Glycosylation of integrin αvβ3 is still rather poorly understood [54], although it is well known
that this integrin is associated with the metastatic potential of melanoma [33, 35, 98]. Our
studies using two genetically related melanoma cell lines showed the presence of β1,6-
branched complex-type structures on primary and metastatic cells, but we did not observe
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for the presence of glycoforms associated with melanoma carcinogenesis on α3β1, α5β1, and
αvβ3 integrins. The changes in the β1,6 branching of complex-type N-glycans, and their
sialylation, have been observed on these integrins during human melanoma progression.

5.1. Branched complex-type N-glycans

One of the well-characterized changes in N-glycosylation is enhanced expression of β1,6-N-
acetylglucosaminyltransferase V (GnT-V) and its products, N-acetylglucosamine (GlcNAc)
β1,6-branched N-linked oligosaccharides, observed in the tumorigenesis of many cancers [77–
81], including melanoma [74]. β1,6-branched N-glycans are important in invasion of the
basement membrane [82] and acquisition of metastatic competence [83]. β1,6 branching of
glycans on integrin chains has been described in studies of mouse and human melanoma.

The presence of β1,6-branched complex-type oligosaccharides on the integrin receptors that
bind LN and FN was first shown by Chammas et al. in mouse melanoma cell line B16-F10 [70]
and then confirmed on the β1 subunit sharing integrins in this parent cell line and its highly
invasive B16-BL6 variant [73, 84, 85]. Significantly enhanced β1,6 branching found on highly
invasive B16-BL6 cells resulted in their more efficient invasion and migration, as well as
impaired adhesion to different ECM proteins (LN, FN, VN, type I and type IV collagen,
hyaluronic acid, and Matrigel). Inhibition of β1,6 branching on two levels—expression of GnT-
V by cell transfection (using antisense cDNA), and oligosaccharide synthesis (using SW)—
decreased metastasis and invasion of B16-BL6 cells by half, and reduced the formation of
metastatic colonies in lungs [73]. Later it was found that α3β1 and α5β1 integrins on mouse
B16-BL6 cells carry β1,6-branched oligosaccharides and that β1,6-glycosylation of integrins
has an effect on the spread of melanoma cells on FN and Matrigel. Interestingly, β1,6-branched
glycans on α3β1 weakened the association of integrin with CD151 tetraspanin [85]. Earlier the
crucial role of glycosylation in the interaction of α3β1 with CD151 had been described in work
using MDA-MB-231 human breast cancer cells [86]. For B16-BL6 mouse melanoma cells, it was
shown (by co-precipitating α3β1 and CD151 from SW-treated cells) that β1,6-branched N-
glycans regulate the association of CD151 with this integrin [85].

In human melanoma cells, we demonstrated β1,6 branching of cancer-associated integrin
subunits such as α2, α3, α4, α5, αv, β1, and β3 [37]; integrin heterodimers of special importance
in melanoma carcinogenesis are α3β1 [58, 75], α5β1 [74], and αvβ3 [59, 75, 87].

A number of studies have confirmed the involvement of α3β1 integrin in melanoma develop-
ment through its participation in cell adhesion, migration, and invasion [88–90]. The ability of
α3β1 to promote melanoma metastasis results from its enhanced synthesis [91, 92] and also
from altered glycosylation of it, particularly enhanced β1,6 branching [58, 74, 75].

Glycosylation of α3β1 integrin was first recognized as a factor promoting tumorigenesis in
human colon carcinoma cells. Sialylated β1,6-branched Asn-linked oligosaccharides with short
poly-N-acetyllactosamine units were found on both integrin subunits. Due to their role in
cancer development, they were suggested to be oncodevelopmental carbohydrate epitopes
[93].
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Different techniques have been employed to analyze α3β1 integrin glycosylation in detail in
melanoma cells derived from primary and metastatic tumors. The use of matrix-assisted laser
desorption/ionization mass spectrometry (MALDI-MS) showed the presence of tetra-antenn-
ary complex-type glycans on the β1 subunit in highly metastatic A375 melanoma cells but not
in WM35 cells from the primary site. The reaction of affinity-chromatography-purified α3β1
integrin with Phaseolus vulgaris agglutinin (PHA-L) revealed that complex-type glycans are
β1,6-branched in the α3 subunit from metastatic but not from primary cells [58]. The presence
of GlcNAc β1,6-branched glycans on α3β1 in A375 metastatic cells was confirmed by tandem
mass spectrometry (MS/MS) of PHA-L-positive glycoproteins eluted in lectin-affinity chro-
matography [36]. The absence of this type of branching on the α3 subunit in WM35 primary
melanoma was thoroughly documented by MS/MS identification of PHA-L bound proteins
and two-sided control of integrin glycosylation: immunoblotting in PHA-L-eluted material
and PHA-L blotting in immunoprecipitation [37]. In two other metastatic melanoma cell lines
(WM9 and WM239), β1,6 branching of α3β1 integrin was shown using MS/MS identification
of PHA-L-bound glycoproteins [37] and confirmed using MALDI-MS and PHA-L precipita-
tion [75]. The amount of glycans with β1,6-linked antenna increased in WM1205Lu metastatic
melanoma as compared to WM793 primary cells [74]. Using normal-phase high-performance
liquid chromatography (NP-HPLC), however, Link-Lenczowski et al. [94] did not observe
differences in α3β1 glycosylation profiles between WM115 primary and WM266-4 metastatic
human melanoma cell lines originating from the same patient.

The role of α5 integrin in promoting melanoma metastasis has been shown in uveal [95] and
cutaneous melanoma [29, 96]. An increase of the metastatic potential of melanoma is accom-
panied by enhancement of α5 integrin expression [30, 97]. In highly metastatic B16-F10
melanoma cells, the level of α5 integrin was conspicuously elevated as compared to weakly
metastatic B16-F1 cells. Pulmonary metastasis in mice as well as the adhesion and spread of
B16-F10 cells to FN in vitro was significantly reduced after blocking of α5 integrin by a specific
antibody. The loss of α5-mediated melanoma cell-FN anchoring promoted apoptosis of B16-
F10 cells [30].

Integrin α5β1 is also a carrier of β1,6-branched glycans in metastatic cells, but on the α5 subunit
from primary melanoma, this type of branching was not detected. In each of three analyzed
metastatic cell lines (WM9, WM239 and A375), the α5 subunit oligosaccharides were β1,6-
branched [37], but not the α5 chain in WM35 melanoma cells [36], as determined using
MS/MS analysis of PHA-L-positive glycoproteins. A comparison of α5 integrin chains from
early VGP and metastatic lesion cells showed an uptrend of β1,6 branching during acquisition
of metastatic competence [74]. These findings suggest that GlcNAc β1,6-branched structures
appear earlier in melanoma development on the β1 subunit than on the α3 and α5 chains and
that in melanoma cancerogenesis their content is more stable on the β1 subunit than on the
α3 and α5 chains [36, 37, 74].

Glycosylation of integrin αvβ3 is still rather poorly understood [54], although it is well known
that this integrin is associated with the metastatic potential of melanoma [33, 35, 98]. Our
studies using two genetically related melanoma cell lines showed the presence of β1,6-
branched complex-type structures on primary and metastatic cells, but we did not observe
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for the presence of glycoforms associated with melanoma carcinogenesis on α3β1, α5β1, and
αvβ3 integrins. The changes in the β1,6 branching of complex-type N-glycans, and their
sialylation, have been observed on these integrins during human melanoma progression.

5.1. Branched complex-type N-glycans

One of the well-characterized changes in N-glycosylation is enhanced expression of β1,6-N-
acetylglucosaminyltransferase V (GnT-V) and its products, N-acetylglucosamine (GlcNAc)
β1,6-branched N-linked oligosaccharides, observed in the tumorigenesis of many cancers [77–
81], including melanoma [74]. β1,6-branched N-glycans are important in invasion of the
basement membrane [82] and acquisition of metastatic competence [83]. β1,6 branching of
glycans on integrin chains has been described in studies of mouse and human melanoma.

The presence of β1,6-branched complex-type oligosaccharides on the integrin receptors that
bind LN and FN was first shown by Chammas et al. in mouse melanoma cell line B16-F10 [70]
and then confirmed on the β1 subunit sharing integrins in this parent cell line and its highly
invasive B16-BL6 variant [73, 84, 85]. Significantly enhanced β1,6 branching found on highly
invasive B16-BL6 cells resulted in their more efficient invasion and migration, as well as
impaired adhesion to different ECM proteins (LN, FN, VN, type I and type IV collagen,
hyaluronic acid, and Matrigel). Inhibition of β1,6 branching on two levels—expression of GnT-
V by cell transfection (using antisense cDNA), and oligosaccharide synthesis (using SW)—
decreased metastasis and invasion of B16-BL6 cells by half, and reduced the formation of
metastatic colonies in lungs [73]. Later it was found that α3β1 and α5β1 integrins on mouse
B16-BL6 cells carry β1,6-branched oligosaccharides and that β1,6-glycosylation of integrins
has an effect on the spread of melanoma cells on FN and Matrigel. Interestingly, β1,6-branched
glycans on α3β1 weakened the association of integrin with CD151 tetraspanin [85]. Earlier the
crucial role of glycosylation in the interaction of α3β1 with CD151 had been described in work
using MDA-MB-231 human breast cancer cells [86]. For B16-BL6 mouse melanoma cells, it was
shown (by co-precipitating α3β1 and CD151 from SW-treated cells) that β1,6-branched N-
glycans regulate the association of CD151 with this integrin [85].

In human melanoma cells, we demonstrated β1,6 branching of cancer-associated integrin
subunits such as α2, α3, α4, α5, αv, β1, and β3 [37]; integrin heterodimers of special importance
in melanoma carcinogenesis are α3β1 [58, 75], α5β1 [74], and αvβ3 [59, 75, 87].

A number of studies have confirmed the involvement of α3β1 integrin in melanoma develop-
ment through its participation in cell adhesion, migration, and invasion [88–90]. The ability of
α3β1 to promote melanoma metastasis results from its enhanced synthesis [91, 92] and also
from altered glycosylation of it, particularly enhanced β1,6 branching [58, 74, 75].

Glycosylation of α3β1 integrin was first recognized as a factor promoting tumorigenesis in
human colon carcinoma cells. Sialylated β1,6-branched Asn-linked oligosaccharides with short
poly-N-acetyllactosamine units were found on both integrin subunits. Due to their role in
cancer development, they were suggested to be oncodevelopmental carbohydrate epitopes
[93].
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Different techniques have been employed to analyze α3β1 integrin glycosylation in detail in
melanoma cells derived from primary and metastatic tumors. The use of matrix-assisted laser
desorption/ionization mass spectrometry (MALDI-MS) showed the presence of tetra-antenn-
ary complex-type glycans on the β1 subunit in highly metastatic A375 melanoma cells but not
in WM35 cells from the primary site. The reaction of affinity-chromatography-purified α3β1
integrin with Phaseolus vulgaris agglutinin (PHA-L) revealed that complex-type glycans are
β1,6-branched in the α3 subunit from metastatic but not from primary cells [58]. The presence
of GlcNAc β1,6-branched glycans on α3β1 in A375 metastatic cells was confirmed by tandem
mass spectrometry (MS/MS) of PHA-L-positive glycoproteins eluted in lectin-affinity chro-
matography [36]. The absence of this type of branching on the α3 subunit in WM35 primary
melanoma was thoroughly documented by MS/MS identification of PHA-L bound proteins
and two-sided control of integrin glycosylation: immunoblotting in PHA-L-eluted material
and PHA-L blotting in immunoprecipitation [37]. In two other metastatic melanoma cell lines
(WM9 and WM239), β1,6 branching of α3β1 integrin was shown using MS/MS identification
of PHA-L-bound glycoproteins [37] and confirmed using MALDI-MS and PHA-L precipita-
tion [75]. The amount of glycans with β1,6-linked antenna increased in WM1205Lu metastatic
melanoma as compared to WM793 primary cells [74]. Using normal-phase high-performance
liquid chromatography (NP-HPLC), however, Link-Lenczowski et al. [94] did not observe
differences in α3β1 glycosylation profiles between WM115 primary and WM266-4 metastatic
human melanoma cell lines originating from the same patient.

The role of α5 integrin in promoting melanoma metastasis has been shown in uveal [95] and
cutaneous melanoma [29, 96]. An increase of the metastatic potential of melanoma is accom-
panied by enhancement of α5 integrin expression [30, 97]. In highly metastatic B16-F10
melanoma cells, the level of α5 integrin was conspicuously elevated as compared to weakly
metastatic B16-F1 cells. Pulmonary metastasis in mice as well as the adhesion and spread of
B16-F10 cells to FN in vitro was significantly reduced after blocking of α5 integrin by a specific
antibody. The loss of α5-mediated melanoma cell-FN anchoring promoted apoptosis of B16-
F10 cells [30].

Integrin α5β1 is also a carrier of β1,6-branched glycans in metastatic cells, but on the α5 subunit
from primary melanoma, this type of branching was not detected. In each of three analyzed
metastatic cell lines (WM9, WM239 and A375), the α5 subunit oligosaccharides were β1,6-
branched [37], but not the α5 chain in WM35 melanoma cells [36], as determined using
MS/MS analysis of PHA-L-positive glycoproteins. A comparison of α5 integrin chains from
early VGP and metastatic lesion cells showed an uptrend of β1,6 branching during acquisition
of metastatic competence [74]. These findings suggest that GlcNAc β1,6-branched structures
appear earlier in melanoma development on the β1 subunit than on the α3 and α5 chains and
that in melanoma cancerogenesis their content is more stable on the β1 subunit than on the
α3 and α5 chains [36, 37, 74].

Glycosylation of integrin αvβ3 is still rather poorly understood [54], although it is well known
that this integrin is associated with the metastatic potential of melanoma [33, 35, 98]. Our
studies using two genetically related melanoma cell lines showed the presence of β1,6-
branched complex-type structures on primary and metastatic cells, but we did not observe
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differences in the β1,6 branching of αvβ3 glycans during the transition from primary VGP
melanoma to its metastatic variant. PHA-L precipitation and SW treatment gave similar levels
of β1,6 branching in both αvβ3 subunits in cell lines WM793 and WM1205Lu [59]. This type
of glycan was also present on the αv subunit from RGP-derived WM35 melanoma cells, but
β1,6 branching was not found on the β3 chain from these cells [36]. Integrin αvβ3 from three
metastatic cell lines (WM9, WM239 and A375) of varying origin showed expression of these
structures [37, 75].

The phenomenon of competition for a substrate between N-acetylglucosaminyltransferase III
(GnT-III) and GnT-V is well documented in N-glycan biology. GnT-III activity during N-glycan
processing can suppress the biological functions of GnT-V; it results in reduction of N-glycan
β1,6 branching. With respect to integrins, this was first shown on α3β1 in human gastric cancer
cell line MKN45 [99]. In B16 melanoma cells, ectopic expression of GnT-III was shown to retard
cell metastasis through inhibition of GnT-V activity: the absence of GnT-V products was
associated with attenuation of malignant cell motility [83]. Our group showed a significant
decrease of bisecting GlcNAc content on αvβ3 integrin subunits during the transition from the
VGP to the metastatic stage, but it was not associated with any change in the amount of β1,6-
branched glycans on this integrin [59], although previously in this pair of related cell lines
(WM115 vs. WM1205Lu), we observed significant upregulation of GnT-V expression [74].

Integrin-mediated cell migration requires adhesion of cells to ECM substrates and is essential
for dissemination of the tumor to distant organs during metastasis [100], so the role of integrin
glycosylation is frequently assessed in different adhesion and migration tests. Functional
studies have clearly shown that β1,6 branching on cell surface adhesion receptors, mainly
integrins, promotes melanoma cell migration [101], and invasion [90].

The contribution of α3β1 integrin’s N-glycans to its binding with its ECM ligands was
demonstrated using affinity-chromatography-purified integrin from WM35 primary and A375
metastatic melanoma cells. In direct ligand-binding assays, de-N-glycosylated α3β1 integrin
showed enhanced binding of both melanoma cell lines to LN, type IV collagen and FN, except
for the binding of α3β1 from WM35 to FN [58]. Enzymatic removal of N-glycans from this
integrin in two metastatic melanoma cell lines from metastases of different origin (WM9 and
WM239) also resulted in enhanced binding of α3β1 to LN5 [75].

Of the ECM proteins, fibronectin is the major α5β1 ligand [102] and therefore is the one most
frequently chosen for assays evaluating the involvement of α5β1 integrin in adhesion and
migration processes. β1,6 branching of FN receptors was shown to contribute to migration of
metastatic melanoma on FN, but not to primary cell migration [74].

N-glycan-dependent binding of integrins to the ECM triggers intracellular pathways via
phosphorylation of cytoplasmic kinases. FAK is one of the first proteins recruited to integrins
aggregated within the cell membrane. Activation of signal pathways leads to the expression
of different genes that control cell growth, differentiation, tumor invasion and metastasis [103,
104]. Changes in integrin glycosylation affect intracellular signals triggered by melanoma cell
binding to the ECM. Dual immunostaining of melanoma cells growing on VN showed co-
localization of αvβ3 integrin and FAK, a downstream target of integrins, in focal adhesion sites
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of melanoma cells. Overexpression of GnT-V in human WM266-4 metastatic melanoma cells
up-regulated αvβ3-integrin-mediated FAK phosphorylation and cell migration on VN, while
inhibition of β1,6 branching by SW-treatment reduced FAK signaling activation in both A375
and WM266-4 metastatic cells [87].

An interesting aspect of integrin glycans’ involvement in melanoma metastasis is their
participation in ECM degradation through regulation of the activity of matrix proteases, such
as urokinase-type plasminogen activator (uPA) and metalloproteinases (MMPs). Integrins
interact with urokinase-type plasminogen activator receptors (uPARs) in the cell membrane
[105]. A urokinase-type plasminogen activator (uPA), acting via its receptor (uPAR), catalyzes
the activation of plasmin from plasminogen, and the plasmin initiates a proteolytic cascade
leading to degradation of the ECM [106, 107]. Our work demonstrated that β1,6-branched
oligosaccharides on αvβ3 and α3β1 integrins are essential for the association of the uPAR with
integrins in human melanoma cell lines WM9 and WM239, seen in the failure of co-precipita-
tion of the two integrins with the uPAR in SW-treated cells. Adhesion of the two melanoma
cells to VN was dependant on β1,6 branching of αvβ3 and α3β1 integrins in a cell-line-specific
manner [76].

N-glycans with β1,6-branched antennae on melanoma integrins also modify the activity of
metalloproteinases (MMPs). PHA-L precipitation revealed that β1 integrins from B16-BL6 cells
are more β1,6-branched than the parent cells with lower invasion ability. β1,6-glycosylation of
β1 integrin receptors affected the activation of membrane-tethered forms of metalloproteinases
(MT1-MMPs). The association of β1,6-glycosylation-suppressed β1 integrin with MT1-MMPs
was more severely affected in B16-BL6 cells than in the parent cells, suggesting that integrin
β1,6 branching contributes to melanoma invasion also through activation of MMPs [84].

5.2. Sialylation

Sialic acid-linked α2,3 or α2,6, mostly in terminal positions of the oligosaccharide, gives these
molecules a negative charge [108, 109] that significantly influences cell interaction mediated
by sialylated adhesion proteins, among them integrins [110]. Hypersialylation of cell surface
receptors is important in tumor invasion and metastasis [111]. MAA is the lectin commonly
used to analyze a pool of α2,3-linked sialic acid, while a lectin from Sambucus nigra (SNA) is
specific for α2,6-linked sialic acid [112]. The presence of sialic acids on α3β1, α5β1, and αvβ3
integrins in melanoma cells was confirmed in each stage of melanoma progression [58, 59,
75].

One of the first studies on integrin sialylation in melanoma employed mouse melanoma cell
lines differing in their metastatic ability. Analysis of melanoma cell sialylation using HPLC
and digestion by Vibrio cholerae sialidase did not show changes in the total content of cell surface
sialic acids on mouse B16 metastatic melanoma cell variants differing in their invasive
potential [69]. Research on specific adhesion proteins provided more detailed information.
Integrin β1 from both B16-F1 mouse metastatic melanoma and its weakly metastatic wheat
germ agglutinin-resistant mutant Wa4-b1 was found to contain high-mannose and bi-, tri-, and
tetra-antennary complex-type N-oligosaccharides. Sialylation of the β1 subunit was signifi-
cantly decreased in mutant melanoma cells with low metastatic ability. Alteration of β1 integrin

Glycosylation of Integrins in Melanoma Progression
http://dx.doi.org/10.5772/64287

51



differences in the β1,6 branching of αvβ3 glycans during the transition from primary VGP
melanoma to its metastatic variant. PHA-L precipitation and SW treatment gave similar levels
of β1,6 branching in both αvβ3 subunits in cell lines WM793 and WM1205Lu [59]. This type
of glycan was also present on the αv subunit from RGP-derived WM35 melanoma cells, but
β1,6 branching was not found on the β3 chain from these cells [36]. Integrin αvβ3 from three
metastatic cell lines (WM9, WM239 and A375) of varying origin showed expression of these
structures [37, 75].

The phenomenon of competition for a substrate between N-acetylglucosaminyltransferase III
(GnT-III) and GnT-V is well documented in N-glycan biology. GnT-III activity during N-glycan
processing can suppress the biological functions of GnT-V; it results in reduction of N-glycan
β1,6 branching. With respect to integrins, this was first shown on α3β1 in human gastric cancer
cell line MKN45 [99]. In B16 melanoma cells, ectopic expression of GnT-III was shown to retard
cell metastasis through inhibition of GnT-V activity: the absence of GnT-V products was
associated with attenuation of malignant cell motility [83]. Our group showed a significant
decrease of bisecting GlcNAc content on αvβ3 integrin subunits during the transition from the
VGP to the metastatic stage, but it was not associated with any change in the amount of β1,6-
branched glycans on this integrin [59], although previously in this pair of related cell lines
(WM115 vs. WM1205Lu), we observed significant upregulation of GnT-V expression [74].

Integrin-mediated cell migration requires adhesion of cells to ECM substrates and is essential
for dissemination of the tumor to distant organs during metastasis [100], so the role of integrin
glycosylation is frequently assessed in different adhesion and migration tests. Functional
studies have clearly shown that β1,6 branching on cell surface adhesion receptors, mainly
integrins, promotes melanoma cell migration [101], and invasion [90].

The contribution of α3β1 integrin’s N-glycans to its binding with its ECM ligands was
demonstrated using affinity-chromatography-purified integrin from WM35 primary and A375
metastatic melanoma cells. In direct ligand-binding assays, de-N-glycosylated α3β1 integrin
showed enhanced binding of both melanoma cell lines to LN, type IV collagen and FN, except
for the binding of α3β1 from WM35 to FN [58]. Enzymatic removal of N-glycans from this
integrin in two metastatic melanoma cell lines from metastases of different origin (WM9 and
WM239) also resulted in enhanced binding of α3β1 to LN5 [75].

Of the ECM proteins, fibronectin is the major α5β1 ligand [102] and therefore is the one most
frequently chosen for assays evaluating the involvement of α5β1 integrin in adhesion and
migration processes. β1,6 branching of FN receptors was shown to contribute to migration of
metastatic melanoma on FN, but not to primary cell migration [74].

N-glycan-dependent binding of integrins to the ECM triggers intracellular pathways via
phosphorylation of cytoplasmic kinases. FAK is one of the first proteins recruited to integrins
aggregated within the cell membrane. Activation of signal pathways leads to the expression
of different genes that control cell growth, differentiation, tumor invasion and metastasis [103,
104]. Changes in integrin glycosylation affect intracellular signals triggered by melanoma cell
binding to the ECM. Dual immunostaining of melanoma cells growing on VN showed co-
localization of αvβ3 integrin and FAK, a downstream target of integrins, in focal adhesion sites
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of melanoma cells. Overexpression of GnT-V in human WM266-4 metastatic melanoma cells
up-regulated αvβ3-integrin-mediated FAK phosphorylation and cell migration on VN, while
inhibition of β1,6 branching by SW-treatment reduced FAK signaling activation in both A375
and WM266-4 metastatic cells [87].

An interesting aspect of integrin glycans’ involvement in melanoma metastasis is their
participation in ECM degradation through regulation of the activity of matrix proteases, such
as urokinase-type plasminogen activator (uPA) and metalloproteinases (MMPs). Integrins
interact with urokinase-type plasminogen activator receptors (uPARs) in the cell membrane
[105]. A urokinase-type plasminogen activator (uPA), acting via its receptor (uPAR), catalyzes
the activation of plasmin from plasminogen, and the plasmin initiates a proteolytic cascade
leading to degradation of the ECM [106, 107]. Our work demonstrated that β1,6-branched
oligosaccharides on αvβ3 and α3β1 integrins are essential for the association of the uPAR with
integrins in human melanoma cell lines WM9 and WM239, seen in the failure of co-precipita-
tion of the two integrins with the uPAR in SW-treated cells. Adhesion of the two melanoma
cells to VN was dependant on β1,6 branching of αvβ3 and α3β1 integrins in a cell-line-specific
manner [76].

N-glycans with β1,6-branched antennae on melanoma integrins also modify the activity of
metalloproteinases (MMPs). PHA-L precipitation revealed that β1 integrins from B16-BL6 cells
are more β1,6-branched than the parent cells with lower invasion ability. β1,6-glycosylation of
β1 integrin receptors affected the activation of membrane-tethered forms of metalloproteinases
(MT1-MMPs). The association of β1,6-glycosylation-suppressed β1 integrin with MT1-MMPs
was more severely affected in B16-BL6 cells than in the parent cells, suggesting that integrin
β1,6 branching contributes to melanoma invasion also through activation of MMPs [84].

5.2. Sialylation

Sialic acid-linked α2,3 or α2,6, mostly in terminal positions of the oligosaccharide, gives these
molecules a negative charge [108, 109] that significantly influences cell interaction mediated
by sialylated adhesion proteins, among them integrins [110]. Hypersialylation of cell surface
receptors is important in tumor invasion and metastasis [111]. MAA is the lectin commonly
used to analyze a pool of α2,3-linked sialic acid, while a lectin from Sambucus nigra (SNA) is
specific for α2,6-linked sialic acid [112]. The presence of sialic acids on α3β1, α5β1, and αvβ3
integrins in melanoma cells was confirmed in each stage of melanoma progression [58, 59,
75].

One of the first studies on integrin sialylation in melanoma employed mouse melanoma cell
lines differing in their metastatic ability. Analysis of melanoma cell sialylation using HPLC
and digestion by Vibrio cholerae sialidase did not show changes in the total content of cell surface
sialic acids on mouse B16 metastatic melanoma cell variants differing in their invasive
potential [69]. Research on specific adhesion proteins provided more detailed information.
Integrin β1 from both B16-F1 mouse metastatic melanoma and its weakly metastatic wheat
germ agglutinin-resistant mutant Wa4-b1 was found to contain high-mannose and bi-, tri-, and
tetra-antennary complex-type N-oligosaccharides. Sialylation of the β1 subunit was signifi-
cantly decreased in mutant melanoma cells with low metastatic ability. Alteration of β1 integrin
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glycosylation is frequently assessed in different adhesion and migration tests. Functional
studies have clearly shown that β1,6 branching on cell surface adhesion receptors, mainly
integrins, promotes melanoma cell migration [101], and invasion [90].

The contribution of α3β1 integrin’s N-glycans to its binding with its ECM ligands was
demonstrated using affinity-chromatography-purified integrin from WM35 primary and A375
metastatic melanoma cells. In direct ligand-binding assays, de-N-glycosylated α3β1 integrin
showed enhanced binding of both melanoma cell lines to LN, type IV collagen and FN, except
for the binding of α3β1 from WM35 to FN [58]. Enzymatic removal of N-glycans from this
integrin in two metastatic melanoma cell lines from metastases of different origin (WM9 and
WM239) also resulted in enhanced binding of α3β1 to LN5 [75].

Of the ECM proteins, fibronectin is the major α5β1 ligand [102] and therefore is the one most
frequently chosen for assays evaluating the involvement of α5β1 integrin in adhesion and
migration processes. β1,6 branching of FN receptors was shown to contribute to migration of
metastatic melanoma on FN, but not to primary cell migration [74].

N-glycan-dependent binding of integrins to the ECM triggers intracellular pathways via
phosphorylation of cytoplasmic kinases. FAK is one of the first proteins recruited to integrins
aggregated within the cell membrane. Activation of signal pathways leads to the expression
of different genes that control cell growth, differentiation, tumor invasion and metastasis [103,
104]. Changes in integrin glycosylation affect intracellular signals triggered by melanoma cell
binding to the ECM. Dual immunostaining of melanoma cells growing on VN showed co-
localization of αvβ3 integrin and FAK, a downstream target of integrins, in focal adhesion sites
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of melanoma cells. Overexpression of GnT-V in human WM266-4 metastatic melanoma cells
up-regulated αvβ3-integrin-mediated FAK phosphorylation and cell migration on VN, while
inhibition of β1,6 branching by SW-treatment reduced FAK signaling activation in both A375
and WM266-4 metastatic cells [87].

An interesting aspect of integrin glycans’ involvement in melanoma metastasis is their
participation in ECM degradation through regulation of the activity of matrix proteases, such
as urokinase-type plasminogen activator (uPA) and metalloproteinases (MMPs). Integrins
interact with urokinase-type plasminogen activator receptors (uPARs) in the cell membrane
[105]. A urokinase-type plasminogen activator (uPA), acting via its receptor (uPAR), catalyzes
the activation of plasmin from plasminogen, and the plasmin initiates a proteolytic cascade
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oligosaccharides on αvβ3 and α3β1 integrins are essential for the association of the uPAR with
integrins in human melanoma cell lines WM9 and WM239, seen in the failure of co-precipita-
tion of the two integrins with the uPAR in SW-treated cells. Adhesion of the two melanoma
cells to VN was dependant on β1,6 branching of αvβ3 and α3β1 integrins in a cell-line-specific
manner [76].
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metalloproteinases (MMPs). PHA-L precipitation revealed that β1 integrins from B16-BL6 cells
are more β1,6-branched than the parent cells with lower invasion ability. β1,6-glycosylation of
β1 integrin receptors affected the activation of membrane-tethered forms of metalloproteinases
(MT1-MMPs). The association of β1,6-glycosylation-suppressed β1 integrin with MT1-MMPs
was more severely affected in B16-BL6 cells than in the parent cells, suggesting that integrin
β1,6 branching contributes to melanoma invasion also through activation of MMPs [84].

5.2. Sialylation

Sialic acid-linked α2,3 or α2,6, mostly in terminal positions of the oligosaccharide, gives these
molecules a negative charge [108, 109] that significantly influences cell interaction mediated
by sialylated adhesion proteins, among them integrins [110]. Hypersialylation of cell surface
receptors is important in tumor invasion and metastasis [111]. MAA is the lectin commonly
used to analyze a pool of α2,3-linked sialic acid, while a lectin from Sambucus nigra (SNA) is
specific for α2,6-linked sialic acid [112]. The presence of sialic acids on α3β1, α5β1, and αvβ3
integrins in melanoma cells was confirmed in each stage of melanoma progression [58, 59,
75].

One of the first studies on integrin sialylation in melanoma employed mouse melanoma cell
lines differing in their metastatic ability. Analysis of melanoma cell sialylation using HPLC
and digestion by Vibrio cholerae sialidase did not show changes in the total content of cell surface
sialic acids on mouse B16 metastatic melanoma cell variants differing in their invasive
potential [69]. Research on specific adhesion proteins provided more detailed information.
Integrin β1 from both B16-F1 mouse metastatic melanoma and its weakly metastatic wheat
germ agglutinin-resistant mutant Wa4-b1 was found to contain high-mannose and bi-, tri-, and
tetra-antennary complex-type N-oligosaccharides. Sialylation of the β1 subunit was signifi-
cantly decreased in mutant melanoma cells with low metastatic ability. Alteration of β1 integrin
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glycosylation resulted in reduction of the mutant’s metastatic potential and adhesion to FN
and LN, as compared to the parent cells [71]. Higher β1,6 branching of complex-type glycans
on more invasive B16-BL6 melanoma cells versus the parent B16-F10 line was correlated with
an increase of α2,3-linked and α2,6-linked sialic acid content as determined using MAA and
SNA staining in flow cytometry. Hypersialylation of B16-BL6 cells resulted in their higher
motility and stronger adhesion to selected ECM proteins [73]. Further results for this pair of
murine melanoma cell lines were obtained by lectin blotting: α2,6-linked sialic acid especially
increased on B16-BL6 glycans as a result of enhanced β1,6 branching. α2,6-desialylation and
down-regulation of the sialyltransferase ST6Gal-I, which transfers sialic acids to oligosacchar-
ides and catalyzes the formation of α2,6 linkage, negatively affected adhesion and invasion of
B16-BL6 cells [113]. In turn, a study by Chang and colleagues showed that α2,3-linked sialic
acid is important in the metastasis of B16-F10 cells. Soyasaponin I (Ssa I), which specifically
inhibits the expression of α2,3-linked sialic acids, reduced the migratory ability of melanoma,
up-regulated cell adhesion to ECM proteins, and impaired pulmonary metastasis [114].

Our studies using different human melanoma cell line models indicated reduction of α2,3
sialylation on the α3 integrin subunit, and of α2,6 sialylation on αvβ3 integrin, in melanoma
progression [74, 59]. Lectin-probed Western blotting showed that the β1 subunit from both cell
lines and the α3 subunit from primary melanoma cell line WM35 had both types of sialic acid
linkage, while the α3 subunit from metastatic cell line A375 lost its α2,3 glycosidic linkage [58].
Using genetically matched cell lines WM793 and WM1205Lu from the last two stages of
melanoma progression, we observed a shift in the sialylation of αvβ3 integrin during the
transition from VGP to metastatic tumor. Lectin MAA and SNA precipitation as well as
digestion by two neuraminidases with narrower (α2,3) and wider (α2-3,6,8) specificity showed
that α2,6-linked sialic acid was reduced, whereas α2,3-linked sialic acid increased on both
integrin subunits from metastatic lesion cells. In a wound-healing assay, migration of mela-
noma cells on VN in the presence of both lectins was affected only in the metastatic cell line
[59]. Lectin flow cytometry of another pair of related melanoma cell lines (WM115 derived
from RGP/VGP vs. WM266-4 from lymph node metastasis) indicated a more than fourfold
increase of cell surface α2,3 sialylation during the acquisition of metastatic competence.
Despite these differences in surface α2,3 sialylation, the reduction of migration by MAA-
treated primary and melanoma cells was comparable, suggesting the involvement of recep-
tor(s) other than αvβ3 integrin and its/their sialylation in metastatic cell migration (data not
published).

Digestion of α3β1 glycans with a broad-specificity neuraminidase from Arthrobacter ureafaciens
led to stronger binding of the integrin to various ECM components (LN, FN, and type IV
collagen) in both primary and metastatic melanoma cells. Interestingly, removal of the sialic
acids by neuraminidase enhanced integrin binding significantly more than complete de-N-
glycosylation did, suggesting an important role of desialylated N-oligosaccharides in integrin-
ECM interactions [58]. For efficient cell-ECM adhesion, protein-protein interactions apparently
are not enough, and glycosylation is needed to regulate this binding.

Attachment of α2,8 to underlying glycans by sialic acid is rather rarely detected on integrins.
A study using human melanoma cell line G361 is one of the few that have demonstrated the
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presence of α2,8-bound sialic acid on α5β1 integrin—and the role of this type of sialylation in
FN binding. Desialylation using an enzyme from Arthrobacter ureafaciens specific for α2-3,6,8-
linked sialic acids resulted in reduction of α5β1-mediated adhesion to FN, an effect not
observed for neuraminidase, which cleaves only α2-3,6 linkages [115].

Undoubtedly, the sialylation state of integrins contributes to the metastatic potential of mouse
and human melanoma, but there are blank spots in our understanding of the role of α2,3-linked
and α2,6-linked sialic acid in melanoma progression. Further studies should establish precisely
how sialylation becomes altered, and its contribution to the disease phenotype.

6. Conclusions

The search for glyco-biomarkers on integrins in melanoma progression motivates a host of
studies performed by different research groups. Identification of universally present altera-
tions of glycans on adhesion molecules, among them integrins—and elucidation of the
molecular mechanisms of these changes—will boost our understanding of how melanoma cells
acquire the ability to escape the primary tumor and spread through the body. Enhanced β1,6
branching and altered sialylation are the main glyco-features of integrin glycosylation in
melanoma progression. The functional consequences of surface glycosylation rearrangements
in melanoma progression must be known if we are to find effective ways to stop the process
of carcinogenesis. The vast majority of studies on integrin glycosylation in melanoma cells
have used cells cultured in vitro. A hugely important task for future research is to verify the
results obtained from in vitro studies of tumor tissue from patients with melanoma, so that
those findings can be applied for prevention and treatment of melanoma.
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glycosylation resulted in reduction of the mutant’s metastatic potential and adhesion to FN
and LN, as compared to the parent cells [71]. Higher β1,6 branching of complex-type glycans
on more invasive B16-BL6 melanoma cells versus the parent B16-F10 line was correlated with
an increase of α2,3-linked and α2,6-linked sialic acid content as determined using MAA and
SNA staining in flow cytometry. Hypersialylation of B16-BL6 cells resulted in their higher
motility and stronger adhesion to selected ECM proteins [73]. Further results for this pair of
murine melanoma cell lines were obtained by lectin blotting: α2,6-linked sialic acid especially
increased on B16-BL6 glycans as a result of enhanced β1,6 branching. α2,6-desialylation and
down-regulation of the sialyltransferase ST6Gal-I, which transfers sialic acids to oligosacchar-
ides and catalyzes the formation of α2,6 linkage, negatively affected adhesion and invasion of
B16-BL6 cells [113]. In turn, a study by Chang and colleagues showed that α2,3-linked sialic
acid is important in the metastasis of B16-F10 cells. Soyasaponin I (Ssa I), which specifically
inhibits the expression of α2,3-linked sialic acids, reduced the migratory ability of melanoma,
up-regulated cell adhesion to ECM proteins, and impaired pulmonary metastasis [114].

Our studies using different human melanoma cell line models indicated reduction of α2,3
sialylation on the α3 integrin subunit, and of α2,6 sialylation on αvβ3 integrin, in melanoma
progression [74, 59]. Lectin-probed Western blotting showed that the β1 subunit from both cell
lines and the α3 subunit from primary melanoma cell line WM35 had both types of sialic acid
linkage, while the α3 subunit from metastatic cell line A375 lost its α2,3 glycosidic linkage [58].
Using genetically matched cell lines WM793 and WM1205Lu from the last two stages of
melanoma progression, we observed a shift in the sialylation of αvβ3 integrin during the
transition from VGP to metastatic tumor. Lectin MAA and SNA precipitation as well as
digestion by two neuraminidases with narrower (α2,3) and wider (α2-3,6,8) specificity showed
that α2,6-linked sialic acid was reduced, whereas α2,3-linked sialic acid increased on both
integrin subunits from metastatic lesion cells. In a wound-healing assay, migration of mela-
noma cells on VN in the presence of both lectins was affected only in the metastatic cell line
[59]. Lectin flow cytometry of another pair of related melanoma cell lines (WM115 derived
from RGP/VGP vs. WM266-4 from lymph node metastasis) indicated a more than fourfold
increase of cell surface α2,3 sialylation during the acquisition of metastatic competence.
Despite these differences in surface α2,3 sialylation, the reduction of migration by MAA-
treated primary and melanoma cells was comparable, suggesting the involvement of recep-
tor(s) other than αvβ3 integrin and its/their sialylation in metastatic cell migration (data not
published).

Digestion of α3β1 glycans with a broad-specificity neuraminidase from Arthrobacter ureafaciens
led to stronger binding of the integrin to various ECM components (LN, FN, and type IV
collagen) in both primary and metastatic melanoma cells. Interestingly, removal of the sialic
acids by neuraminidase enhanced integrin binding significantly more than complete de-N-
glycosylation did, suggesting an important role of desialylated N-oligosaccharides in integrin-
ECM interactions [58]. For efficient cell-ECM adhesion, protein-protein interactions apparently
are not enough, and glycosylation is needed to regulate this binding.

Attachment of α2,8 to underlying glycans by sialic acid is rather rarely detected on integrins.
A study using human melanoma cell line G361 is one of the few that have demonstrated the
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presence of α2,8-bound sialic acid on α5β1 integrin—and the role of this type of sialylation in
FN binding. Desialylation using an enzyme from Arthrobacter ureafaciens specific for α2-3,6,8-
linked sialic acids resulted in reduction of α5β1-mediated adhesion to FN, an effect not
observed for neuraminidase, which cleaves only α2-3,6 linkages [115].

Undoubtedly, the sialylation state of integrins contributes to the metastatic potential of mouse
and human melanoma, but there are blank spots in our understanding of the role of α2,3-linked
and α2,6-linked sialic acid in melanoma progression. Further studies should establish precisely
how sialylation becomes altered, and its contribution to the disease phenotype.

6. Conclusions

The search for glyco-biomarkers on integrins in melanoma progression motivates a host of
studies performed by different research groups. Identification of universally present altera-
tions of glycans on adhesion molecules, among them integrins—and elucidation of the
molecular mechanisms of these changes—will boost our understanding of how melanoma cells
acquire the ability to escape the primary tumor and spread through the body. Enhanced β1,6
branching and altered sialylation are the main glyco-features of integrin glycosylation in
melanoma progression. The functional consequences of surface glycosylation rearrangements
in melanoma progression must be known if we are to find effective ways to stop the process
of carcinogenesis. The vast majority of studies on integrin glycosylation in melanoma cells
have used cells cultured in vitro. A hugely important task for future research is to verify the
results obtained from in vitro studies of tumor tissue from patients with melanoma, so that
those findings can be applied for prevention and treatment of melanoma.
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glycosylation resulted in reduction of the mutant’s metastatic potential and adhesion to FN
and LN, as compared to the parent cells [71]. Higher β1,6 branching of complex-type glycans
on more invasive B16-BL6 melanoma cells versus the parent B16-F10 line was correlated with
an increase of α2,3-linked and α2,6-linked sialic acid content as determined using MAA and
SNA staining in flow cytometry. Hypersialylation of B16-BL6 cells resulted in their higher
motility and stronger adhesion to selected ECM proteins [73]. Further results for this pair of
murine melanoma cell lines were obtained by lectin blotting: α2,6-linked sialic acid especially
increased on B16-BL6 glycans as a result of enhanced β1,6 branching. α2,6-desialylation and
down-regulation of the sialyltransferase ST6Gal-I, which transfers sialic acids to oligosacchar-
ides and catalyzes the formation of α2,6 linkage, negatively affected adhesion and invasion of
B16-BL6 cells [113]. In turn, a study by Chang and colleagues showed that α2,3-linked sialic
acid is important in the metastasis of B16-F10 cells. Soyasaponin I (Ssa I), which specifically
inhibits the expression of α2,3-linked sialic acids, reduced the migratory ability of melanoma,
up-regulated cell adhesion to ECM proteins, and impaired pulmonary metastasis [114].

Our studies using different human melanoma cell line models indicated reduction of α2,3
sialylation on the α3 integrin subunit, and of α2,6 sialylation on αvβ3 integrin, in melanoma
progression [74, 59]. Lectin-probed Western blotting showed that the β1 subunit from both cell
lines and the α3 subunit from primary melanoma cell line WM35 had both types of sialic acid
linkage, while the α3 subunit from metastatic cell line A375 lost its α2,3 glycosidic linkage [58].
Using genetically matched cell lines WM793 and WM1205Lu from the last two stages of
melanoma progression, we observed a shift in the sialylation of αvβ3 integrin during the
transition from VGP to metastatic tumor. Lectin MAA and SNA precipitation as well as
digestion by two neuraminidases with narrower (α2,3) and wider (α2-3,6,8) specificity showed
that α2,6-linked sialic acid was reduced, whereas α2,3-linked sialic acid increased on both
integrin subunits from metastatic lesion cells. In a wound-healing assay, migration of mela-
noma cells on VN in the presence of both lectins was affected only in the metastatic cell line
[59]. Lectin flow cytometry of another pair of related melanoma cell lines (WM115 derived
from RGP/VGP vs. WM266-4 from lymph node metastasis) indicated a more than fourfold
increase of cell surface α2,3 sialylation during the acquisition of metastatic competence.
Despite these differences in surface α2,3 sialylation, the reduction of migration by MAA-
treated primary and melanoma cells was comparable, suggesting the involvement of recep-
tor(s) other than αvβ3 integrin and its/their sialylation in metastatic cell migration (data not
published).

Digestion of α3β1 glycans with a broad-specificity neuraminidase from Arthrobacter ureafaciens
led to stronger binding of the integrin to various ECM components (LN, FN, and type IV
collagen) in both primary and metastatic melanoma cells. Interestingly, removal of the sialic
acids by neuraminidase enhanced integrin binding significantly more than complete de-N-
glycosylation did, suggesting an important role of desialylated N-oligosaccharides in integrin-
ECM interactions [58]. For efficient cell-ECM adhesion, protein-protein interactions apparently
are not enough, and glycosylation is needed to regulate this binding.

Attachment of α2,8 to underlying glycans by sialic acid is rather rarely detected on integrins.
A study using human melanoma cell line G361 is one of the few that have demonstrated the
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presence of α2,8-bound sialic acid on α5β1 integrin—and the role of this type of sialylation in
FN binding. Desialylation using an enzyme from Arthrobacter ureafaciens specific for α2-3,6,8-
linked sialic acids resulted in reduction of α5β1-mediated adhesion to FN, an effect not
observed for neuraminidase, which cleaves only α2-3,6 linkages [115].

Undoubtedly, the sialylation state of integrins contributes to the metastatic potential of mouse
and human melanoma, but there are blank spots in our understanding of the role of α2,3-linked
and α2,6-linked sialic acid in melanoma progression. Further studies should establish precisely
how sialylation becomes altered, and its contribution to the disease phenotype.

6. Conclusions

The search for glyco-biomarkers on integrins in melanoma progression motivates a host of
studies performed by different research groups. Identification of universally present altera-
tions of glycans on adhesion molecules, among them integrins—and elucidation of the
molecular mechanisms of these changes—will boost our understanding of how melanoma cells
acquire the ability to escape the primary tumor and spread through the body. Enhanced β1,6
branching and altered sialylation are the main glyco-features of integrin glycosylation in
melanoma progression. The functional consequences of surface glycosylation rearrangements
in melanoma progression must be known if we are to find effective ways to stop the process
of carcinogenesis. The vast majority of studies on integrin glycosylation in melanoma cells
have used cells cultured in vitro. A hugely important task for future research is to verify the
results obtained from in vitro studies of tumor tissue from patients with melanoma, so that
those findings can be applied for prevention and treatment of melanoma.
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1. Introduction

The population of patients with cutaneous melanoma is one of the most rapidly increasing
cancer groups worldwide over the last 50 years in most fair‐skinned populations [1, 2]. The
vast majority of cases (almost 85%) occur in developed countries, where melanoma is the sixth
most commonly diagnosed cancer. Despite the improvements in the diagnosis thereof, the best
chance of melanoma recovery remains the surgical removal of a thin early‐stage lesion, because
methods used on large scale in clinical practices as well as experimental trials are not able to
cure this type of cancer at diffuse state [3, 4]. Palliative treatment for inoperable recurrence or
metastatic disease is frequently toxic and ineffective. Thus, appropriate means for predicting
prognosis or effective treatments are still needed.

Understanding the biology of tumour cells is an important factor for the development of new
strategies for cancer treatment. Unfortunately, reliable biomarkers are not available for the vast
majority of cancers. Macro‐molecules present at the cell membrane surface and in the mem‐
branes themselves constitute an important field for study in the understanding of cancer cell
behaviour. Nowadays, investigation on structural properties and function of cancer‐associated
glycosylation changes, as indicators of tumourigenesis, is gaining more attention in order to
discover new markers suitable for early detection, for differentiating between benign and
malignant stages and for therapeutic purposes. For a long time carbohydrates have been
merely regarded as an integral structural component of glycoconjugates (glycoproteins,
glycolipids and proteoglycans) and a storage material. Although they are ubiquitous constit‐
uents of almost all living organisms, glycoconjugates were believed to be deprived of any
biological function. Progress in glycoconjugates research due to application of new powerful
tools has enabled researches to discover the broad range of biological activities in which
carbohydrates are involved [5–8]. Glycoconjugates participate in several processes, including
protein conformational stability, protection from proteolytic degradation, protein thermal
stability, biological activity, protein targeting, circulating life‐time and their ultimate fate,
immunogenicity, the transduction of information between cells, sperm‐egg interactions,
leukocyte traffic to sites of inflammation, leukocyte migration (homing) to lymphoid organs,
blood clotting, apoptosis and host‐pathogen interactions. Moreover, changes in glycoconju‐
gates have been proved to be associated with a number of pathological processes, for example,
carbohydrate deficiency diseases, inflammation, allergy, rheumatoid arthritis, thrombosis,
infarction, diabetes and cancer [7, 9–12]. The aim of this chapter is to highlight the contribution
of the defined tumour‐associated carbohydrate antigens present on the cell surface of mela‐
noma cells to their behaviour during tumour progression and metastasis, as well as to present
glycomic opportunities in defining markers for melanoma early detection, disease progression
or predicting therapy outcome that might help to defeat one of the deadliest forms of cancer.

2. Glycoconjugates and cancer

Glycosylation is the most frequent post‐translational modification of macro‐molecules.
Carbohydrate part (glycan) biosynthesis involves various types of glycosyltransferases,
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glycosidases and sugar nucleotides [8, 13]. As glycosylation is not template‐driven, but is
indirectly controlled by a number of genes (1–2% of translated genome) and the environmental
factors integrate at the level of glycan biosynthesis, the relative amounts and structure of
glycans is cell‐, tissue‐ and species‐dependent [14]. The biosynthetic basis of such diversity
consists in the alteration in the activity of various glycosyltransferases and competition
between enzymes for acceptor intermediates during glycan elongation. Additionally, in cancer
cells the activity of glycosyltransferases and glycosidases is controlled by other factors such as
the levels of nucleotide sugars and their transporters, the expression of chaperons that regulate
protein folding and quality control of proteins, endogenous lectin as well as by altered
expression of the enzymes engaged in biosynthetic process together with their proper
localisation [15]. Recently, it has been shown that the aberrant expression of glyco‐genes in
cancer is also due to aberrant promotor methylation. In melanoma a difference in methylation
of 20 genes involved in O‐glycosylation has been stated [16]. These results suggest new
potential targets for melanoma treatment, and indicate that the methylation status of selected
glyco‐genes might be used for prognostic purposes.

The hallmarks of all types of human, as well as experimental rodent cancers include profound
changes in the structure and expression of carbohydrate part of glycoconjugates, resulting
from activation of particular oncogenes or rearrangements of glycan biosynthetic pathways [1,
11, 12, 17]. Generally, cancer‐associated changes in glycosylation profile are associated either
with the expression and secretion of inappropriate glycosylated molecules or the appearance
of new antigens (onco‐foetal or de novo synthesised antigens). Some of the cancer‐associated
carbohydrate antigens have found their clinical application as a target for the diagnosis of
different types of tumours (breast, ovarian and prostate cancers) or as therapeutic agents
(glycoconjugate vaccines) [7, 9, 11, 12, 18–26]. Interestingly, among at least 100 cancer bio‐
markers used currently for the diagnosis of different types of tumours, the vast majority
includes glycoproteins and glycolipids, and they are measured immunochemically using
monoclonal antibodies [27]. However, these monoclonal antibodies against glycoprotein are
in most cases aimed not towards the glycan epitope, but towards the protein chain. The most
frequently observed changes in glycosylation structure during malignant transformation are
the extensive expression of β1,6‐branched N‐glycans, the increased expression of bisected N‐
glycans, increased cell surface sialylation frequently accompanied by differences in the
position of sialic acid residues including the expression of onco‐foetal α‐2,8‐linked polysialic
acid, the expression of core fucosylated and non‐fucosylated paucimannose‐type structures,
premature termination of O‐glycan biosynthesis in mucins leading to the presence of the so‐
called pan‐tumour antigens, i.e. T (Galβ1–3GalNAc‐α1‐O‐Ser/Thr), Tn (GalNAc‐α1‐O‐Ser/
Thr) and sialyl‐Tn (Siaα2‐6GalNAc‐α1‐O‐Ser/Thr) mucin antigens, abnormalities in the
expression of ABO blood group and tissue antigens [15].

Protein‐carbohydrate interactions have not only biological but also medical implication, since
glycosylation profile is dynamically modified by many intra‐ and/or extra‐cellular stimuli.
Additionally, these interactions are involved in the control of cell homeostasis and its social
behaviour. Therefore, alterations in carbohydrate structures of glycoconjugates including cell
adhesion molecules, commonly found in various tumours, are considered to be the basis for
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between enzymes for acceptor intermediates during glycan elongation. Additionally, in cancer
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position of sialic acid residues including the expression of onco‐foetal α‐2,8‐linked polysialic
acid, the expression of core fucosylated and non‐fucosylated paucimannose‐type structures,
premature termination of O‐glycan biosynthesis in mucins leading to the presence of the so‐
called pan‐tumour antigens, i.e. T (Galβ1–3GalNAc‐α1‐O‐Ser/Thr), Tn (GalNAc‐α1‐O‐Ser/
Thr) and sialyl‐Tn (Siaα2‐6GalNAc‐α1‐O‐Ser/Thr) mucin antigens, abnormalities in the
expression of ABO blood group and tissue antigens [15].

Protein‐carbohydrate interactions have not only biological but also medical implication, since
glycosylation profile is dynamically modified by many intra‐ and/or extra‐cellular stimuli.
Additionally, these interactions are involved in the control of cell homeostasis and its social
behaviour. Therefore, alterations in carbohydrate structures of glycoconjugates including cell
adhesion molecules, commonly found in various tumours, are considered to be the basis for
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abnormal social behaviour of tumour cells, such as invasion to the surrounding tissue and
metastasis, loose of cell‐cell contact and epithelial‐mesenchymal transition (EMT) [15, 18, 28–
34]. These macro‐molecules could also significantly change antigenicity and immunogenicity
of tumour cells and therefore promote tumour progression by chronic inflammation and
angiogenesis [24].

3. Glycosylation and melanoma

Over 5000 cell lines are currently available for studying cutaneous and ocular melanoma,
which covers different stages of the disease progression from primary melanomas to meta‐
stases in distinct organs [35]. The most frequently used model to study the linkage between
glycosylation and metastatic behaviour of melanoma cells is B16 murine melanoma cell line
and its sub‐lines of a different metastatic potential. Detailed analysis of B16 sub‐lines with
high‐ and low‐metastatic potentials has revealed that although these sub‐lines expressed
comparable amount of sialic acids, α2,3‐linked sialic acids were predominantly found in high‐
metastatic sub‐line, while α2,6‐linked sialic acids were observed in low‐metastatic sub‐line
[36]. Other studies performed on a poorly metastasising wheat germ agglutinin‐resistant
mutants of B16 melanoma cells have proved that the variant cell line displayed well‐defined
changes in its cell surface glycosylation profile in comparison to wild‐type cells, involving the
decrease in the number of side chains in oligosaccharides, the loss of sialic acids α2,3‐linked
to galactose, concomitant with the increase in the amount of fucose α1,3‐linked to N‐acetyl‐
glucosamine [37]. Such cells were less adherent to extracellular matrix components and
showed decreased metastatic potential. The observed effects resulted from a 60‐fold increase
in α1,3‐fucosyltransferase activity, while sialyltransferase activity did not decrease signifi‐
cantly [38]. Participation of sialic acids in metastasis formation has been also demonstrated by
transfection of murine B16, JB/RH and JB/MS cells with gene for α1,3‐galactosyltransferase
(α1,3GT). α1,3GT competes with α2,3‐sialyltransferase and α2,6‐sialyltransferase for the same
acceptor, i.e. N‐acetyllactosamine moieties (Figure 1) [39]. The transfected cells showed
reduced metastasis formation which was caused by the reduction of cell membrane sialylation.
Similar great reduction of metastatic capacity has been observed after the use of swainsonine
(SW), a competitive inhibitor of Golgi α‐mannosidase II which stops N‐oligosaccharide
synthesis on hybrid and high‐mannose‐type structures preventing the synthesis of complex‐
type structures (Figure 1) [40]. It has also been demonstrated that the loss of sialylated
lactosamine antenae and decreased branching of N‐oligosaccharides on B16‐F10 melanoma
cells (cells of high incidence of lung colonisation) reduced their pulmonary colonisation when
the cells were injected into the circulation of syngeneic mice [41]. This was consistent with the
observation that SW treatment of athymic nude mice bearing human MeWo cells significantly
reduced solid tumour growth and inhibited tumour cell proliferation both in vitro and in vivo
[42]. Interestingly, SW has been reported to show evidence of clinical efficacy in a phase I
clinical trial [43]. Metastatic capacities of highly metastatic B16‐hm melanoma cells have also
been down‐regulated by introduction of β1,4‐N‐acetylglucosaminyltransferase III (GnT‐III)
gene, which codes the enzyme that catalyses the formation of bisecting N‐acetylglucosamine
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in N‐oligosaccharide chains [44]. One of the targets of GnT‐III in the transfected cells was E‐
cadherin. GnT‐III gene transfected cells showed increased E‐cadherin‐dependent cell‐cell
adhesion and suppression of lung metastasis formation as well as decreased level of cell
adhesion to laminin and collagen [44, 45]. Taken together, these results strongly suggested that
highly branched and sialylated N‐oligosaccharides present on cell surface glycoconjugates
contribute to effective melanoma cell metastasis. Interestingly, N‐glycosylation in human
melanoma SK‐MEL‐2 cells has also been found to play an important role in maintenance of
viability thereof through the regulation of insulin‐like growth factor‐1 receptor translocation
to the cell surface [46, 47].

Figure 1. Structures and synthetic pathway of N‐oligosaccharides.
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abnormal social behaviour of tumour cells, such as invasion to the surrounding tissue and
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comparable amount of sialic acids, α2,3‐linked sialic acids were predominantly found in high‐
metastatic sub‐line, while α2,6‐linked sialic acids were observed in low‐metastatic sub‐line
[36]. Other studies performed on a poorly metastasising wheat germ agglutinin‐resistant
mutants of B16 melanoma cells have proved that the variant cell line displayed well‐defined
changes in its cell surface glycosylation profile in comparison to wild‐type cells, involving the
decrease in the number of side chains in oligosaccharides, the loss of sialic acids α2,3‐linked
to galactose, concomitant with the increase in the amount of fucose α1,3‐linked to N‐acetyl‐
glucosamine [37]. Such cells were less adherent to extracellular matrix components and
showed decreased metastatic potential. The observed effects resulted from a 60‐fold increase
in α1,3‐fucosyltransferase activity, while sialyltransferase activity did not decrease signifi‐
cantly [38]. Participation of sialic acids in metastasis formation has been also demonstrated by
transfection of murine B16, JB/RH and JB/MS cells with gene for α1,3‐galactosyltransferase
(α1,3GT). α1,3GT competes with α2,3‐sialyltransferase and α2,6‐sialyltransferase for the same
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(SW), a competitive inhibitor of Golgi α‐mannosidase II which stops N‐oligosaccharide
synthesis on hybrid and high‐mannose‐type structures preventing the synthesis of complex‐
type structures (Figure 1) [40]. It has also been demonstrated that the loss of sialylated
lactosamine antenae and decreased branching of N‐oligosaccharides on B16‐F10 melanoma
cells (cells of high incidence of lung colonisation) reduced their pulmonary colonisation when
the cells were injected into the circulation of syngeneic mice [41]. This was consistent with the
observation that SW treatment of athymic nude mice bearing human MeWo cells significantly
reduced solid tumour growth and inhibited tumour cell proliferation both in vitro and in vivo
[42]. Interestingly, SW has been reported to show evidence of clinical efficacy in a phase I
clinical trial [43]. Metastatic capacities of highly metastatic B16‐hm melanoma cells have also
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mutants of B16 melanoma cells have proved that the variant cell line displayed well‐defined
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showed decreased metastatic potential. The observed effects resulted from a 60‐fold increase
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reduced metastasis formation which was caused by the reduction of cell membrane sialylation.
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(SW), a competitive inhibitor of Golgi α‐mannosidase II which stops N‐oligosaccharide
synthesis on hybrid and high‐mannose‐type structures preventing the synthesis of complex‐
type structures (Figure 1) [40]. It has also been demonstrated that the loss of sialylated
lactosamine antenae and decreased branching of N‐oligosaccharides on B16‐F10 melanoma
cells (cells of high incidence of lung colonisation) reduced their pulmonary colonisation when
the cells were injected into the circulation of syngeneic mice [41]. This was consistent with the
observation that SW treatment of athymic nude mice bearing human MeWo cells significantly
reduced solid tumour growth and inhibited tumour cell proliferation both in vitro and in vivo
[42]. Interestingly, SW has been reported to show evidence of clinical efficacy in a phase I
clinical trial [43]. Metastatic capacities of highly metastatic B16‐hm melanoma cells have also
been down‐regulated by introduction of β1,4‐N‐acetylglucosaminyltransferase III (GnT‐III)
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adhesion to laminin and collagen [44, 45]. Taken together, these results strongly suggested that
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melanoma SK‐MEL‐2 cells has also been found to play an important role in maintenance of
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β1,6‐Branched N‐oligosaccharides are tri‐ and tetra‐antennary complex‐type N‐glycans
formed due to the action of N‐acetylglucosaminyltransferase V (GnT‐V), which catalyses the
transfer of GlcNAc from UDP‐GlcNAc to the 6‐OH position of α‐Man residue in α6 arm
(Figure 1). In malignant transformation, the increased β1,6‐branching is a result of enhanced
activity of GnT‐V associated with the increased expression of GnT‐V gene (i.e. Mgat5), which
is in turn regulated by Ras/Raf/MAPK, a signalling pathway commonly activated in tumour
cells, and the Ets family including Ets‐1 transcription factor [48, 49]. Ets‐1 transcription factor,
in turn, is known to regulate several molecules associated with cell invasiveness and metasta‐
sis, such as cyclin D (cell‐cycle progression), vascular endothelial growth factor and basic
fibroblast growth factor (potent angiogenic factors), Rho/Cdc42/rac‐1 (motility) as well as
matrix metalloproteinases‐2, ‐3 and ‐9 (tissue remodelling) [50]. Artificial and spontaneous
melanoma hybrids of high‐metastatic potential have been proved to possess enhanced
expression of GnT‐V gene (Mgat5), increasing enzymatic activity of encoded glycosyltransfer‐
ase [51]. Primary tumours are often infiltrated by macrophages and lymphocytes. The
increased GnT‐V activity and growing amount of β1,6‐branched N‐oligosaccharides in
melanoma cells could reflect previous fusion of tumour‐associated macrophages with cells of
the primary tumour [52, 53]. Indeed, it has been shown that macrophage × Cloudman S91
mouse melanoma hybrids displayed increased motility in vitro and enhanced metastatic
potential in vivo as well as up‐regulated GnT‐V activity and increased content of β1,6‐branched
N‐glycans [51]. In macrophage‐melanoma cell fusion hybrids β1,6‐branched N‐oligosacchar‐
ides have also been shown to be associated with enhanced melanin production and autophagy
[54, 55]. A study using GnT‐V knockout mice has demonstrated that although Mgat5 products
were not essential for embryonic development, when expressed in cancer cells they directly
promoted tumour growth and metastasis [56].

β1,6‐Branched N‐oligosaccharides have been shown not to be synthesised by melanocytes or
by cells of early melanoma in situ, but these structures are frequently found in a fully developed
form of melanoma in situ as well as invasive and metastatic melanoma [55]. Our group, by a
comparative analysis of glycoprotein pattern in four human cell line stages (primary site—
WM35 cells; metastatic sites—WM9, WM239 and A375) with the use of lectins has revealed
that melanoma cell lines from metastatic sites possessed more proteins being carriers of β1,6‐
branched N‐oligosaccharides as well as α2,3‐ and α 2,6‐linked sialic acids than those from
melanoma in situ, as revealed by staining with Phaseolus vulgaris (PHAL), Maackia amurensis
and Sambucus nigra agglutinins, respectively [57]. Not only the amount of β1,6‐branched N‐
oligosaccharides progressively increased with disease progression, but also additional bands
within the range of 100–160 kDa were observed by staining with PHAL. The minor differences
in high‐mannose‐type glycan composition have also been observed in the above‐mentioned
four melanoma cell lines [57]. The functional importance of these type of oligosaccharides in
tumourigenesis is still being studied; however, it has been shown that enhanced expression of
high‐mannose‐type glycans on B16 murine melanoma cells promoted liver metastasis forma‐
tion via mannose receptor‐mediated melanoma cell attachment to hepatic sinusoidal endo‐
thelium [58]. Our further studies carried out on over 100 melanoma cell lines deposited in
ESTDAB melanoma Cell Bank (Tubingen, Germany) have shown that the average number of
proteins bearing β1,6‐branched N‐oligosaccharides was similar in uveal as well as primary
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and metastatic cutaneous melanoma cell lines [59]. Additionally, the expression of Mgat5 was
stated to be generally at low level; however, in 10% of cells its expression was high, while it
was absent in only one cell line [59]. Comparative research on cancer‐related N‐glycan
alteration in human melanoma WM793 cell line, which originated from early vertical growth
phase lesions, and in its metastatic counterpart WM1205Lu cell line, from metastasis site in the
mouse lung, has demonstrated that Mgat-5 expression and the amount of β1,6‐branched N‐
glycans increased with acquisition of a metastatic phenotype by melanoma cells [60]. In human
melanoma biopsies, primary tumours showed heterogeneous staining for β1,6‐branched N‐
glycans while metastases were much more homogeneous [61], suggesting that the presence of
these glycans in primary tumours might be a sign of the increased metastatic competence.

It is well documented in the literature that elevated level of β1,6‐branched N‐oligosaccharides
correlates with higher invasive potential, metastasis formation, reconstruction of the vascular
system and growth of tumour cells [48]. Additionally, the loosened matrix adhesion of tumour
cells may allow them to leave their original site in the tissue [62–64]. It is still a subject to identify
glycoproteins bearing these structures. It is evident from the studies of our group that the
expression level of β1,6‐branched N‐oligosaccharides is associated with acquisition of the
metastatic potential in melanoma, and of particular interest are glycoproteins with the
apparent molecular weight of 100–160 kDa [57]. We identified target glycoproteins of GnT‐V
from four human melanoma cell lines (WM35, WM9, WM239 and A375) by tandem mass
spectrometry [48, 65]. Among the identified proteins, the largest group comprised integrin
subunits (α2, α3, α4, α5, αv, β1 and β3). Additionally, N‐cadherin, L1CAM, Mac‐2 binding
protein (Mac‐2‐BP), lysosome‐associated membrane protein 1 (LAMP‐1), CD44, melanoma‐
associated antigen (MAA), melanoma cell adhesion molecule (CD146, Mel‐CAM), intracellular
adhesion molecule 1 (CD54, ICAM‐1), tumour rejection antigen‐1 and melanoma‐associated
chondroitin sulphate proteoglycan 4 were found. The number of proteins being a substrate for
GnT‐V seemed to be better correlated with melanoma development and progression than with
the expression of these cell adhesion molecules on melanoma cell surface. Independently of
melanoma progression, αv and β1 integrin subunits as well as LAMP‐1, CD146, CD54 and
Mac‐2‐BP were always substrates for GnT‐V; α3, α5 and β3 integrin subunits possessed no
β1,6‐branched N‐oligosaccharides in WM35 cell line, being a radial growth phase primary
melanoma, whereas α4 integrin subunit, CD44 and N‐cadherin appeared to have these
structures only in A375 cell line, which was the most aggressive melanoma cell line among the
studied ones. It is well documented in the literature that the patterns of cell adhesion molecules
differ between normal and malignant tissues. In cutaneous melanoma, the expression levels
of α2β1, α3β1, α6β1 and αvβ3 integrins have been found to be associated with tumour
progression. We demonstrated that not only gain or loss of adhesion molecule expression and
increased level of β1,6‐branched N‐oligosaccharides, but also changes in the number of
proteins being a substrate for GnT‐V appear to be a consequence of disease progression from
a tumourigenic to the metastatic phenotype. The involvement of these glycoproteins in
adhesion and migration of cutaneous melanoma cells has been clearly demonstrated [60, 62,
63, 66–71]. In general, overexpression of β1,6‐branched N‐glycans on cell adhesion molecules
contributed to the significant decrease in these cell adhesion level to extracellular matrix
components, loss of contact inhibition as well as increased motility in vitro and enhanced
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β1,6‐Branched N‐oligosaccharides are tri‐ and tetra‐antennary complex‐type N‐glycans
formed due to the action of N‐acetylglucosaminyltransferase V (GnT‐V), which catalyses the
transfer of GlcNAc from UDP‐GlcNAc to the 6‐OH position of α‐Man residue in α6 arm
(Figure 1). In malignant transformation, the increased β1,6‐branching is a result of enhanced
activity of GnT‐V associated with the increased expression of GnT‐V gene (i.e. Mgat5), which
is in turn regulated by Ras/Raf/MAPK, a signalling pathway commonly activated in tumour
cells, and the Ets family including Ets‐1 transcription factor [48, 49]. Ets‐1 transcription factor,
in turn, is known to regulate several molecules associated with cell invasiveness and metasta‐
sis, such as cyclin D (cell‐cycle progression), vascular endothelial growth factor and basic
fibroblast growth factor (potent angiogenic factors), Rho/Cdc42/rac‐1 (motility) as well as
matrix metalloproteinases‐2, ‐3 and ‐9 (tissue remodelling) [50]. Artificial and spontaneous
melanoma hybrids of high‐metastatic potential have been proved to possess enhanced
expression of GnT‐V gene (Mgat5), increasing enzymatic activity of encoded glycosyltransfer‐
ase [51]. Primary tumours are often infiltrated by macrophages and lymphocytes. The
increased GnT‐V activity and growing amount of β1,6‐branched N‐oligosaccharides in
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[54, 55]. A study using GnT‐V knockout mice has demonstrated that although Mgat5 products
were not essential for embryonic development, when expressed in cancer cells they directly
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comparative analysis of glycoprotein pattern in four human cell line stages (primary site—
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that melanoma cell lines from metastatic sites possessed more proteins being carriers of β1,6‐
branched N‐oligosaccharides as well as α2,3‐ and α 2,6‐linked sialic acids than those from
melanoma in situ, as revealed by staining with Phaseolus vulgaris (PHAL), Maackia amurensis
and Sambucus nigra agglutinins, respectively [57]. Not only the amount of β1,6‐branched N‐
oligosaccharides progressively increased with disease progression, but also additional bands
within the range of 100–160 kDa were observed by staining with PHAL. The minor differences
in high‐mannose‐type glycan composition have also been observed in the above‐mentioned
four melanoma cell lines [57]. The functional importance of these type of oligosaccharides in
tumourigenesis is still being studied; however, it has been shown that enhanced expression of
high‐mannose‐type glycans on B16 murine melanoma cells promoted liver metastasis forma‐
tion via mannose receptor‐mediated melanoma cell attachment to hepatic sinusoidal endo‐
thelium [58]. Our further studies carried out on over 100 melanoma cell lines deposited in
ESTDAB melanoma Cell Bank (Tubingen, Germany) have shown that the average number of
proteins bearing β1,6‐branched N‐oligosaccharides was similar in uveal as well as primary
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and metastatic cutaneous melanoma cell lines [59]. Additionally, the expression of Mgat5 was
stated to be generally at low level; however, in 10% of cells its expression was high, while it
was absent in only one cell line [59]. Comparative research on cancer‐related N‐glycan
alteration in human melanoma WM793 cell line, which originated from early vertical growth
phase lesions, and in its metastatic counterpart WM1205Lu cell line, from metastasis site in the
mouse lung, has demonstrated that Mgat-5 expression and the amount of β1,6‐branched N‐
glycans increased with acquisition of a metastatic phenotype by melanoma cells [60]. In human
melanoma biopsies, primary tumours showed heterogeneous staining for β1,6‐branched N‐
glycans while metastases were much more homogeneous [61], suggesting that the presence of
these glycans in primary tumours might be a sign of the increased metastatic competence.

It is well documented in the literature that elevated level of β1,6‐branched N‐oligosaccharides
correlates with higher invasive potential, metastasis formation, reconstruction of the vascular
system and growth of tumour cells [48]. Additionally, the loosened matrix adhesion of tumour
cells may allow them to leave their original site in the tissue [62–64]. It is still a subject to identify
glycoproteins bearing these structures. It is evident from the studies of our group that the
expression level of β1,6‐branched N‐oligosaccharides is associated with acquisition of the
metastatic potential in melanoma, and of particular interest are glycoproteins with the
apparent molecular weight of 100–160 kDa [57]. We identified target glycoproteins of GnT‐V
from four human melanoma cell lines (WM35, WM9, WM239 and A375) by tandem mass
spectrometry [48, 65]. Among the identified proteins, the largest group comprised integrin
subunits (α2, α3, α4, α5, αv, β1 and β3). Additionally, N‐cadherin, L1CAM, Mac‐2 binding
protein (Mac‐2‐BP), lysosome‐associated membrane protein 1 (LAMP‐1), CD44, melanoma‐
associated antigen (MAA), melanoma cell adhesion molecule (CD146, Mel‐CAM), intracellular
adhesion molecule 1 (CD54, ICAM‐1), tumour rejection antigen‐1 and melanoma‐associated
chondroitin sulphate proteoglycan 4 were found. The number of proteins being a substrate for
GnT‐V seemed to be better correlated with melanoma development and progression than with
the expression of these cell adhesion molecules on melanoma cell surface. Independently of
melanoma progression, αv and β1 integrin subunits as well as LAMP‐1, CD146, CD54 and
Mac‐2‐BP were always substrates for GnT‐V; α3, α5 and β3 integrin subunits possessed no
β1,6‐branched N‐oligosaccharides in WM35 cell line, being a radial growth phase primary
melanoma, whereas α4 integrin subunit, CD44 and N‐cadherin appeared to have these
structures only in A375 cell line, which was the most aggressive melanoma cell line among the
studied ones. It is well documented in the literature that the patterns of cell adhesion molecules
differ between normal and malignant tissues. In cutaneous melanoma, the expression levels
of α2β1, α3β1, α6β1 and αvβ3 integrins have been found to be associated with tumour
progression. We demonstrated that not only gain or loss of adhesion molecule expression and
increased level of β1,6‐branched N‐oligosaccharides, but also changes in the number of
proteins being a substrate for GnT‐V appear to be a consequence of disease progression from
a tumourigenic to the metastatic phenotype. The involvement of these glycoproteins in
adhesion and migration of cutaneous melanoma cells has been clearly demonstrated [60, 62,
63, 66–71]. In general, overexpression of β1,6‐branched N‐glycans on cell adhesion molecules
contributed to the significant decrease in these cell adhesion level to extracellular matrix
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β1,6‐Branched N‐oligosaccharides are tri‐ and tetra‐antennary complex‐type N‐glycans
formed due to the action of N‐acetylglucosaminyltransferase V (GnT‐V), which catalyses the
transfer of GlcNAc from UDP‐GlcNAc to the 6‐OH position of α‐Man residue in α6 arm
(Figure 1). In malignant transformation, the increased β1,6‐branching is a result of enhanced
activity of GnT‐V associated with the increased expression of GnT‐V gene (i.e. Mgat5), which
is in turn regulated by Ras/Raf/MAPK, a signalling pathway commonly activated in tumour
cells, and the Ets family including Ets‐1 transcription factor [48, 49]. Ets‐1 transcription factor,
in turn, is known to regulate several molecules associated with cell invasiveness and metasta‐
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matrix metalloproteinases‐2, ‐3 and ‐9 (tissue remodelling) [50]. Artificial and spontaneous
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WM35 cells; metastatic sites—WM9, WM239 and A375) with the use of lectins has revealed
that melanoma cell lines from metastatic sites possessed more proteins being carriers of β1,6‐
branched N‐oligosaccharides as well as α2,3‐ and α 2,6‐linked sialic acids than those from
melanoma in situ, as revealed by staining with Phaseolus vulgaris (PHAL), Maackia amurensis
and Sambucus nigra agglutinins, respectively [57]. Not only the amount of β1,6‐branched N‐
oligosaccharides progressively increased with disease progression, but also additional bands
within the range of 100–160 kDa were observed by staining with PHAL. The minor differences
in high‐mannose‐type glycan composition have also been observed in the above‐mentioned
four melanoma cell lines [57]. The functional importance of these type of oligosaccharides in
tumourigenesis is still being studied; however, it has been shown that enhanced expression of
high‐mannose‐type glycans on B16 murine melanoma cells promoted liver metastasis forma‐
tion via mannose receptor‐mediated melanoma cell attachment to hepatic sinusoidal endo‐
thelium [58]. Our further studies carried out on over 100 melanoma cell lines deposited in
ESTDAB melanoma Cell Bank (Tubingen, Germany) have shown that the average number of
proteins bearing β1,6‐branched N‐oligosaccharides was similar in uveal as well as primary
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and metastatic cutaneous melanoma cell lines [59]. Additionally, the expression of Mgat5 was
stated to be generally at low level; however, in 10% of cells its expression was high, while it
was absent in only one cell line [59]. Comparative research on cancer‐related N‐glycan
alteration in human melanoma WM793 cell line, which originated from early vertical growth
phase lesions, and in its metastatic counterpart WM1205Lu cell line, from metastasis site in the
mouse lung, has demonstrated that Mgat-5 expression and the amount of β1,6‐branched N‐
glycans increased with acquisition of a metastatic phenotype by melanoma cells [60]. In human
melanoma biopsies, primary tumours showed heterogeneous staining for β1,6‐branched N‐
glycans while metastases were much more homogeneous [61], suggesting that the presence of
these glycans in primary tumours might be a sign of the increased metastatic competence.

It is well documented in the literature that elevated level of β1,6‐branched N‐oligosaccharides
correlates with higher invasive potential, metastasis formation, reconstruction of the vascular
system and growth of tumour cells [48]. Additionally, the loosened matrix adhesion of tumour
cells may allow them to leave their original site in the tissue [62–64]. It is still a subject to identify
glycoproteins bearing these structures. It is evident from the studies of our group that the
expression level of β1,6‐branched N‐oligosaccharides is associated with acquisition of the
metastatic potential in melanoma, and of particular interest are glycoproteins with the
apparent molecular weight of 100–160 kDa [57]. We identified target glycoproteins of GnT‐V
from four human melanoma cell lines (WM35, WM9, WM239 and A375) by tandem mass
spectrometry [48, 65]. Among the identified proteins, the largest group comprised integrin
subunits (α2, α3, α4, α5, αv, β1 and β3). Additionally, N‐cadherin, L1CAM, Mac‐2 binding
protein (Mac‐2‐BP), lysosome‐associated membrane protein 1 (LAMP‐1), CD44, melanoma‐
associated antigen (MAA), melanoma cell adhesion molecule (CD146, Mel‐CAM), intracellular
adhesion molecule 1 (CD54, ICAM‐1), tumour rejection antigen‐1 and melanoma‐associated
chondroitin sulphate proteoglycan 4 were found. The number of proteins being a substrate for
GnT‐V seemed to be better correlated with melanoma development and progression than with
the expression of these cell adhesion molecules on melanoma cell surface. Independently of
melanoma progression, αv and β1 integrin subunits as well as LAMP‐1, CD146, CD54 and
Mac‐2‐BP were always substrates for GnT‐V; α3, α5 and β3 integrin subunits possessed no
β1,6‐branched N‐oligosaccharides in WM35 cell line, being a radial growth phase primary
melanoma, whereas α4 integrin subunit, CD44 and N‐cadherin appeared to have these
structures only in A375 cell line, which was the most aggressive melanoma cell line among the
studied ones. It is well documented in the literature that the patterns of cell adhesion molecules
differ between normal and malignant tissues. In cutaneous melanoma, the expression levels
of α2β1, α3β1, α6β1 and αvβ3 integrins have been found to be associated with tumour
progression. We demonstrated that not only gain or loss of adhesion molecule expression and
increased level of β1,6‐branched N‐oligosaccharides, but also changes in the number of
proteins being a substrate for GnT‐V appear to be a consequence of disease progression from
a tumourigenic to the metastatic phenotype. The involvement of these glycoproteins in
adhesion and migration of cutaneous melanoma cells has been clearly demonstrated [60, 62,
63, 66–71]. In general, overexpression of β1,6‐branched N‐glycans on cell adhesion molecules
contributed to the significant decrease in these cell adhesion level to extracellular matrix
components, loss of contact inhibition as well as increased motility in vitro and enhanced
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metastasis in vivo. Similarly, the presence of α2,3‐ and α2,6‐linked sialic acids on the cell surface
has facilitated the migratory properties and enhanced invasive properties of human melanoma
cells, respectively [70]. The loosened matrix adhesion of tumour cells permits them to leave
their original site in the tissue. This, in turn, may facilitate the turnover of cell‐cell and cell‐
extra‐cellular matrix contacts to enhance cell motility [17, 72].

Contrary results regarding the role of β1,6‐branched N‐glycans were obtained when glycosy‐
lation analysis was performed on tissues isolated from patients. Studies carried out on sections
of 100 primary cutaneous malignant melanoma histochemically stained with five lectins
(Sambucus nigra agglutinin, Phaseolus vulgaris agglutinin, Triticum vulgaris agglutinin, Maackia
amurensis agglutinin and Helix pomatia agglutinin) differing in their carbohydrate binding
specificity, have revealed that β1,6‐branched N‐glycans and sialic acid residues are of no
functional importance in melanoma [73], although both of them were correlated with meta‐
stasis in other malignancies (breast, lung and colon). These results obtained by Thies and
colleagues [73] clearly showed that only N‐acetylgalactosylamine/‐glusocamine residues,
recognised by Helix pomatia agglutinin might be linked to metastasis in human malignant
melanoma. The predominant expression of Thomsen‐Friedenreich (T) antigen
(Galβ1‐3GalNAcα1‐O‐Ser/Thr) versus its immature precursor (GalNAcα1‐O‐Ser/Thr), both of
which are an uncompleted form of O‐linked mucine‐type glycans, has been found to be helpful
in order to differentiate primary melanomas from metastatic ones [73]. The close association
between Tn and sialyl‐Tn antigens and neoplastic transformation prompted some researches
to use them for active immunotherapy [74]. Our group has shown that nucleolin, the expression
of which is positively correlated with the increased rate of cell division, was a carrier of Tn
antigens and was present on the cell surface of melanoma cells [75]. As this molecule contains
multiple possible MHC class I binding peptides in its sequence, it might be a target for
immunodiagnostic and possibly therapeutic purposes. Interestingly, it has been found that N‐
glycosylation enhanced presentation of a MHC class I‐restricted epitope from tyrosinase [76].
This enzyme is a membrane‐associated glycoprotein and acts as antigens for immunological
recognition of melanomas [77].

It has also been shown that B16 melanoma cells exhibited a fivefold higher cell surface β1,4‐
galactosyltransferase activity in metastatic variants than their non‐metastatic counterparts
[78]. This enzyme catalyses the transfer of galactose residue to terminal N‐acetylglucosamine
residues on the cell surface glycolipid glucosylceramide (Figure 2), which is a precursor of
glycosphingolipids. Glycosphingolipids which possess at least one sialic acid residue consti‐
tute a broad family of molecules called gangliosides. It has been shown that gangliosides are
expressed with higher abundance in tumour cells in comparison to their normal counterparts.
In normal melanocytes GM3 are expressed as their major gangliosides, whereas GM3 and GD3
are synthesised predominantly in malignant melanomas [79, 80]. A few melanomas frequently
synthesise small amounts of more complex gangliosides, i.e. GM2 and GD2. In human
melanomas the level of GD2 expression has been found to be associated with tumour pro‐
gression and metastatic potential [81].
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Figure 2. Structures and synthetic pathway of major gangliosides.

Ganglioside expression on individual cell lines is regulated by the availability of a precursor,
the expression level of β1,4‐N‐acetylgalactosaminyltransferase, α2,8‐sialyltransferase activity
and the compartmentation of the glycosylation machinery of a cell [80, 82]. Total ganglioside
level has been shown to be a potential tool for evaluating the response to immunotherapy in
melanoma patients [83, 84]. Furthermore, GM3 and GD3 shed by tumour cell into the micro‐
environment enhance tumour formation and are able to promote severe immune dysfunction
[85–87]. At present, a number of gangliosides are considered to be attractive targets for cancer
immunotherapy. GM3 is the precursor of the ganglioside family members that contain either
N‐glycolylneuraminic acid (Neu5Gc) or N‐acetylneuraminic acid (Neu5Ac). The presence of
Neu5Gc is a result of the expression of cytidine monophospho‐N‐acetylneuraminic acid
hydrolase [88]. Although Neu5Gc‐containing gangliosides are not self‐antigens in humans
[89], they have been described as tumour antigens in several human cancers including
melanoma, lung and breast cancer [90–92]. The presence of Neu5GcGM3 on the cell membrane
has been shown to promote cell proliferation and adhesion in vitro as well as tumour growth
in vivo [93, 94]. Thus, Neu5GcGM3 are regarded as attractive targets for cancer immunother‐
apy [95]. Indeed, NeuGc5GM3‐based vaccine composed of very small size proteoliposomes
(VSSP) resulting from the hydrophobic conjunction of GM3 gangliosides with Neisseria
meningitides membrane protein used in mice bearing early‐stage B16‐F10 melanoma tumours
induced a complete anti‐tumour protection in all mice [86, 93, 94]. Moreover, 1E10 monoclonal
antibody, a murine anti‐idiotypic antibody that mimics Neu5GcGM3, has been tested in several
clinical trials for melanoma, breast and lung cancer as an anti‐idiotypic cancer vaccine [96].
Also GD3, the most abundant ganglioside, has been used as an immunogen for trial vaccination
against malignant melanoma [97]. Moreover, 9‐O‐acetylation of sialic acid containing gan‐
gliosides, especially 9‐O‐Ac‐GD3 in human melanoma cells, provides a unique antigenic
determinant, which is absent in normal human melanocytes [98]. Additionally, O‐acetylated
sialic acid residues reduce susceptibility of tumour cells to degradation and extend their
lifetime in vivo, as well as may stimulate cellular growth and suppress cellular differentiation
[99].

One of the important basic features of melanoma cells is the property to change their adhesive
interactions with other cells (keratinocytes, fibroblasts, endothelial and immune cells) and
extracellular matrix protein. This property is a key element in the acquisition of the potential
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metastasis in vivo. Similarly, the presence of α2,3‐ and α2,6‐linked sialic acids on the cell surface
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extra‐cellular matrix contacts to enhance cell motility [17, 72].
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melanoma. The predominant expression of Thomsen‐Friedenreich (T) antigen
(Galβ1‐3GalNAcα1‐O‐Ser/Thr) versus its immature precursor (GalNAcα1‐O‐Ser/Thr), both of
which are an uncompleted form of O‐linked mucine‐type glycans, has been found to be helpful
in order to differentiate primary melanomas from metastatic ones [73]. The close association
between Tn and sialyl‐Tn antigens and neoplastic transformation prompted some researches
to use them for active immunotherapy [74]. Our group has shown that nucleolin, the expression
of which is positively correlated with the increased rate of cell division, was a carrier of Tn
antigens and was present on the cell surface of melanoma cells [75]. As this molecule contains
multiple possible MHC class I binding peptides in its sequence, it might be a target for
immunodiagnostic and possibly therapeutic purposes. Interestingly, it has been found that N‐
glycosylation enhanced presentation of a MHC class I‐restricted epitope from tyrosinase [76].
This enzyme is a membrane‐associated glycoprotein and acts as antigens for immunological
recognition of melanomas [77].

It has also been shown that B16 melanoma cells exhibited a fivefold higher cell surface β1,4‐
galactosyltransferase activity in metastatic variants than their non‐metastatic counterparts
[78]. This enzyme catalyses the transfer of galactose residue to terminal N‐acetylglucosamine
residues on the cell surface glycolipid glucosylceramide (Figure 2), which is a precursor of
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tute a broad family of molecules called gangliosides. It has been shown that gangliosides are
expressed with higher abundance in tumour cells in comparison to their normal counterparts.
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are synthesised predominantly in malignant melanomas [79, 80]. A few melanomas frequently
synthesise small amounts of more complex gangliosides, i.e. GM2 and GD2. In human
melanomas the level of GD2 expression has been found to be associated with tumour pro‐
gression and metastatic potential [81].
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Figure 2. Structures and synthetic pathway of major gangliosides.
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in vivo [93, 94]. Thus, Neu5GcGM3 are regarded as attractive targets for cancer immunother‐
apy [95]. Indeed, NeuGc5GM3‐based vaccine composed of very small size proteoliposomes
(VSSP) resulting from the hydrophobic conjunction of GM3 gangliosides with Neisseria
meningitides membrane protein used in mice bearing early‐stage B16‐F10 melanoma tumours
induced a complete anti‐tumour protection in all mice [86, 93, 94]. Moreover, 1E10 monoclonal
antibody, a murine anti‐idiotypic antibody that mimics Neu5GcGM3, has been tested in several
clinical trials for melanoma, breast and lung cancer as an anti‐idiotypic cancer vaccine [96].
Also GD3, the most abundant ganglioside, has been used as an immunogen for trial vaccination
against malignant melanoma [97]. Moreover, 9‐O‐acetylation of sialic acid containing gan‐
gliosides, especially 9‐O‐Ac‐GD3 in human melanoma cells, provides a unique antigenic
determinant, which is absent in normal human melanocytes [98]. Additionally, O‐acetylated
sialic acid residues reduce susceptibility of tumour cells to degradation and extend their
lifetime in vivo, as well as may stimulate cellular growth and suppress cellular differentiation
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extra‐cellular matrix contacts to enhance cell motility [17, 72].

Contrary results regarding the role of β1,6‐branched N‐glycans were obtained when glycosy‐
lation analysis was performed on tissues isolated from patients. Studies carried out on sections
of 100 primary cutaneous malignant melanoma histochemically stained with five lectins
(Sambucus nigra agglutinin, Phaseolus vulgaris agglutinin, Triticum vulgaris agglutinin, Maackia
amurensis agglutinin and Helix pomatia agglutinin) differing in their carbohydrate binding
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(Galβ1‐3GalNAcα1‐O‐Ser/Thr) versus its immature precursor (GalNAcα1‐O‐Ser/Thr), both of
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of which is positively correlated with the increased rate of cell division, was a carrier of Tn
antigens and was present on the cell surface of melanoma cells [75]. As this molecule contains
multiple possible MHC class I binding peptides in its sequence, it might be a target for
immunodiagnostic and possibly therapeutic purposes. Interestingly, it has been found that N‐
glycosylation enhanced presentation of a MHC class I‐restricted epitope from tyrosinase [76].
This enzyme is a membrane‐associated glycoprotein and acts as antigens for immunological
recognition of melanomas [77].

It has also been shown that B16 melanoma cells exhibited a fivefold higher cell surface β1,4‐
galactosyltransferase activity in metastatic variants than their non‐metastatic counterparts
[78]. This enzyme catalyses the transfer of galactose residue to terminal N‐acetylglucosamine
residues on the cell surface glycolipid glucosylceramide (Figure 2), which is a precursor of
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synthesise small amounts of more complex gangliosides, i.e. GM2 and GD2. In human
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to detach from their original site of tumour growth, invade surrounding tissues and, finally,
metastasise. These interactions are mediated by cell adhesion molecules belonging to integrins,
cadherins as well as immunoglobulin (Ig) superfamily. Changes in the expression and/or
function of integrins, cadherins, CD44, Mel‐CAM/MUC18 and intercellular adhesion molecule
‐1 have been documented in the progression of primary melanoma [100, 101]. It is also well
documented in the literature that changes in cell adhesion molecules and growth factor
receptors as a consequence of their oligosaccharide modification are associated with the
function and biological behaviour of cancer cells. In the case of the cell surface receptors, the
changed glycosylation pattern may affect their conformational stability, binding ability as well
as their presence in the cell membrane. Details on changes in glycosylation patterns of
cadherins and integrins that can modify the adhesive properties of melanoma cells are
presented in two other chapters of this book.

The function of CD44, a widely distributed membrane glycoprotein belonging to the Ig
superfamily, which abnormal expression on tumour cells enhances the ability to grow and
metastasise in vivo, has been demonstrated to be partially influenced by O‐linked oligosac‐
charides added to Ser/Thr‐rich regions encoded by variable spliced CD44 exons [102]. In
addition, all potential N‐glycosylation sites in CD44 molecule have been proved to be necessary
to maintain hyaluronic acid‐recognition domain in the appropriate conformation [103].
Moreover, glycosylation of CD44 due to GnT‐III enhanced B16‐hm melanoma cell adhesion to
hyaluronan, local tumour growth and metastatic growth in the spleen [104]. Other studies have
shown that the presence of LAMP‐1 with polylactosamine moieties on the cell surface of
melanoma cells mediated organ‐specific metastasis via lectin receptors on the lung vascular
endothelium [105]. It has also been demonstrated that binding of a soluble ligand of SHPS‐1
(i.e. CD47) to B16‐F10 mouse melanoma cells was dependent on proper glycosylation of
SHPS‐1 molecule, another member of Ig superfamily, which plays an important role in integrin‐
mediated cytoskeleton reorganisation and migration, and that this defect renders melanoma
cells resistant to CD47‐induced inhibition of cell motility [106]. Interestingly, it has also been
shown by deletion mutants that for P‐glycoprotein function, which is a large and heavily
glycosylated membrane protein conferring multi‐drug resistance by pumping out a range of
different drugs from the cell, N‐glycosylation was necessary for its proper routing or stability
but not for drug transport [107]. It is known that progression of melanoma correlates with the
enhanced expression of glucose‐regulated protein of 78 kDa (GRP78) and the increase in anti‐
GRP78 IgG serum titres in patients [108]. It has been shown that the glycosylation of anti‐
GRP‐78 IgG changes as the disease progresses and the hyperglycosylated auto‐antibodies
stimulated cell proliferation via Akt signalling pathways [108].

It is well known that cancer metastases show organ selectivity and one of the important factors
that determines the selectivity is the affinity of tumour cells towards the cells of an organ
involved in metastasis. Most of the cell lines expressing β1,6‐branched N‐glycans have been
shown to metastasise either to the liver or to the lung. β1,6‐branched N‐glycans are the
preferred intermediate for the extension with polylactosamine chains (i.e. Galβ1,4GlcNAc
β1,3‐ repeating units of 2 to more than 10 in length). Polylactosamine chains can be capped
with various sequences, including Lewis antigens, sialic acids and fucose residues. It has been
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shown that lysosomal‐associated membrane protein 1 (LAMP‐1) present on the cell surface of
high‐metastatic murine B16‐F10 cells was a carrier of a very high level of β1,6‐branched N‐
glycans substituted with polylactosamine chains [105]. These structures were proved to be the
key determinants in B16‐F10 cells for preferred metastasising to the lungs, and organ‐specific
adhesion and metastasis was mediated via galectin‐3 expressed in the highest amount on the
lung vascular endothelium [105, 109, 110]. Complexes of galectin‐3 with β1,6‐branched N‐
glycans substituted with polylactosamine facilitated not only the initial arrest, but also took
part in all the subsequent steps of extravasation and organ colonisation. Lung colonisation
may also be realised by E‐selectin‐mediated interaction, but B16‐F10 cells did not appear to
use this molecule. B16‐F10 cells transfected with cDNA encoding both α1,3‐ and α1,4‐
fucosyltransferases that catalyse reactions leading to the synthesis of sialyl‐Lewis X and sialyl‐
Lewis A antigens, respectively, were not able to form metastasis in the liver in C57BL/6 mice,
but formed numerous liver metastasis in E‐selectin transgenic mice [111]. This means that
sialyl‐Lewis X (SAα2,3Galβ1,4(Fucα1,3)GlcNAcβ‐) antigens on β1,6‐branched N‐glycans
extended with polylactosamine chains did not serve as the ligand for lung colonisation in B16‐
F10 cells [105]. Human melanocytes did not express sialyl‐Lewis X antigens and poorly
expressed sialyl‐Lewis A (SAα2,3Galβ1,3(Fucα1,4)GlcNAcβ‐) antigens; however, these
structures are overexpressed on cultured melanoma cells and melanoma tissue biopsies [112].
These findings indicated that sialyl‐Lewis X and sialyl‐Lewis A antigens are neoplastic
differentiation antigens of human melanoma. Moreover, it has been proved that acquiring the
expression level of sialyl‐Lewis X antigens through the transfection of α1,3‐fucosyltransferase
III dramatically increased the metastatic capability of human melanoma MeWo and mouse
melanoma B16 cells [113, 114]. However, T antigen, another potential ligand for galectin‐3, has
not been involved in mouse lung‐specific metastasis [109]. Nevertheless, α 2,3‐linked sialic
acids on the surface of B16‐F10 cells have been demonstrated to play an important role in lung
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Recent advances in the discovery of microRNA (miRNA) role in cutaneous melanoma
pathogenesis have revealed that miRNA can affect the cell surface proteins by interfering with
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to detach from their original site of tumour growth, invade surrounding tissues and, finally,
metastasise. These interactions are mediated by cell adhesion molecules belonging to integrins,
cadherins as well as immunoglobulin (Ig) superfamily. Changes in the expression and/or
function of integrins, cadherins, CD44, Mel‐CAM/MUC18 and intercellular adhesion molecule
‐1 have been documented in the progression of primary melanoma [100, 101]. It is also well
documented in the literature that changes in cell adhesion molecules and growth factor
receptors as a consequence of their oligosaccharide modification are associated with the
function and biological behaviour of cancer cells. In the case of the cell surface receptors, the
changed glycosylation pattern may affect their conformational stability, binding ability as well
as their presence in the cell membrane. Details on changes in glycosylation patterns of
cadherins and integrins that can modify the adhesive properties of melanoma cells are
presented in two other chapters of this book.

The function of CD44, a widely distributed membrane glycoprotein belonging to the Ig
superfamily, which abnormal expression on tumour cells enhances the ability to grow and
metastasise in vivo, has been demonstrated to be partially influenced by O‐linked oligosac‐
charides added to Ser/Thr‐rich regions encoded by variable spliced CD44 exons [102]. In
addition, all potential N‐glycosylation sites in CD44 molecule have been proved to be necessary
to maintain hyaluronic acid‐recognition domain in the appropriate conformation [103].
Moreover, glycosylation of CD44 due to GnT‐III enhanced B16‐hm melanoma cell adhesion to
hyaluronan, local tumour growth and metastatic growth in the spleen [104]. Other studies have
shown that the presence of LAMP‐1 with polylactosamine moieties on the cell surface of
melanoma cells mediated organ‐specific metastasis via lectin receptors on the lung vascular
endothelium [105]. It has also been demonstrated that binding of a soluble ligand of SHPS‐1
(i.e. CD47) to B16‐F10 mouse melanoma cells was dependent on proper glycosylation of
SHPS‐1 molecule, another member of Ig superfamily, which plays an important role in integrin‐
mediated cytoskeleton reorganisation and migration, and that this defect renders melanoma
cells resistant to CD47‐induced inhibition of cell motility [106]. Interestingly, it has also been
shown by deletion mutants that for P‐glycoprotein function, which is a large and heavily
glycosylated membrane protein conferring multi‐drug resistance by pumping out a range of
different drugs from the cell, N‐glycosylation was necessary for its proper routing or stability
but not for drug transport [107]. It is known that progression of melanoma correlates with the
enhanced expression of glucose‐regulated protein of 78 kDa (GRP78) and the increase in anti‐
GRP78 IgG serum titres in patients [108]. It has been shown that the glycosylation of anti‐
GRP‐78 IgG changes as the disease progresses and the hyperglycosylated auto‐antibodies
stimulated cell proliferation via Akt signalling pathways [108].

It is well known that cancer metastases show organ selectivity and one of the important factors
that determines the selectivity is the affinity of tumour cells towards the cells of an organ
involved in metastasis. Most of the cell lines expressing β1,6‐branched N‐glycans have been
shown to metastasise either to the liver or to the lung. β1,6‐branched N‐glycans are the
preferred intermediate for the extension with polylactosamine chains (i.e. Galβ1,4GlcNAc
β1,3‐ repeating units of 2 to more than 10 in length). Polylactosamine chains can be capped
with various sequences, including Lewis antigens, sialic acids and fucose residues. It has been
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shown that lysosomal‐associated membrane protein 1 (LAMP‐1) present on the cell surface of
high‐metastatic murine B16‐F10 cells was a carrier of a very high level of β1,6‐branched N‐
glycans substituted with polylactosamine chains [105]. These structures were proved to be the
key determinants in B16‐F10 cells for preferred metastasising to the lungs, and organ‐specific
adhesion and metastasis was mediated via galectin‐3 expressed in the highest amount on the
lung vascular endothelium [105, 109, 110]. Complexes of galectin‐3 with β1,6‐branched N‐
glycans substituted with polylactosamine facilitated not only the initial arrest, but also took
part in all the subsequent steps of extravasation and organ colonisation. Lung colonisation
may also be realised by E‐selectin‐mediated interaction, but B16‐F10 cells did not appear to
use this molecule. B16‐F10 cells transfected with cDNA encoding both α1,3‐ and α1,4‐
fucosyltransferases that catalyse reactions leading to the synthesis of sialyl‐Lewis X and sialyl‐
Lewis A antigens, respectively, were not able to form metastasis in the liver in C57BL/6 mice,
but formed numerous liver metastasis in E‐selectin transgenic mice [111]. This means that
sialyl‐Lewis X (SAα2,3Galβ1,4(Fucα1,3)GlcNAcβ‐) antigens on β1,6‐branched N‐glycans
extended with polylactosamine chains did not serve as the ligand for lung colonisation in B16‐
F10 cells [105]. Human melanocytes did not express sialyl‐Lewis X antigens and poorly
expressed sialyl‐Lewis A (SAα2,3Galβ1,3(Fucα1,4)GlcNAcβ‐) antigens; however, these
structures are overexpressed on cultured melanoma cells and melanoma tissue biopsies [112].
These findings indicated that sialyl‐Lewis X and sialyl‐Lewis A antigens are neoplastic
differentiation antigens of human melanoma. Moreover, it has been proved that acquiring the
expression level of sialyl‐Lewis X antigens through the transfection of α1,3‐fucosyltransferase
III dramatically increased the metastatic capability of human melanoma MeWo and mouse
melanoma B16 cells [113, 114]. However, T antigen, another potential ligand for galectin‐3, has
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targeting miR-30b/30d in melanoma cells could counteract both with its pro‐metastatic and
immunosuppressive effects by de‐repressing GALNT7 endogenous level.

To date, one monoclonal antibody TM10 produced from mice vaccinated with FasL‐expressing
B16‐F10 mouse melanoma cells was able to recognise a range of human tumour cell lines,
including melanoma [120]. Despite the fact that over 50% of cancers express tumour‐associated
carbohydrate antigens, such as gangliosides, Lewis antigens and Thomsen‐Friedenreich
antigen, none of them was the antigenic target of TM10. However, another monoclonal
antibody HMB45 that recognises melanoma‐specific target, i.e. Pmel17/gp100, reacts with its
sialylated RPT domain [121].

4. Glycation and melanoma

The risk of melanoma is significantly associated with high fasting glucose, which is entirely
independent on age, body mass index and smoking [122]. A non‐enzymatic reaction (glyca‐
tion) between ketones or aldehydes and amino groups of proteins contributes to the ageing of
proteins and leads to the formation and accumulation of irreversible cross‐linked protein
derivatives termed advanced glycation end products (AGE). AGE have been proved to
stimulate growth and migration of malignant melanoma in vitro and in vivo through the
interaction with the receptor for advanced glycation end products (RAGE) [123–126]. RAGE
is known to stimulate multiple signalling pathways crucial for cell migration, such as p38
mitogen‐activated protein kinase, Ras‐extracellular signal‐regulated kinase 1/2, stress‐
activated protein kinase/c‐Jun‐NH2‐terminal kinase and Cdc42/Rac pathways. Recently,
RAGE expressed on mouse melanoma B16 cells has been identified as a crucial factor for
pulmonary metastases of these tumour cells [127]. Interestingly, RAGE has also been identified
as a potential anti‐metastatic drug target [128].

RAGE has been shown to interact with S100B [129], which is a serological biomarker widely
used in clinical practice to determine the prognosis for patients with distal melanoma
metastases, despite the fact that it fails to detect melanoma progression in up to 20% of patients
[130–133]. Recently, it has been demonstrated that among stage III–IV melanoma patients,
decreased serum levels of soluble forms of RAGE (sRAGE and esRAGE) correlated with poor
overall survival [134]. Interestingly, it has also been proved that overexpression of RAGE in
WM115 human primary melanoma cells was associated with mesenchymal‐like morphology
of the cell, a switch to a metastatic phenotype as well as up‐regulation of S100B [126]. As the
elevated level of S100B is known to down‐regulate p53 suppressor protein, small‐molecule
inhibitors targeting S100B‐p53 interaction are currently under intense investigations as new
therapeutic strategies for malignant melanoma [135, 136]. It has also been shown that the
expression of S100P, which is another member of the S100 family, was significantly higher in
malignant melanoma than in primary melanoma [137]. Abnormal level of S100P can contribute
to tumour growth, invasion and metastasis [138]. Other functional ligands for RAGE include
chondroitin sulphate containing E disaccharide units (GlcNAβ1‐3GalNAc(4,6‐O‐
disulfate)β1‐) and heparin sulphate [127].
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5. Conclusions

Alterations in glycans on proteins and lipids have long been associated with malignant
transformation. The observed modifications are either a direct consequence of the oncogenic
process or an indirect effect of changes occurring in the tissue environment and inflammation.
Analytical efforts in melanoma glycomics contribute to understanding the role of cellular and
molecular properties of cells that influence the dissemination of tumour cells, which might be
essential for understanding the pathogenesis of tumour development and metastasis. These
studies also offer considerable possibilities for screening, selection and identification of
differentially expressed glycoconjugates, in order to develop non‐invasive, sensitive and
discriminative in vitro diagnostics tests. Unfortunately, the vast majority of studies have been
performed on melanoma cell lines and mouse model systems due to the insufficient number
of samples obtained from melanoma patients. Therefore, there is still limited evidence on
whether the observations made in these models are consistent with the role of glycosylation
in tumour tissues. Further studies based on human tissues are needed to establish functional
impact of glycosylation changes on human melanoma as well as detection and discovery of
glycan motifs in melanoma samples similarly to advances achieved in lung, liver, colorectal,
brain, prostate, breast and ovarian cancer researches.
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Abstract

Cadherins are a large family of Ca2+dependent adhesion proteins. They are transmem‐
brane or closely related to membrane glycoproteins localized in specialized adhesive
junction.  The  expression  of  various  cadherins  may  be  concomitant  with  cancer
progression steps and the term ‘cadherin switch’ has been created due to the observation
of down‐regulation of E‐cadherin (suppressor of metastatic potential) and up‐regula‐
tion  of  N‐cadherin  (promoter  of  metastatic  potential)  expression  during  tumour
progression. These changes are thought to be closely related to epithelial‐to‐mesenchy‐
mal transition of cells of many different types of cancer including skin cancers, and
accompany the increase of their motility and invasion abilities resulting in the metastasis
formation.  The  cadherin  polypeptide  is  a  potential  substrate  for  post‐translational
modification, for example, N‐glycosylation, and its important role in the regulation of
cadherin function has been described. The changed glycosylation of cadherins has been
described  in  various  skin  cancers  including  melanoma  and  was  consistent  with
cadherins’  role  in  epithelial‐to‐mesenchymal  transition.  The  detailed  analysis  of
cadherin expression and cadherin‐related glycosylation changes taking place during
malignant transformation could be a key for better understanding of the nature of this
process and may open new opportunities for the creation of more effective anticancer
therapeutics and diagnostic tools.
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1. Introduction

In  humans,  cadherins  comprise  a  superfamily  of  over  100  calcium‐dependent  adhesion
molecules  that  play fundamental  roles  in  supervising morphogenetic  and differentiation
processes during development, and in maintaining tissue architecture and homeostasis [1].
Therefore, their expression is tightly regulated during development, and abnormalities in the
expression or function of cadherins are characteristic features of transformed cells. Being
transmembrane  proteins,  cadherins  are  built  from  extracellular,  transmembranous  and
cytoplasmic domains.  The only exception is an unusual T (truncated)‐cadherin, which is
similar to the classical cadherins in terms of ectodomain construction, but differs from them
by lacking both the transmembrane and cytoplasmic domains. Instead, T‐cadherin is linked
to plasma membrane through a glycosylphosphatidylinositol (GPI) anchor [2]. Extracellular
domain  of  T‐cadherin  lacks  many  amino  acids,  which  are  responsible  for  the  adhesive
function of the classical cadherins. Therefore, it is suggested that T‐cadherin functions as a
signalling molecule rather than as a cell adhesion molecule [3].

According to the sequence similarity, cadherins have been divided into five subfamilies:
classical types I and II (E‐, P‐, N‐ and VE‐cadherin), atypical (T‐cadherin), desmosomal
(desmogleins, desmocollins), protocadherins and cadherin‐related proteins [4]. Cadherins
maintain stable cell‐cell adhesion via homophilic interactions of their extracellular regions that
trigger the assembly of specialized adhesive junctions (AJs) known as desmosomes and
adherens junctions, and tethering the microfilaments and intermediated filaments to the
plasma membrane by the cytoplasmic domains [5]. In this way, cadherins, by mediating
adhesion, provide a cohesion and communication between cells in a tissue [1]. The cytoplasmic
region anchors cadherin to actin cytoskeleton via interaction with catenin family—β‐catenin,
γ‐catenin, which binds directly to cadherin tail, and α‐catenin, which links β‐ or γ‐catenin to
actin.

β‐catenin is attached to cadherin in the endoplasmic reticulum at the early stage of its targeting
to the plasma membrane, where they are present as a complex. Therefore, this cadherin‐β‐
catenin interaction is independent of cadherin engagement in adhesion [6]. α‐catenin has been
perceived as a constituent stably binding the β‐catenin‐cadherin complex to actin cytoskeleton,
but it has been shown nowadays that allosteric character of α‐catenin indisposes its binding
to β‐catenin and F‐actin at the same time [7]. Another member of the catenin family, p120‐
catenin, attaches to the cadherin‐catenin complex in the plasma membrane and controls
cadherin turnover by stabilization of the complex assembly at the plasma membrane. p120‐
catenin knockdown experiments with the use of RNAi have shown a more rapid turnover and
degradation of cadherin complexes [8]. β‐catenin and p120‐catenin are substrates of tyrosine
kinase receptor, and therefore the adhesion could be regulated by the action of growth factors
[9]. Clustering of AJs results in remodelling of the actin cytoskeleton [10–13]. There is a wide
variety of proteins associated with cadherins and this association is thought to be transient
and adjustable dependent on cell context and the triggered cellular‐signalling pathways [14].

First reports of Ca2+‐dependent surface glycoproteins mediating intercellular adhesion have
regarded chick development and process of morula compaction in pre‐implantation mouse
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embryo [15–18]. The first identified, E‐cadherin is a classical type I cadherin, and its prefix ‘E’
refers to the epithelial cells (ECs) where it was originally described. Other classical cadherins
of a different spatiotemporal expression pattern include N‐cadherin (neural, type I), P‐
cadherin (placenta, type I) [19], R‐cadherin (retina, type I) [20] and VE‐cadherin (vascular
endothelial, type II) [21].

The structure of classic cadherin molecules is more or less conserved; they possess a cytoplas‐
mic domain associated with the armadillo proteins family [22], and in the case of E‐cadherin
this region comprises 150 aa [4]. Next, there is a single‐pass transmembrane region, and
extracellular domain of 550 aa, which in classic cadherins (types I and II), desmosomal and T‐
cadherin contain five segments of a repeated sequence. The extracellular domains are num‐
bered from EC1 to EC5, where the sequence of the headmost EC5 is characteristic because of
the presence of four conserved cysteine residues [4, 23, 24]. In the extracellular domain between
the adjacent EC domains, the highly conserved Ca2+‐binding sequences are located.

Based on E‐cadherin structure analysis, several possible mechanisms of cadherin‐mediated
cell‐cell adhesion have been proposed. Cadherins could form either trans dimers, where the
linkage is formed by cadherins from apposed cells, or cis dimers, where the lateral interaction
between cadherin molecules in the same cell membrane takes place. Their formation depends
on Ca2+ availability. In Ca2+ presence, trans dimers are formed preferentially, while in its absence
cis dimer formation predominates. Furthermore, trans dimers are thought to be responsible
for cell‐cell adhesion, and the formation of cis dimers has been reported to enhance the strength
of adhesive interaction [11, 25]. Both dimers are formed via the same region of cadherin
molecules—EC1 domain; however, the involvement of EC3 domain has also been confirmed
in the case of trans dimerization process. Concerning EC1 and EC3 role in trans dimerization,
three possible adhesive antiparallel alignments have been proposed, starting from the
outermost adhesive bonds between EC1 domains, through middle bond requiring both EC1
and EC3 contribution in bond formation, and finally the innermost adhesive bounds formed
by the EC3 domains [26]. The classic model assumed that there are homophilic interactions
between cadherins, but growing evidence suggests also the presence of heterophilic ones. Shan
and co‐workers have reported heterophilic interactions between R‐ and N‐cadherins interact‐
ing either in cis or in trans manner [25]. Importantly, cadherins can be post‐translationally
modified by phosphorylation, O‐glycosylation but the most prominent modification is N‐
glycosylation [10, 27–29].

2. Cadherins and skin cancers

It is well known that the transformation of normal tissue cells to tumour cells is associated
with the changes in the repertoire of cell‐surface adhesions, such as cadherins, and carbohy‐
drate structures are attached to them. Altered glycosylated cell‐surface glycoproteins influence
the growth, proliferation and survival of tumour cells, and facilitate their migratory and
invasion behaviour, formation of distant metastases as well as the induction of immunosup‐
pression. It is noteworthy that tumour‐associated antigens can serve as valuable diagnostic
and therapeutic targets.
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Skin tumours comprise melanoma and non‐melanoma skin cancers. Non‐melanoma neo‐
plasms are mainly divided into basal cell carcinoma (BCC), squamous cell carcinoma (SCC),
keratoacanthoma (KA, a benign low‐grade skin tumour without the competence to metastasize
or invade), trichoepithelioma (TE, a benign skin tumour, which arises from the hair germ),
actinic keratosis (AK, a precancerous stage of squamous cell carcinoma) and Merkel cell
carcinoma (MCC, an early metastasizing neoplasm of high‐grade malignancy). Although
melanoma is much less common, it possesses high potential to invade surrounding tissues and
very quickly develops distant metastases. Therefore, melanoma is the leading cause of deaths
from skin cancer.

2.1. Cadherins in the skin

In human skin, the expression of several cadherin molecules, belonging to all five major groups
of the cadherin family, has been described. The changes in their protein levels have been
extensively investigated regarding the developmental processes and neoplastic transforma‐
tion of skin cells (Table 1). The vast majority of research studies concern classical cadherins.
Both E‐ and P‐cadherins are the major components of the intercellular AJs of the epidermis [30],
and they are main players in morphogenesis and in maintaining the structure of the skin.
Referring to E‐cadherin, the wide distribution of its expression in all skin layers and in skin
appendages has been shown, and its role in keratinocytes‐melanocytes adhesion and commu‐
nication has been established. It has been reported that E‐ and N‐cadherin‐negative dermal
stem cells (DSCs), isolated from human foreskin dermis during their differentiation into
melanocytes and migration to the epidermis, gain E‐cadherin expression, enabling them to
interact with the keratinocytes [31]. On the other hand, in vitro experiments in melanocytes
and keratinocytes co‐cultures have shown that during wound healing and re‐pigmentation
process, diminished E‐cadherin expression in melanocytes increases their migration capacity
as they migrate much faster than keratinocytes into the wound area [32].

The expression of P‐cadherin, which is known to be indispensable for proper skin and eye
function, has been more diversified and dependent on the skin layer. It is mainly present in
the basal and lower suprabasal layers, where it was linked with the proliferative compartment
of the epidermis. The predominant expression of P‐cadherin has also been observed in the
growing hair follicle, where it has an important role in its differentiation. Moreover, P‐cadherin
has been suggested to have a regulatory effect on melanogenesis, mainly due to the inhibition
of tyrosinase activity, and to regulate melanosome transport within the melanosome unit [24].

The expression of N‐cadherin has also been described in the skin during developmental
processes, referring to dermal fibroblasts and endothelial cells but not in keratinocytes or
melanocytes [33]. N‐cadherin expression has been analysed in murine model of melanocytes
development and in vitro cultured melanoblast, melanocyte and melanoma cell lines. The
melanoblasts/melanocytes of a 3‐day‐old mouse dermis have expressed only small amount of
N‐cadherin, while its significantly higher expression has been reported in all in vitro models
[34]. The changed expression of N‐cadherin on dermal melanocytes has been suggested to
enable their migration during developmental processes and stabilized their interaction with
dermal fibroblasts [35].
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aAntibody staining/cadherin expression level in human keratinocytes, BCC, SCC and in human melanocytes and
melanoma cells, respectively, described by the colour‐coding scales:  /  high,  /  medium,  /  low,  /  not
detected. The numbers within bars correspond to the percentage of a given staining/cadherin expression level. Data for
protocadherins γ 2‐12 of subfamily A, protocadherins γ 1,2,4‐7 of subfamily B and protocadherins γ 3‐5 of subfamily C
have not been analysed due to the antibodies that cross‐reacted with multiple isoforms. Data are based on The Human
Protein Atlas (www.proteinatlas.org).
bSchematic structure of a representative member of the given cadherin subfamily.
BCC, basal cell carcinoma; K, keratinocyte; M, melanocyte; and SCC, squamous cell carcinoma; C, COOH terminus of
protein; CBD, β‐catenin‐binding domain or plakoglobin‐binding domain in the case of desmosomal cadherins; CE,
cysteine‐rich EGF‐repeat‐like domain; CM1‐3, conserved motifs in the cytoplasmic domains of nonclustered δ‐
protocadherins; EC, extracellular cadherin repeats; GPI, glycosylphosphatidylinositol anchor; JMD, juxtamembrane
domain with p120‐catenin‐binding site; LAG, laminin‐A globular domain‐like domain; N, NH2‐terminus of protein;
ProP, propeptide; RUD, intracellular repeated unit domain of desmosomal cadherins; SP, signal peptide; TM,
transmembrane domain; and UCD, unique cytoplasmic domain.

Table 1. Comparison of the expression pattern of cadherins in keratinocytes versus BCCs and SCCs, and melanocytes
versus melanoma cells.

In normal skin, the expression of T‐cadherin is mostly limited to melanocytes and actively
proliferating keratinocytes of the basal layer, as well as to a lesser extent to dermal blood
vessels. Unlike other cadherins, T‐cadherin molecules are anchored in lipid rafts dispersed on
the whole cell plasma membrane [36].

The changes in the expression level of particular cadherins, named ‘cadherin switch’, con‐
cerning the down‐regulation of E‐cadherin expression mediating strong adhesion signal, and
recognized as an invasion suppressor, and the up‐regulation of N‐cadherin expression
inducing more motile and invasive phenotype of cells have been suggested either during
development or in cancer, where it may be concomitant with cancer progression steps [37–
39]. The ‘cadherin switch’ has been observed and described as an indispensable step, enabling
the epithelial‐to‐mesenchymal transition (EMT).

2.2. Role of cadherins in epithelial-to-mesenchymal transition

EMT is a process of dedifferentiation, which has been described by three major cell pheno‐
type changes, including (1) diminution of cellular adhesion, as an effect of changes in the
expression of adhesion receptors and cytoskeletal proteins; (2) loss of epithelial cell polarity
accompanied by morphological changes leading from the cobblestone‐like epithelial cells to
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spindle‐shaped mesenchymal cells; and (3) the acquisition of more motile and invasive be‐
haviour [40, 41]. This process takes place during normal embryonic development as a basic
step of tissue remodelling, such as mesoderm formation and neural crest development. It
should be noted that the reverse process, named mesenchymal‐to‐epithelial transition
(MET), also occurs evidencing the enormous plasticity of developmental processes [40].
EMT‐like processes are observed also in the course of wound healing, during which in re‐
sponse to injury keratinocytes go through a ‘metastable’ phenotype by losing their contact
and therefore move [42]. EMT has been suggested in numerous cancer types, including mel‐
anoma and supposed as a conducive to metastasis formation.

2.2.1. EMT molecular markers

Besides or as a consequence of EMT‐related ‘cadherin switch’, more abundant expression of
vimentin with simultaneous β‐catenin translocation to the nucleus, and increased expression
of transcription factors such as Slug, Snail, Twist, EF1/ZEB1, SIP1/ZEB2 and E47 have been
observed. They are reported as markers of developmental processes [43–45] and skin cancer
cells transformation [38, 46, 47]. It is noteworthy that the suggestion is made on the basis of
metastatic BCC observations that the enhanced Twist1 expression may serve as a biomarker
of BCC progression [48]. Immunohistochemical analysis of tissue sections of non‐metastasiz‐
ing, metastasizing and lymph node metastasis of cutaneous SCC (cSCC) has revealed that their
metastatic potential is accompanied by EMT‐marker expression, including the Twist overex‐
pression, while in metastases the expression of selected EMT‐related markers has been
decreased [49]. Also, the increased expression of other EMT‐related markers such as Ki‐67 and
keratin 17, together with the reduced expression of both E‐cadherin and involucrin (early
marker of epidermis keratinocytes differentiation), has been shown in the cSCC compared to
normal skin biopsies [50].

Some studies suggested that the EMT is closely related with the cancer stem cells (CSCs)
biology, and therefore the analysis of expression of CD44 and CD29 (β1‐integrin subunit)
recognized as CSCs markers has been conducted in cSCC A341 cells. High expression of both
markers has been described in cells located in the periphery of cSCC tumours. Simultaneously,
a higher N‐cadherin and a lower E‐cadherin expression have been detected in CD44+/CD29+
cells, legitimizing their EMT [51]. In human, BCC analysis of paraffin‐embedded tissue sections
suggested strong correlation between tumour progression and the expression of integrin‐
linked kinase (ILK), which has been proposed there as an EMT marker [52].

The expression of EMT markers has been analysed in desmoplastic melanoma (DM) tumours,
which makes diagnostic difficulties because of its unusual clinical appearance. These are
mainly amelanotic, deep cutaneous tumours surrounded by sun‐damaged skin [53]. The
comparison of EMT markers expression profile conducted in tissue microarrays of DM and
primary vertical growth phase non‐desmoplastic melanomas (NDMs) has demonstrated a
significantly higher expression of EMT‐related proteins—N‐cadherin, SPARC and WT‐1, and
the decreased expression of E‐cadherin in DM compared to NDM, suggesting usefulness of
these markers in DM diagnostics [54].
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Another known marker of EMT and tumour metastasis is the elevated expression of N‐
acetylglucosaminyltransferase V (GnT‐V) responsible for β1,6‐branching of N‐linked
complex‐type oligosaccharides. In cutaneous wound healing of GnT‐V transgenic mice, GnT‐
V‐overexpressed keratinocytes showed spindle‐shaped morphology and enhanced
migration, which were associated with the early phase of malignant transformation: changes
in E‐cadherin glycosylation and localization as well as induction of EMT. As a result, EMT‐
associated factors Snail and Twist were up‐regulated, and cadherin switch was observed
[55].

2.2.2. EMT-initiating factors

EMT initiation has been attributed to a variety of growth factors, including members of the
epidermal growth factor (EGF), the fibroblast growth factor (FGF) and the insulin‐like growth
factor (IGF) families, hepatocyte growth factor (HGF) and transforming growth factor‐β (TGF‐
β). The intracellular‐signalling pathways, induced by these growth factors, have led to
characteristic transformation from epithelial, differentiated and proliferative phenotype to
mesenchymal, dedifferentiated ready to migration and invasion phenotype. Down‐regulated
dermal fibroblast secretion of HGF caused by knockdown of RaIA GTPase expression (known
contributor in Ras‐induced tumourigenesis) has resulted in the suppression of SCC tumour
progression. As an effect, the reduced migratory abilities of neighbouring keratinocytes,
related to the changes in expression levels of E‐cadherin (increased) and transcription factors
—Snail and Slug—suppressing E‐cadherin RNA level, have been observed [56]. The TGF‐β‐
induced EMT has been observed in melanoma cells and accompanied by the activation of the
PI3K and platelet‐derived growth factor (PDGF)‐signalling pathways triggering the up‐
regulation of N‐cadherin expression and the transformation of a proliferative phenotype of
cells into a more invasive one [57].

The involvement of PI3K/AKT‐signalling pathway has also been suggested in EMT of SCC
cells. The analysis of isogenic cell lines derived from succeeding stages of keratinocytes
malignant transformation, that is, dysplastic forehead skin (PM1), primary cSCC (MET1) and
its lymph node metastasis (MET4), has shown the correlation between tumour progression
and the activation of AKT. Additionally, it has been reported that the inhibition of AKT activity
results in the decreased cell migration and invasion, reduced cell detachment and reduced
expression of EMT markers such as Slug and vimentin concomitantly with the up‐regulation
of E‐cadherin expression [46].

There are also some data concerning the relevance of cytokine IL‐6 secretion during the
inflammatory processes for the initiation of EMT and subsequent malignant transformation
of normal human keratinocytes of HaCat cell line. In response to arsenite treatment, the
elevated IL‐6 secretion has been observed leading to the increased level of miR‐21, microRNA
related with the malignancies and overexpressed in most cancers. The arsenite‐transformed
HaCat cells have shown the changed expression level of E‐cadherin (decreased) and vimentin
(increased), which was linked with the initiation of EMT process and increased migration
capacity of transformed cells [58]. As melanoma patients are characterized by a higher IL‐6
serum level, its important role in the stimulation of melanoma progression has been suggested.
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capacity of transformed cells [58]. As melanoma patients are characterized by a higher IL‐6
serum level, its important role in the stimulation of melanoma progression has been suggested.
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spindle‐shaped mesenchymal cells; and (3) the acquisition of more motile and invasive be‐
haviour [40, 41]. This process takes place during normal embryonic development as a basic
step of tissue remodelling, such as mesoderm formation and neural crest development. It
should be noted that the reverse process, named mesenchymal‐to‐epithelial transition
(MET), also occurs evidencing the enormous plasticity of developmental processes [40].
EMT‐like processes are observed also in the course of wound healing, during which in re‐
sponse to injury keratinocytes go through a ‘metastable’ phenotype by losing their contact
and therefore move [42]. EMT has been suggested in numerous cancer types, including mel‐
anoma and supposed as a conducive to metastasis formation.

2.2.1. EMT molecular markers

Besides or as a consequence of EMT‐related ‘cadherin switch’, more abundant expression of
vimentin with simultaneous β‐catenin translocation to the nucleus, and increased expression
of transcription factors such as Slug, Snail, Twist, EF1/ZEB1, SIP1/ZEB2 and E47 have been
observed. They are reported as markers of developmental processes [43–45] and skin cancer
cells transformation [38, 46, 47]. It is noteworthy that the suggestion is made on the basis of
metastatic BCC observations that the enhanced Twist1 expression may serve as a biomarker
of BCC progression [48]. Immunohistochemical analysis of tissue sections of non‐metastasiz‐
ing, metastasizing and lymph node metastasis of cutaneous SCC (cSCC) has revealed that their
metastatic potential is accompanied by EMT‐marker expression, including the Twist overex‐
pression, while in metastases the expression of selected EMT‐related markers has been
decreased [49]. Also, the increased expression of other EMT‐related markers such as Ki‐67 and
keratin 17, together with the reduced expression of both E‐cadherin and involucrin (early
marker of epidermis keratinocytes differentiation), has been shown in the cSCC compared to
normal skin biopsies [50].

Some studies suggested that the EMT is closely related with the cancer stem cells (CSCs)
biology, and therefore the analysis of expression of CD44 and CD29 (β1‐integrin subunit)
recognized as CSCs markers has been conducted in cSCC A341 cells. High expression of both
markers has been described in cells located in the periphery of cSCC tumours. Simultaneously,
a higher N‐cadherin and a lower E‐cadherin expression have been detected in CD44+/CD29+
cells, legitimizing their EMT [51]. In human, BCC analysis of paraffin‐embedded tissue sections
suggested strong correlation between tumour progression and the expression of integrin‐
linked kinase (ILK), which has been proposed there as an EMT marker [52].

The expression of EMT markers has been analysed in desmoplastic melanoma (DM) tumours,
which makes diagnostic difficulties because of its unusual clinical appearance. These are
mainly amelanotic, deep cutaneous tumours surrounded by sun‐damaged skin [53]. The
comparison of EMT markers expression profile conducted in tissue microarrays of DM and
primary vertical growth phase non‐desmoplastic melanomas (NDMs) has demonstrated a
significantly higher expression of EMT‐related proteins—N‐cadherin, SPARC and WT‐1, and
the decreased expression of E‐cadherin in DM compared to NDM, suggesting usefulness of
these markers in DM diagnostics [54].
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Another known marker of EMT and tumour metastasis is the elevated expression of N‐
acetylglucosaminyltransferase V (GnT‐V) responsible for β1,6‐branching of N‐linked
complex‐type oligosaccharides. In cutaneous wound healing of GnT‐V transgenic mice, GnT‐
V‐overexpressed keratinocytes showed spindle‐shaped morphology and enhanced
migration, which were associated with the early phase of malignant transformation: changes
in E‐cadherin glycosylation and localization as well as induction of EMT. As a result, EMT‐
associated factors Snail and Twist were up‐regulated, and cadherin switch was observed
[55].

2.2.2. EMT-initiating factors

EMT initiation has been attributed to a variety of growth factors, including members of the
epidermal growth factor (EGF), the fibroblast growth factor (FGF) and the insulin‐like growth
factor (IGF) families, hepatocyte growth factor (HGF) and transforming growth factor‐β (TGF‐
β). The intracellular‐signalling pathways, induced by these growth factors, have led to
characteristic transformation from epithelial, differentiated and proliferative phenotype to
mesenchymal, dedifferentiated ready to migration and invasion phenotype. Down‐regulated
dermal fibroblast secretion of HGF caused by knockdown of RaIA GTPase expression (known
contributor in Ras‐induced tumourigenesis) has resulted in the suppression of SCC tumour
progression. As an effect, the reduced migratory abilities of neighbouring keratinocytes,
related to the changes in expression levels of E‐cadherin (increased) and transcription factors
—Snail and Slug—suppressing E‐cadherin RNA level, have been observed [56]. The TGF‐β‐
induced EMT has been observed in melanoma cells and accompanied by the activation of the
PI3K and platelet‐derived growth factor (PDGF)‐signalling pathways triggering the up‐
regulation of N‐cadherin expression and the transformation of a proliferative phenotype of
cells into a more invasive one [57].

The involvement of PI3K/AKT‐signalling pathway has also been suggested in EMT of SCC
cells. The analysis of isogenic cell lines derived from succeeding stages of keratinocytes
malignant transformation, that is, dysplastic forehead skin (PM1), primary cSCC (MET1) and
its lymph node metastasis (MET4), has shown the correlation between tumour progression
and the activation of AKT. Additionally, it has been reported that the inhibition of AKT activity
results in the decreased cell migration and invasion, reduced cell detachment and reduced
expression of EMT markers such as Slug and vimentin concomitantly with the up‐regulation
of E‐cadherin expression [46].

There are also some data concerning the relevance of cytokine IL‐6 secretion during the
inflammatory processes for the initiation of EMT and subsequent malignant transformation
of normal human keratinocytes of HaCat cell line. In response to arsenite treatment, the
elevated IL‐6 secretion has been observed leading to the increased level of miR‐21, microRNA
related with the malignancies and overexpressed in most cancers. The arsenite‐transformed
HaCat cells have shown the changed expression level of E‐cadherin (decreased) and vimentin
(increased), which was linked with the initiation of EMT process and increased migration
capacity of transformed cells [58]. As melanoma patients are characterized by a higher IL‐6
serum level, its important role in the stimulation of melanoma progression has been suggested.
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In a mouse melanoma model, the action of IL‐6 has led to the increased metastatic potential
due to up‐regulation of Twist expression and subsequent N‐cadherin overexpression. Thus,
therapies directed specifically against IL‐6 could possibly reduce the tumour progression [59].

In response to mechanical tissue damage, and succeeding action of cytokines and growth
factors (TGF‐β, EGF), the activation of specific signalling pathways has been reported in skin
keratinocytes, leading to the activation of Snail—a regulator of keratinocytes inflammatory
response and an EMT marker. Snail protein acts as gene transcription repressors, and E‐
cadherin gene has been recognized as its prototypic target. Down‐regulated E‐cadherin
expression facilitates the process of wound healing by losing adhesion between keratinocytes,
EMT promotion and subsequent keratinocyte migration. Likewise, in the course of keratino‐
cyte neoplastic transformation, signalling via Snail promotes migration and invasion pheno‐
type, proinflammatory microenvironment and degradation of extracellular matrix
characteristic for SCC [60]. These processes are similar in many carcinoma types and sugges‐
tion has been made that tumours resemble wounds that do not heal [61].

2.3. Cancer-related changes in cadherin expression

While the neoplastic transformation of many cell types is accompanied by the loss of or
disturbances in gap junction formation, the neoplastic transformation of melanocytes and
keratinocytes follows the same path. It has been observed that the diminished E‐cadherin
expression level, typical for melanoma cells, disturbs their interaction with adjacent keratino‐
cytes and therefore prevents the regulating influence of keratinocytes on the melanoma cells
growth and differentiation [62]. The large body of evidence has suggested that melanoma cells
transformation from non‐malignant to invasive ones is accompanied by the loss of E‐cadherin
and overexpression of N‐cadherin. It has been suggested, however, that not N‐cadherin itself
had been responsible for the start of melanoma cells dissemination and metastasis formation
[63]. Observations have revealed that the deregulation of E‐ and N‐cadherin expression is
involved in tumourigenesis and cancer progression also in other skin cancers—MCC, SCC and
BCC [52, 58, 64, 65].

2.3.1. E-cadherin

The important role of E‐cadherin expression for the malignant transformation of melanoma
cells and SCC has been confirmed in numerous tissue samples assembled in tissue microarrays
of human malignant melanoma and SCC as well as in selected cell lines, including A375, SK‐
MEL‐24, MV3 and M14 melanoma cell lines. As a conclusion of this analysis, Tang et al. [66]
have postulated the reverse correlation between the E‐cadherin expression level and the
expression of ubiquitin protein ligase E3C (UBE3C), which positively regulates tumour growth
and metastasis by inducing the mesenchymal phenotype of melanoma cells. In melanoma, E‐
cadherin expression has been also shown to be correlated with the altered expression of
microRNA (miRNA). Analysis of frozen melanoma tissue section demonstrated that the
decreased expression of mi‐R200a, mi‐R200c, and miR‐203, previously described as contribu‐
tors of melanoma metastasis, correlated with down‐regulation of E‐cadherin and growing
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tumour thickness. These data reveal miRNA role in the regulation of E‐cadherin expression in
the course of melanoma progression [67].

α‐catulin is a cytoplasmic molecule, overexpressed in melanoma that has been recognized as
a negative regulator of E‐cadherin expression, consequently promoting melanoma progres‐
sion. It has been confirmed in α‐catulin knockdown experiments, where the enhanced
melanoma cells binding to keratinocytes as well as up‐regulated E‐cadherin expression have
been observed resulting in the lower migratory and invasive potential of melanoma cells [68].

In BCC, it has been observed that tumour progression is accompanied by the decreased
membranous expression of E‐cadherin. Additionally, the increased nuclear localization of E‐
cadherin, as well as nuclear translocation of β‐catenin, has been shown [52].

Analysis of 227 tissue sections of MCC has revealed weak and mainly cytoplasmic staining for
E‐cadherin and there were no statistically significant differences in the immunoreactivity
between various tumour locations (primary, local or distant metastasis), suggesting that E‐
cadherin is not relevant for MCC progression [69].

The loss of E‐cadherin has been suggested to be a trigger of cancer progression especially
because of the reduced cell‐cell adhesion and possible stimulation of T cell factor (TCF)‐
regulated genes, responsible for proliferation and invasion (c‐myc, cyclin D1, fibronectin and
matrilysin), as an effect of released β‐catenin migration to nucleus [19]. The expression of E‐
cadherin is regulated by different transcription factors including grainyhead‐like 3 (Grl‐3)
factor, which has been shown to participate in the regulation of differentiation and migration
of epithelial cells during embryonic development. In normal human keratinocytes (HaCat) and
human SCC (A431) cells, the reverse correlation between Grl‐3 and E‐cadherin expression level
has been shown and the induced overexpression of Grl‐3 in A431 cells has led to the increased
motility and invasion of cancer cells as an effect of E‐cadherin down‐regulation [65].

Another transcription factor, regulating E‐cadherin expression, is Slug. Its presence has been
confirmed in multiple melanoma tissue sections, and higher expression has been attributed to
nevi than to primary or metastatic melanoma. Such observations have suggested that higher
Slug expression is required at the beginning of melanocyte neoplastic transformation but not
during melanoma progression. However, in melanocytes and melanoma cells cultured in
vitro, the exogenous expression of Slug has resulted in the down‐regulated expression of E‐
cadherin and up‐regulated expression of N‐cadherin and subsequently more efficient cellular
migration and invasion [70].

E‐cadherin regulatory potential has been attributed also to NOTCH receptors and their
signalling pathways. In a set of tissue samples from skin cancer and their adjacent normal skin,
the analysis of NOTCH expression has shown the up‐regulated receptor expression along with
increased Snail and decreased E‐cadherin expression in cancer tissue. Simultaneously, the up‐
regulation/inhibition of NOTCH signalling in A341 cells has resulted in changes in E‐cadherin
expression, decrease or increase, respectively. The observed effects of NOTCH alteration in
SCC have been mediated by Snail up‐regulation and subsequent E‐cadherin promoter
methylation [71].
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In a mouse melanoma model, the action of IL‐6 has led to the increased metastatic potential
due to up‐regulation of Twist expression and subsequent N‐cadherin overexpression. Thus,
therapies directed specifically against IL‐6 could possibly reduce the tumour progression [59].

In response to mechanical tissue damage, and succeeding action of cytokines and growth
factors (TGF‐β, EGF), the activation of specific signalling pathways has been reported in skin
keratinocytes, leading to the activation of Snail—a regulator of keratinocytes inflammatory
response and an EMT marker. Snail protein acts as gene transcription repressors, and E‐
cadherin gene has been recognized as its prototypic target. Down‐regulated E‐cadherin
expression facilitates the process of wound healing by losing adhesion between keratinocytes,
EMT promotion and subsequent keratinocyte migration. Likewise, in the course of keratino‐
cyte neoplastic transformation, signalling via Snail promotes migration and invasion pheno‐
type, proinflammatory microenvironment and degradation of extracellular matrix
characteristic for SCC [60]. These processes are similar in many carcinoma types and sugges‐
tion has been made that tumours resemble wounds that do not heal [61].

2.3. Cancer-related changes in cadherin expression

While the neoplastic transformation of many cell types is accompanied by the loss of or
disturbances in gap junction formation, the neoplastic transformation of melanocytes and
keratinocytes follows the same path. It has been observed that the diminished E‐cadherin
expression level, typical for melanoma cells, disturbs their interaction with adjacent keratino‐
cytes and therefore prevents the regulating influence of keratinocytes on the melanoma cells
growth and differentiation [62]. The large body of evidence has suggested that melanoma cells
transformation from non‐malignant to invasive ones is accompanied by the loss of E‐cadherin
and overexpression of N‐cadherin. It has been suggested, however, that not N‐cadherin itself
had been responsible for the start of melanoma cells dissemination and metastasis formation
[63]. Observations have revealed that the deregulation of E‐ and N‐cadherin expression is
involved in tumourigenesis and cancer progression also in other skin cancers—MCC, SCC and
BCC [52, 58, 64, 65].

2.3.1. E-cadherin

The important role of E‐cadherin expression for the malignant transformation of melanoma
cells and SCC has been confirmed in numerous tissue samples assembled in tissue microarrays
of human malignant melanoma and SCC as well as in selected cell lines, including A375, SK‐
MEL‐24, MV3 and M14 melanoma cell lines. As a conclusion of this analysis, Tang et al. [66]
have postulated the reverse correlation between the E‐cadherin expression level and the
expression of ubiquitin protein ligase E3C (UBE3C), which positively regulates tumour growth
and metastasis by inducing the mesenchymal phenotype of melanoma cells. In melanoma, E‐
cadherin expression has been also shown to be correlated with the altered expression of
microRNA (miRNA). Analysis of frozen melanoma tissue section demonstrated that the
decreased expression of mi‐R200a, mi‐R200c, and miR‐203, previously described as contribu‐
tors of melanoma metastasis, correlated with down‐regulation of E‐cadherin and growing
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tumour thickness. These data reveal miRNA role in the regulation of E‐cadherin expression in
the course of melanoma progression [67].

α‐catulin is a cytoplasmic molecule, overexpressed in melanoma that has been recognized as
a negative regulator of E‐cadherin expression, consequently promoting melanoma progres‐
sion. It has been confirmed in α‐catulin knockdown experiments, where the enhanced
melanoma cells binding to keratinocytes as well as up‐regulated E‐cadherin expression have
been observed resulting in the lower migratory and invasive potential of melanoma cells [68].

In BCC, it has been observed that tumour progression is accompanied by the decreased
membranous expression of E‐cadherin. Additionally, the increased nuclear localization of E‐
cadherin, as well as nuclear translocation of β‐catenin, has been shown [52].

Analysis of 227 tissue sections of MCC has revealed weak and mainly cytoplasmic staining for
E‐cadherin and there were no statistically significant differences in the immunoreactivity
between various tumour locations (primary, local or distant metastasis), suggesting that E‐
cadherin is not relevant for MCC progression [69].

The loss of E‐cadherin has been suggested to be a trigger of cancer progression especially
because of the reduced cell‐cell adhesion and possible stimulation of T cell factor (TCF)‐
regulated genes, responsible for proliferation and invasion (c‐myc, cyclin D1, fibronectin and
matrilysin), as an effect of released β‐catenin migration to nucleus [19]. The expression of E‐
cadherin is regulated by different transcription factors including grainyhead‐like 3 (Grl‐3)
factor, which has been shown to participate in the regulation of differentiation and migration
of epithelial cells during embryonic development. In normal human keratinocytes (HaCat) and
human SCC (A431) cells, the reverse correlation between Grl‐3 and E‐cadherin expression level
has been shown and the induced overexpression of Grl‐3 in A431 cells has led to the increased
motility and invasion of cancer cells as an effect of E‐cadherin down‐regulation [65].

Another transcription factor, regulating E‐cadherin expression, is Slug. Its presence has been
confirmed in multiple melanoma tissue sections, and higher expression has been attributed to
nevi than to primary or metastatic melanoma. Such observations have suggested that higher
Slug expression is required at the beginning of melanocyte neoplastic transformation but not
during melanoma progression. However, in melanocytes and melanoma cells cultured in
vitro, the exogenous expression of Slug has resulted in the down‐regulated expression of E‐
cadherin and up‐regulated expression of N‐cadherin and subsequently more efficient cellular
migration and invasion [70].

E‐cadherin regulatory potential has been attributed also to NOTCH receptors and their
signalling pathways. In a set of tissue samples from skin cancer and their adjacent normal skin,
the analysis of NOTCH expression has shown the up‐regulated receptor expression along with
increased Snail and decreased E‐cadherin expression in cancer tissue. Simultaneously, the up‐
regulation/inhibition of NOTCH signalling in A341 cells has resulted in changes in E‐cadherin
expression, decrease or increase, respectively. The observed effects of NOTCH alteration in
SCC have been mediated by Snail up‐regulation and subsequent E‐cadherin promoter
methylation [71].
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In a mouse melanoma model, the action of IL‐6 has led to the increased metastatic potential
due to up‐regulation of Twist expression and subsequent N‐cadherin overexpression. Thus,
therapies directed specifically against IL‐6 could possibly reduce the tumour progression [59].

In response to mechanical tissue damage, and succeeding action of cytokines and growth
factors (TGF‐β, EGF), the activation of specific signalling pathways has been reported in skin
keratinocytes, leading to the activation of Snail—a regulator of keratinocytes inflammatory
response and an EMT marker. Snail protein acts as gene transcription repressors, and E‐
cadherin gene has been recognized as its prototypic target. Down‐regulated E‐cadherin
expression facilitates the process of wound healing by losing adhesion between keratinocytes,
EMT promotion and subsequent keratinocyte migration. Likewise, in the course of keratino‐
cyte neoplastic transformation, signalling via Snail promotes migration and invasion pheno‐
type, proinflammatory microenvironment and degradation of extracellular matrix
characteristic for SCC [60]. These processes are similar in many carcinoma types and sugges‐
tion has been made that tumours resemble wounds that do not heal [61].

2.3. Cancer-related changes in cadherin expression

While the neoplastic transformation of many cell types is accompanied by the loss of or
disturbances in gap junction formation, the neoplastic transformation of melanocytes and
keratinocytes follows the same path. It has been observed that the diminished E‐cadherin
expression level, typical for melanoma cells, disturbs their interaction with adjacent keratino‐
cytes and therefore prevents the regulating influence of keratinocytes on the melanoma cells
growth and differentiation [62]. The large body of evidence has suggested that melanoma cells
transformation from non‐malignant to invasive ones is accompanied by the loss of E‐cadherin
and overexpression of N‐cadherin. It has been suggested, however, that not N‐cadherin itself
had been responsible for the start of melanoma cells dissemination and metastasis formation
[63]. Observations have revealed that the deregulation of E‐ and N‐cadherin expression is
involved in tumourigenesis and cancer progression also in other skin cancers—MCC, SCC and
BCC [52, 58, 64, 65].

2.3.1. E-cadherin

The important role of E‐cadherin expression for the malignant transformation of melanoma
cells and SCC has been confirmed in numerous tissue samples assembled in tissue microarrays
of human malignant melanoma and SCC as well as in selected cell lines, including A375, SK‐
MEL‐24, MV3 and M14 melanoma cell lines. As a conclusion of this analysis, Tang et al. [66]
have postulated the reverse correlation between the E‐cadherin expression level and the
expression of ubiquitin protein ligase E3C (UBE3C), which positively regulates tumour growth
and metastasis by inducing the mesenchymal phenotype of melanoma cells. In melanoma, E‐
cadherin expression has been also shown to be correlated with the altered expression of
microRNA (miRNA). Analysis of frozen melanoma tissue section demonstrated that the
decreased expression of mi‐R200a, mi‐R200c, and miR‐203, previously described as contribu‐
tors of melanoma metastasis, correlated with down‐regulation of E‐cadherin and growing
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tumour thickness. These data reveal miRNA role in the regulation of E‐cadherin expression in
the course of melanoma progression [67].

α‐catulin is a cytoplasmic molecule, overexpressed in melanoma that has been recognized as
a negative regulator of E‐cadherin expression, consequently promoting melanoma progres‐
sion. It has been confirmed in α‐catulin knockdown experiments, where the enhanced
melanoma cells binding to keratinocytes as well as up‐regulated E‐cadherin expression have
been observed resulting in the lower migratory and invasive potential of melanoma cells [68].

In BCC, it has been observed that tumour progression is accompanied by the decreased
membranous expression of E‐cadherin. Additionally, the increased nuclear localization of E‐
cadherin, as well as nuclear translocation of β‐catenin, has been shown [52].

Analysis of 227 tissue sections of MCC has revealed weak and mainly cytoplasmic staining for
E‐cadherin and there were no statistically significant differences in the immunoreactivity
between various tumour locations (primary, local or distant metastasis), suggesting that E‐
cadherin is not relevant for MCC progression [69].

The loss of E‐cadherin has been suggested to be a trigger of cancer progression especially
because of the reduced cell‐cell adhesion and possible stimulation of T cell factor (TCF)‐
regulated genes, responsible for proliferation and invasion (c‐myc, cyclin D1, fibronectin and
matrilysin), as an effect of released β‐catenin migration to nucleus [19]. The expression of E‐
cadherin is regulated by different transcription factors including grainyhead‐like 3 (Grl‐3)
factor, which has been shown to participate in the regulation of differentiation and migration
of epithelial cells during embryonic development. In normal human keratinocytes (HaCat) and
human SCC (A431) cells, the reverse correlation between Grl‐3 and E‐cadherin expression level
has been shown and the induced overexpression of Grl‐3 in A431 cells has led to the increased
motility and invasion of cancer cells as an effect of E‐cadherin down‐regulation [65].

Another transcription factor, regulating E‐cadherin expression, is Slug. Its presence has been
confirmed in multiple melanoma tissue sections, and higher expression has been attributed to
nevi than to primary or metastatic melanoma. Such observations have suggested that higher
Slug expression is required at the beginning of melanocyte neoplastic transformation but not
during melanoma progression. However, in melanocytes and melanoma cells cultured in
vitro, the exogenous expression of Slug has resulted in the down‐regulated expression of E‐
cadherin and up‐regulated expression of N‐cadherin and subsequently more efficient cellular
migration and invasion [70].

E‐cadherin regulatory potential has been attributed also to NOTCH receptors and their
signalling pathways. In a set of tissue samples from skin cancer and their adjacent normal skin,
the analysis of NOTCH expression has shown the up‐regulated receptor expression along with
increased Snail and decreased E‐cadherin expression in cancer tissue. Simultaneously, the up‐
regulation/inhibition of NOTCH signalling in A341 cells has resulted in changes in E‐cadherin
expression, decrease or increase, respectively. The observed effects of NOTCH alteration in
SCC have been mediated by Snail up‐regulation and subsequent E‐cadherin promoter
methylation [71].
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The experiments with induced E‐cadherin suppression in Ras‐transformed keratinocytes have
revealed the importance of E‐cadherin role in SCC neoplastic transformation. E‐cadherin
absence has increased Src activity leading to the up‐regulated expression of FAK that sup‐
ported the progression of tumour malignancy also by the following deregulation of E‐
cadherin‐dependent adhesion [72].

In melanoma, cadherin switch has been widely described but its molecular mechanism is still
not fully explained. To deal with this, Hao et al. [73] using a set of melanoma cell lines from
different stages of progression have analysed the expression profile of E‐ and N‐cadherin,
PI3K/PTEN pathway components and Snail, Slug and Twist transcription factors. They have
shown the correlation between the loss of PTEN activity and E‐ to N‐cadherin switch. The
observed cadherin changes have been regulated at the transcriptional level by Twist and Snail,
which activity in PTEN‐null cells was stimulated by constitutively active PI3K. It has also been
reported that the membranous localization of E‐cadherin is not controlled by PI3K/PTEN but
more likely depends on cadherin‐β‐catenin interaction [73]. The study on a vast range of
primary melanoma tissue samples has confirmed the correlation between down‐regulated
PTEN expression and ‘cadherin switch’. Additionally, this study has shown the linkage of these
markers with melanoma progression parameter, that is, Breslow thickness of primary tumours,
ulceration and tumour stage. The immunohistochemical detection of E‐ and N‐cadherin as
well as PTEN has been conducted and the statistical analysis of results has shown that E‐
cadherin, unlike N‐cadherin, possesses a predictor value. Low E‐cadherin expression level has
been correlated with a better survival prognosis, without relapses and distant metastasis [74].

Cadherin‐mediated adhesion is regarded as a dynamic process adapting to the epithelial tissue
remodelling during development and wound healing but also during carcinogenesis. Con‐
sidering this fact, the proteolytic cleavage of E‐cadherin has been suggested as a mechanism
of rapid adhesion changes. The role in E‐cadherin shedding has been attributed to different
ADAMs (a disintegrin‐like and metalloproteinase) and MMPs (matrix metalloproteinases)
[75]. As a result of its action, a decreased membranous E‐cadherin expression and an increased
level of 80‐kDa soluble E‐cadherin fragment (sE‐cadherin) in tumour microenvironment have
been reported in human SCC clinical tissue samples and SCC mouse model. Moreover, sE‐
cadherin binding with HER/IGF‐1R has been observed, and the consequent initiation of pro‐
oncogenic signalling, resulting in cancer cell migration, proliferation and invasion, has been
reported. Thus, the sE‐cadherin has been suggested as a potential therapeutic target in skin
cancer treatment [76]. The potential therapeutic value of anti‐sE‐cadherin antibody has been
suggested in SCC model PAM212 cell line. This antibody has inhibited tumour growth,
enhanced cell death and silenced the pro‐survival pathways by the inhibition of proto‐
oncogenes (RTKs, IAPs and MDM2) and stimulation of tumour suppressor genes (PTEN and
p53) [77].

The diagnostic usefulness of E‐cadherin expression changes has been determined for mela‐
noma versus Spitz tumours distinction (Spitz tumour; a benign cutaneous melanocytic
tumour). Such distinction is often problematic because of poor reproducibility of Spitz tumour
features and therefore unequivocally delineated diagnostic criteria. The obtained results have
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suggested that the quantitative differences rather than qualitative irregularities in E‐cadherin
immunoreactivity could have diagnostic potential [78].

Studies in a variety of melanoma cell lines have shown that the restoration of E‐cadherin
expression leads to the renewing of communication with keratinocytes and inhibition of
melanoma cells invasion [79]. E‐cadherin‐restored expression has also been observed in SCC
cells treated with flavonoids. Highly invasive A431‐III cells selected from the parental A341
cell line have been analysed. The invasive potential of A341‐III cells has been attributed to their
mesenchymal‐like phenotype resulting from ‘cadherin switch’. Cells have been treated with
plant flavonoids: luteolin and quercetin. They are known for their anticancer activity resulting
in the inhibition of cell growth, induction of apoptosis and differentiation, as well as the
diminution of tumour angiogenesis, cancer cells adhesion, invasion and metastasis. As an
effect, A341‐III cells have remodelled their morphology to more epithelial‐like. It was accom‐
panied by changes in the EMT markers expression level, including down‐regulation of N‐
cadherin and up‐regulation of E‐cadherin, leading to the renovation of the cell‐cell junctions.
Therefore, both flavonoids used have been suggested to have chemopreventive, anticancero‐
genic or chemotherapeutic activity, mainly through their EMT‐reverting potential [80].

2.3.2. P-cadherin

The role of P‐cadherin in carcinogenesis is ambiguous. It has been shown to promote the
invasive behaviour of cancer cells; however, in melanoma it has been reported as a tumour
growth suppressor [81]. Clinical data have shown that in general, melanocytic cells in com‐
pound nevi and melanomas express E‐ and P‐cadherins; however, a reduction in the expression
thereof has been observed in correlation to the depth of melanoma cells dermal localization.
It has been suggested that this loss represents melanoma cells’ adaptation to the changed
microenvironment of the dermis and makes them less dependent on microenvironmental
stimulation leading to the increased cell proliferation and melanoma progression [82].
Additionally, the potential usefulness of P‐cadherin as a prognostic marker for immunohisto‐
chemical detection and diagnosis in patients with primary melanoma of less than 2‐mm
tumour thickness has been suggested [83]. In melanoma, the alteration of P‐cadherin expres‐
sion in a tissue section of different stages has been shown together with its switch from
membranous to cytoplasmic localization. These changes have strongly correlated with
patient’s survival prognosis, suggesting P‐cadherin as a useful marker of melanoma progres‐
sion [84].

2.3.3. N-cadherin

The analysis of E‐, N‐ and P‐cadherin expression has been conducted in human MCCs and in
Merkel cells of the healthy epidermis. It has shown the high level of N‐cadherin expression in
all MCCs with a simultaneous lack of immunoreactivity in the healthy epidermis. The strong
E‐ and P‐cadherin positive reaction of Merkel cells and only partial positive immunoreaction
for both cadherins in MCCs have also been shown. These results have suggested that ‘cadherin
switch’ takes place also during Merkel cells neoplastic transformation. Additionally, the loss
of P‐cadherin expression in MCCs has been linked with a more advanced clinical stages, while
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The experiments with induced E‐cadherin suppression in Ras‐transformed keratinocytes have
revealed the importance of E‐cadherin role in SCC neoplastic transformation. E‐cadherin
absence has increased Src activity leading to the up‐regulated expression of FAK that sup‐
ported the progression of tumour malignancy also by the following deregulation of E‐
cadherin‐dependent adhesion [72].

In melanoma, cadherin switch has been widely described but its molecular mechanism is still
not fully explained. To deal with this, Hao et al. [73] using a set of melanoma cell lines from
different stages of progression have analysed the expression profile of E‐ and N‐cadherin,
PI3K/PTEN pathway components and Snail, Slug and Twist transcription factors. They have
shown the correlation between the loss of PTEN activity and E‐ to N‐cadherin switch. The
observed cadherin changes have been regulated at the transcriptional level by Twist and Snail,
which activity in PTEN‐null cells was stimulated by constitutively active PI3K. It has also been
reported that the membranous localization of E‐cadherin is not controlled by PI3K/PTEN but
more likely depends on cadherin‐β‐catenin interaction [73]. The study on a vast range of
primary melanoma tissue samples has confirmed the correlation between down‐regulated
PTEN expression and ‘cadherin switch’. Additionally, this study has shown the linkage of these
markers with melanoma progression parameter, that is, Breslow thickness of primary tumours,
ulceration and tumour stage. The immunohistochemical detection of E‐ and N‐cadherin as
well as PTEN has been conducted and the statistical analysis of results has shown that E‐
cadherin, unlike N‐cadherin, possesses a predictor value. Low E‐cadherin expression level has
been correlated with a better survival prognosis, without relapses and distant metastasis [74].

Cadherin‐mediated adhesion is regarded as a dynamic process adapting to the epithelial tissue
remodelling during development and wound healing but also during carcinogenesis. Con‐
sidering this fact, the proteolytic cleavage of E‐cadherin has been suggested as a mechanism
of rapid adhesion changes. The role in E‐cadherin shedding has been attributed to different
ADAMs (a disintegrin‐like and metalloproteinase) and MMPs (matrix metalloproteinases)
[75]. As a result of its action, a decreased membranous E‐cadherin expression and an increased
level of 80‐kDa soluble E‐cadherin fragment (sE‐cadherin) in tumour microenvironment have
been reported in human SCC clinical tissue samples and SCC mouse model. Moreover, sE‐
cadherin binding with HER/IGF‐1R has been observed, and the consequent initiation of pro‐
oncogenic signalling, resulting in cancer cell migration, proliferation and invasion, has been
reported. Thus, the sE‐cadherin has been suggested as a potential therapeutic target in skin
cancer treatment [76]. The potential therapeutic value of anti‐sE‐cadherin antibody has been
suggested in SCC model PAM212 cell line. This antibody has inhibited tumour growth,
enhanced cell death and silenced the pro‐survival pathways by the inhibition of proto‐
oncogenes (RTKs, IAPs and MDM2) and stimulation of tumour suppressor genes (PTEN and
p53) [77].

The diagnostic usefulness of E‐cadherin expression changes has been determined for mela‐
noma versus Spitz tumours distinction (Spitz tumour; a benign cutaneous melanocytic
tumour). Such distinction is often problematic because of poor reproducibility of Spitz tumour
features and therefore unequivocally delineated diagnostic criteria. The obtained results have
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suggested that the quantitative differences rather than qualitative irregularities in E‐cadherin
immunoreactivity could have diagnostic potential [78].

Studies in a variety of melanoma cell lines have shown that the restoration of E‐cadherin
expression leads to the renewing of communication with keratinocytes and inhibition of
melanoma cells invasion [79]. E‐cadherin‐restored expression has also been observed in SCC
cells treated with flavonoids. Highly invasive A431‐III cells selected from the parental A341
cell line have been analysed. The invasive potential of A341‐III cells has been attributed to their
mesenchymal‐like phenotype resulting from ‘cadherin switch’. Cells have been treated with
plant flavonoids: luteolin and quercetin. They are known for their anticancer activity resulting
in the inhibition of cell growth, induction of apoptosis and differentiation, as well as the
diminution of tumour angiogenesis, cancer cells adhesion, invasion and metastasis. As an
effect, A341‐III cells have remodelled their morphology to more epithelial‐like. It was accom‐
panied by changes in the EMT markers expression level, including down‐regulation of N‐
cadherin and up‐regulation of E‐cadherin, leading to the renovation of the cell‐cell junctions.
Therefore, both flavonoids used have been suggested to have chemopreventive, anticancero‐
genic or chemotherapeutic activity, mainly through their EMT‐reverting potential [80].

2.3.2. P-cadherin

The role of P‐cadherin in carcinogenesis is ambiguous. It has been shown to promote the
invasive behaviour of cancer cells; however, in melanoma it has been reported as a tumour
growth suppressor [81]. Clinical data have shown that in general, melanocytic cells in com‐
pound nevi and melanomas express E‐ and P‐cadherins; however, a reduction in the expression
thereof has been observed in correlation to the depth of melanoma cells dermal localization.
It has been suggested that this loss represents melanoma cells’ adaptation to the changed
microenvironment of the dermis and makes them less dependent on microenvironmental
stimulation leading to the increased cell proliferation and melanoma progression [82].
Additionally, the potential usefulness of P‐cadherin as a prognostic marker for immunohisto‐
chemical detection and diagnosis in patients with primary melanoma of less than 2‐mm
tumour thickness has been suggested [83]. In melanoma, the alteration of P‐cadherin expres‐
sion in a tissue section of different stages has been shown together with its switch from
membranous to cytoplasmic localization. These changes have strongly correlated with
patient’s survival prognosis, suggesting P‐cadherin as a useful marker of melanoma progres‐
sion [84].

2.3.3. N-cadherin

The analysis of E‐, N‐ and P‐cadherin expression has been conducted in human MCCs and in
Merkel cells of the healthy epidermis. It has shown the high level of N‐cadherin expression in
all MCCs with a simultaneous lack of immunoreactivity in the healthy epidermis. The strong
E‐ and P‐cadherin positive reaction of Merkel cells and only partial positive immunoreaction
for both cadherins in MCCs have also been shown. These results have suggested that ‘cadherin
switch’ takes place also during Merkel cells neoplastic transformation. Additionally, the loss
of P‐cadherin expression in MCCs has been linked with a more advanced clinical stages, while
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suggested in SCC model PAM212 cell line. This antibody has inhibited tumour growth,
enhanced cell death and silenced the pro‐survival pathways by the inhibition of proto‐
oncogenes (RTKs, IAPs and MDM2) and stimulation of tumour suppressor genes (PTEN and
p53) [77].

The diagnostic usefulness of E‐cadherin expression changes has been determined for mela‐
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tumour). Such distinction is often problematic because of poor reproducibility of Spitz tumour
features and therefore unequivocally delineated diagnostic criteria. The obtained results have
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suggested that the quantitative differences rather than qualitative irregularities in E‐cadherin
immunoreactivity could have diagnostic potential [78].

Studies in a variety of melanoma cell lines have shown that the restoration of E‐cadherin
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cell line have been analysed. The invasive potential of A341‐III cells has been attributed to their
mesenchymal‐like phenotype resulting from ‘cadherin switch’. Cells have been treated with
plant flavonoids: luteolin and quercetin. They are known for their anticancer activity resulting
in the inhibition of cell growth, induction of apoptosis and differentiation, as well as the
diminution of tumour angiogenesis, cancer cells adhesion, invasion and metastasis. As an
effect, A341‐III cells have remodelled their morphology to more epithelial‐like. It was accom‐
panied by changes in the EMT markers expression level, including down‐regulation of N‐
cadherin and up‐regulation of E‐cadherin, leading to the renovation of the cell‐cell junctions.
Therefore, both flavonoids used have been suggested to have chemopreventive, anticancero‐
genic or chemotherapeutic activity, mainly through their EMT‐reverting potential [80].

2.3.2. P-cadherin

The role of P‐cadherin in carcinogenesis is ambiguous. It has been shown to promote the
invasive behaviour of cancer cells; however, in melanoma it has been reported as a tumour
growth suppressor [81]. Clinical data have shown that in general, melanocytic cells in com‐
pound nevi and melanomas express E‐ and P‐cadherins; however, a reduction in the expression
thereof has been observed in correlation to the depth of melanoma cells dermal localization.
It has been suggested that this loss represents melanoma cells’ adaptation to the changed
microenvironment of the dermis and makes them less dependent on microenvironmental
stimulation leading to the increased cell proliferation and melanoma progression [82].
Additionally, the potential usefulness of P‐cadherin as a prognostic marker for immunohisto‐
chemical detection and diagnosis in patients with primary melanoma of less than 2‐mm
tumour thickness has been suggested [83]. In melanoma, the alteration of P‐cadherin expres‐
sion in a tissue section of different stages has been shown together with its switch from
membranous to cytoplasmic localization. These changes have strongly correlated with
patient’s survival prognosis, suggesting P‐cadherin as a useful marker of melanoma progres‐
sion [84].

2.3.3. N-cadherin

The analysis of E‐, N‐ and P‐cadherin expression has been conducted in human MCCs and in
Merkel cells of the healthy epidermis. It has shown the high level of N‐cadherin expression in
all MCCs with a simultaneous lack of immunoreactivity in the healthy epidermis. The strong
E‐ and P‐cadherin positive reaction of Merkel cells and only partial positive immunoreaction
for both cadherins in MCCs have also been shown. These results have suggested that ‘cadherin
switch’ takes place also during Merkel cells neoplastic transformation. Additionally, the loss
of P‐cadherin expression in MCCs has been linked with a more advanced clinical stages, while
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its expression has been significantly more frequent in primary MCC [64]. The study of Vlahova
and co‐workers has shown the similarity in P‐cadherin immunoreactivity between primary
tumours and distance metastasis of MCCs, while the lymph node metastases have exhibited
a lower level of P‐cadherin expression. Additionally, the analysis suggested that the membra‐
nous expression of P‐cadherin in MCCs positively correlates with a prolonged survival
prognosis [85]. Depending on the expressed cadherin type, melanoma cells, compared to
melanocytes, have been shown to possess different preferences in cell‐cell communication.
Melanocytes interact mostly with their neighbouring keratinocytes, while melanoma cells
preferentially form their gap junction with fibroblasts and among themselves. It has also been
observed that gap junction could be established between melanoma cells and N‐cadherin
expressing endothelial cells, suggesting that the gap junction formation is rather dependent
on N‐cadherin expression than cell‐type‐specific [79]. N‐cadherin‐dependent heterotypic cell‐
cell adhesion has been described between fibroblasts and WM1205Lu melanoma cells with
Smad7 overexpression. In this model, cells have been arrested in their invasion abilities. It has
been suggested that the subsequent loss of N‐cadherin expression during the following steps
of melanoma progression may be a key factor for metastasis formation, because melanoma
cells by losing their interaction with fibroblasts become able to migrate to distant metastatic
sites, and after that N‐cadherin expression can be restored [86]. Additionally, the role of N‐
cadherin expression for primary (WM793, WM115) and malignant melanoma cells
(WM1205Lu, WM266‐4 cell lines) proliferation has been analysed with the use of specific N‐
cadherin siRNA. The observed decrease in N‐cadherin expression level up‐regulates the cell
cycle inhibitors p15, p16, p21 and p27 expression leading to cell cycle arrest in G1 phase and
significantly down‐regulates AKT, ERK and β‐catenin signalling, resulting in the inhibition of
cell proliferation [87].

2.3.4. T-cadherin

During malignant transformation of melanocytes, the expression of T‐cadherin on both mRNA
and protein levels decreases, mainly due to the repression of CDH13 promoter activity by
BRN2 transcription factor [36], and finally disappears in human malignant melanomas [88].
Down‐regulation of T‐cadherin expression is accompanied by a higher growth, proliferation,
migration and invasion of malignant cells in vitro. Re‐expression of T‐cadherin in human
melanoma cells, via stable transfection, draws back these effects in vitro and in a xenograft
mouse model in vivo [89]. Re‐expression of T‐cadherin also elevates the apoptotic rate of
melanoma cells in vitro through down‐regulation of AKT and FoxO3a, which is in turn
accompanied by the down‐regulation of anti‐apoptotic molecules BCL‐2, BCL‐x and clustering
from one site and deactivation of transcription factors CREB and AP‐1 from another site [90].
Furthermore, ectopic up‐regulated T‐cadherin sensitizes the apoptosis induced by treatment
with CD95/Fas antibody CH‐11 [90]. Contradictory results have been demonstrated for a fully
mouse model of melanoma, where up‐regulated T‐cadherin acted oppositely at the same time:
as a positive and a negative regulator of mouse melanoma development [91]. Namely, it has
been shown that the overexpression of T‐cadherin in B16F10 mouse melanoma promotes
primary tumour growth due to the recruitment of mesenchymal stromal cells, as well as
enhances cell motility, invasiveness and metastasis formation in BDF1 mice in parallel with the
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inhibition of neovascularization of primary melanoma sites [91]. This apparent discrepancy
has been explained by the recent study, which showed that in the species‐specific environment
T‐cadherin‐overexpressed melanoma cells up‐regulated the level of pro‐oncogenic integrins,
chemokines, adhesion molecules and extracellular matrix components, which in turn in‐
creased the invasive potential of tumour cells [92]. It is believed that T‐cadherin is an endog‐
enous suppressor of keratinocyte proliferation by delaying the G2/M phase progression [93].
It has been shown that T‐cadherin is also a suppressor of keratinocyte migration and invasion,
and the inactivation of T‐cadherin, through allelic loss or hypermethylation of a gene‐promoter
region, may induce keratinocyte‐derived aggressive epithelial tumours with high metastatic
potential [94]. Inverse correlations between T‐cadherin expression and pre‐cancerous (AK,
BD), benign (KA) and malignant skin diseases (invasive SCC and BCC) have been well
documented in immunohistochemical and in vitro studies [88, 95–98]. In other works, the
expression of T‐cadherin was found to be higher in superficial, nodular or infiltrative BCCs
[99] as well as in differentiated/primary SCCs [100] than in normal keratinocytes; however, it
was mainly restricted to the leading fronts of the tumours, where the up‐regulated T‐cadherin
induced a morphological spread and inhibited cell invasive potential [100]. It has been shown
that ectopic up‐regulation of T‐cadherin increased SCC cell‐matrix adhesiveness by promoting
the retention of both β1 integrin and epidermal growth factor receptor (EGFR) in lipid raft
domains, and by increasing integrin β1‐activation in parallel with the suppression of tyrosine
phosphorylation of EGFR [101, 102].

The molecular mechanisms underlying T‐cadherin function as a guardian maintaining a non‐
invasive phenotype of keratinocytes are different from those typically associated with EMT
and consist in the indirect negative regulation of EGFR pathway activity; gain or loss of T‐
cadherin expression switches EGFR signalling off or on, respectively. On the other hand, loss
of T‐cadherin in SCC may lead to ligand‐dependent EGFR hyperactivation and acquiring
invasive and aggressive phenotype [102]. It has been shown that co‐culture of SCC cells with
epithelial cells stimulated ECs to produce EGF [103], which in turn facilitated transendothelial
migration of T‐cadherin‐silenced cells, and their growth within the invaded stroma [104]. In
human A431 cells (SCC), EGF‐induced phosphorylation of EGFR and resulting downstream
signalling through p38MAPK, Erk1/2 and Rac1 contributed to the re‐localization of T‐cadherin
within the plasma membrane from dispersed to focused in intercellular junctions, where it
indirectly co‐localizes with activated EGFR. Being in complex with p‐EGFR, T‐cadherin acts
as an attenuator for EGFR signalling and its loss shifts the balance between Erk1/2‐p38MAPK
in favour of Erk1/2 activity [104]. In this way, plasma membrane‐associated T‐cadherin
functions as a regulatory factor, which promotes or represses EGF effects mediated by MAP
kinases.

2.3.5. Proteins interacting with cadherins

Cadherins as adhesion receptors are players in the interdependent adhesion network and it is
still an issue to decipher the mechanism of their direct interaction with other adhesion proteins.
Studies show that E‐ and N‐cadherins participate in the adhesion along with integrins and
their interaction with α2β1‐integrin has been examined in melanoma cell line and tissue
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its expression has been significantly more frequent in primary MCC [64]. The study of Vlahova
and co‐workers has shown the similarity in P‐cadherin immunoreactivity between primary
tumours and distance metastasis of MCCs, while the lymph node metastases have exhibited
a lower level of P‐cadherin expression. Additionally, the analysis suggested that the membra‐
nous expression of P‐cadherin in MCCs positively correlates with a prolonged survival
prognosis [85]. Depending on the expressed cadherin type, melanoma cells, compared to
melanocytes, have been shown to possess different preferences in cell‐cell communication.
Melanocytes interact mostly with their neighbouring keratinocytes, while melanoma cells
preferentially form their gap junction with fibroblasts and among themselves. It has also been
observed that gap junction could be established between melanoma cells and N‐cadherin
expressing endothelial cells, suggesting that the gap junction formation is rather dependent
on N‐cadherin expression than cell‐type‐specific [79]. N‐cadherin‐dependent heterotypic cell‐
cell adhesion has been described between fibroblasts and WM1205Lu melanoma cells with
Smad7 overexpression. In this model, cells have been arrested in their invasion abilities. It has
been suggested that the subsequent loss of N‐cadherin expression during the following steps
of melanoma progression may be a key factor for metastasis formation, because melanoma
cells by losing their interaction with fibroblasts become able to migrate to distant metastatic
sites, and after that N‐cadherin expression can be restored [86]. Additionally, the role of N‐
cadherin expression for primary (WM793, WM115) and malignant melanoma cells
(WM1205Lu, WM266‐4 cell lines) proliferation has been analysed with the use of specific N‐
cadherin siRNA. The observed decrease in N‐cadherin expression level up‐regulates the cell
cycle inhibitors p15, p16, p21 and p27 expression leading to cell cycle arrest in G1 phase and
significantly down‐regulates AKT, ERK and β‐catenin signalling, resulting in the inhibition of
cell proliferation [87].

2.3.4. T-cadherin

During malignant transformation of melanocytes, the expression of T‐cadherin on both mRNA
and protein levels decreases, mainly due to the repression of CDH13 promoter activity by
BRN2 transcription factor [36], and finally disappears in human malignant melanomas [88].
Down‐regulation of T‐cadherin expression is accompanied by a higher growth, proliferation,
migration and invasion of malignant cells in vitro. Re‐expression of T‐cadherin in human
melanoma cells, via stable transfection, draws back these effects in vitro and in a xenograft
mouse model in vivo [89]. Re‐expression of T‐cadherin also elevates the apoptotic rate of
melanoma cells in vitro through down‐regulation of AKT and FoxO3a, which is in turn
accompanied by the down‐regulation of anti‐apoptotic molecules BCL‐2, BCL‐x and clustering
from one site and deactivation of transcription factors CREB and AP‐1 from another site [90].
Furthermore, ectopic up‐regulated T‐cadherin sensitizes the apoptosis induced by treatment
with CD95/Fas antibody CH‐11 [90]. Contradictory results have been demonstrated for a fully
mouse model of melanoma, where up‐regulated T‐cadherin acted oppositely at the same time:
as a positive and a negative regulator of mouse melanoma development [91]. Namely, it has
been shown that the overexpression of T‐cadherin in B16F10 mouse melanoma promotes
primary tumour growth due to the recruitment of mesenchymal stromal cells, as well as
enhances cell motility, invasiveness and metastasis formation in BDF1 mice in parallel with the
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inhibition of neovascularization of primary melanoma sites [91]. This apparent discrepancy
has been explained by the recent study, which showed that in the species‐specific environment
T‐cadherin‐overexpressed melanoma cells up‐regulated the level of pro‐oncogenic integrins,
chemokines, adhesion molecules and extracellular matrix components, which in turn in‐
creased the invasive potential of tumour cells [92]. It is believed that T‐cadherin is an endog‐
enous suppressor of keratinocyte proliferation by delaying the G2/M phase progression [93].
It has been shown that T‐cadherin is also a suppressor of keratinocyte migration and invasion,
and the inactivation of T‐cadherin, through allelic loss or hypermethylation of a gene‐promoter
region, may induce keratinocyte‐derived aggressive epithelial tumours with high metastatic
potential [94]. Inverse correlations between T‐cadherin expression and pre‐cancerous (AK,
BD), benign (KA) and malignant skin diseases (invasive SCC and BCC) have been well
documented in immunohistochemical and in vitro studies [88, 95–98]. In other works, the
expression of T‐cadherin was found to be higher in superficial, nodular or infiltrative BCCs
[99] as well as in differentiated/primary SCCs [100] than in normal keratinocytes; however, it
was mainly restricted to the leading fronts of the tumours, where the up‐regulated T‐cadherin
induced a morphological spread and inhibited cell invasive potential [100]. It has been shown
that ectopic up‐regulation of T‐cadherin increased SCC cell‐matrix adhesiveness by promoting
the retention of both β1 integrin and epidermal growth factor receptor (EGFR) in lipid raft
domains, and by increasing integrin β1‐activation in parallel with the suppression of tyrosine
phosphorylation of EGFR [101, 102].

The molecular mechanisms underlying T‐cadherin function as a guardian maintaining a non‐
invasive phenotype of keratinocytes are different from those typically associated with EMT
and consist in the indirect negative regulation of EGFR pathway activity; gain or loss of T‐
cadherin expression switches EGFR signalling off or on, respectively. On the other hand, loss
of T‐cadherin in SCC may lead to ligand‐dependent EGFR hyperactivation and acquiring
invasive and aggressive phenotype [102]. It has been shown that co‐culture of SCC cells with
epithelial cells stimulated ECs to produce EGF [103], which in turn facilitated transendothelial
migration of T‐cadherin‐silenced cells, and their growth within the invaded stroma [104]. In
human A431 cells (SCC), EGF‐induced phosphorylation of EGFR and resulting downstream
signalling through p38MAPK, Erk1/2 and Rac1 contributed to the re‐localization of T‐cadherin
within the plasma membrane from dispersed to focused in intercellular junctions, where it
indirectly co‐localizes with activated EGFR. Being in complex with p‐EGFR, T‐cadherin acts
as an attenuator for EGFR signalling and its loss shifts the balance between Erk1/2‐p38MAPK
in favour of Erk1/2 activity [104]. In this way, plasma membrane‐associated T‐cadherin
functions as a regulatory factor, which promotes or represses EGF effects mediated by MAP
kinases.

2.3.5. Proteins interacting with cadherins

Cadherins as adhesion receptors are players in the interdependent adhesion network and it is
still an issue to decipher the mechanism of their direct interaction with other adhesion proteins.
Studies show that E‐ and N‐cadherins participate in the adhesion along with integrins and
their interaction with α2β1‐integrin has been examined in melanoma cell line and tissue
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its expression has been significantly more frequent in primary MCC [64]. The study of Vlahova
and co‐workers has shown the similarity in P‐cadherin immunoreactivity between primary
tumours and distance metastasis of MCCs, while the lymph node metastases have exhibited
a lower level of P‐cadherin expression. Additionally, the analysis suggested that the membra‐
nous expression of P‐cadherin in MCCs positively correlates with a prolonged survival
prognosis [85]. Depending on the expressed cadherin type, melanoma cells, compared to
melanocytes, have been shown to possess different preferences in cell‐cell communication.
Melanocytes interact mostly with their neighbouring keratinocytes, while melanoma cells
preferentially form their gap junction with fibroblasts and among themselves. It has also been
observed that gap junction could be established between melanoma cells and N‐cadherin
expressing endothelial cells, suggesting that the gap junction formation is rather dependent
on N‐cadherin expression than cell‐type‐specific [79]. N‐cadherin‐dependent heterotypic cell‐
cell adhesion has been described between fibroblasts and WM1205Lu melanoma cells with
Smad7 overexpression. In this model, cells have been arrested in their invasion abilities. It has
been suggested that the subsequent loss of N‐cadherin expression during the following steps
of melanoma progression may be a key factor for metastasis formation, because melanoma
cells by losing their interaction with fibroblasts become able to migrate to distant metastatic
sites, and after that N‐cadherin expression can be restored [86]. Additionally, the role of N‐
cadherin expression for primary (WM793, WM115) and malignant melanoma cells
(WM1205Lu, WM266‐4 cell lines) proliferation has been analysed with the use of specific N‐
cadherin siRNA. The observed decrease in N‐cadherin expression level up‐regulates the cell
cycle inhibitors p15, p16, p21 and p27 expression leading to cell cycle arrest in G1 phase and
significantly down‐regulates AKT, ERK and β‐catenin signalling, resulting in the inhibition of
cell proliferation [87].

2.3.4. T-cadherin

During malignant transformation of melanocytes, the expression of T‐cadherin on both mRNA
and protein levels decreases, mainly due to the repression of CDH13 promoter activity by
BRN2 transcription factor [36], and finally disappears in human malignant melanomas [88].
Down‐regulation of T‐cadherin expression is accompanied by a higher growth, proliferation,
migration and invasion of malignant cells in vitro. Re‐expression of T‐cadherin in human
melanoma cells, via stable transfection, draws back these effects in vitro and in a xenograft
mouse model in vivo [89]. Re‐expression of T‐cadherin also elevates the apoptotic rate of
melanoma cells in vitro through down‐regulation of AKT and FoxO3a, which is in turn
accompanied by the down‐regulation of anti‐apoptotic molecules BCL‐2, BCL‐x and clustering
from one site and deactivation of transcription factors CREB and AP‐1 from another site [90].
Furthermore, ectopic up‐regulated T‐cadherin sensitizes the apoptosis induced by treatment
with CD95/Fas antibody CH‐11 [90]. Contradictory results have been demonstrated for a fully
mouse model of melanoma, where up‐regulated T‐cadherin acted oppositely at the same time:
as a positive and a negative regulator of mouse melanoma development [91]. Namely, it has
been shown that the overexpression of T‐cadherin in B16F10 mouse melanoma promotes
primary tumour growth due to the recruitment of mesenchymal stromal cells, as well as
enhances cell motility, invasiveness and metastasis formation in BDF1 mice in parallel with the
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inhibition of neovascularization of primary melanoma sites [91]. This apparent discrepancy
has been explained by the recent study, which showed that in the species‐specific environment
T‐cadherin‐overexpressed melanoma cells up‐regulated the level of pro‐oncogenic integrins,
chemokines, adhesion molecules and extracellular matrix components, which in turn in‐
creased the invasive potential of tumour cells [92]. It is believed that T‐cadherin is an endog‐
enous suppressor of keratinocyte proliferation by delaying the G2/M phase progression [93].
It has been shown that T‐cadherin is also a suppressor of keratinocyte migration and invasion,
and the inactivation of T‐cadherin, through allelic loss or hypermethylation of a gene‐promoter
region, may induce keratinocyte‐derived aggressive epithelial tumours with high metastatic
potential [94]. Inverse correlations between T‐cadherin expression and pre‐cancerous (AK,
BD), benign (KA) and malignant skin diseases (invasive SCC and BCC) have been well
documented in immunohistochemical and in vitro studies [88, 95–98]. In other works, the
expression of T‐cadherin was found to be higher in superficial, nodular or infiltrative BCCs
[99] as well as in differentiated/primary SCCs [100] than in normal keratinocytes; however, it
was mainly restricted to the leading fronts of the tumours, where the up‐regulated T‐cadherin
induced a morphological spread and inhibited cell invasive potential [100]. It has been shown
that ectopic up‐regulation of T‐cadherin increased SCC cell‐matrix adhesiveness by promoting
the retention of both β1 integrin and epidermal growth factor receptor (EGFR) in lipid raft
domains, and by increasing integrin β1‐activation in parallel with the suppression of tyrosine
phosphorylation of EGFR [101, 102].

The molecular mechanisms underlying T‐cadherin function as a guardian maintaining a non‐
invasive phenotype of keratinocytes are different from those typically associated with EMT
and consist in the indirect negative regulation of EGFR pathway activity; gain or loss of T‐
cadherin expression switches EGFR signalling off or on, respectively. On the other hand, loss
of T‐cadherin in SCC may lead to ligand‐dependent EGFR hyperactivation and acquiring
invasive and aggressive phenotype [102]. It has been shown that co‐culture of SCC cells with
epithelial cells stimulated ECs to produce EGF [103], which in turn facilitated transendothelial
migration of T‐cadherin‐silenced cells, and their growth within the invaded stroma [104]. In
human A431 cells (SCC), EGF‐induced phosphorylation of EGFR and resulting downstream
signalling through p38MAPK, Erk1/2 and Rac1 contributed to the re‐localization of T‐cadherin
within the plasma membrane from dispersed to focused in intercellular junctions, where it
indirectly co‐localizes with activated EGFR. Being in complex with p‐EGFR, T‐cadherin acts
as an attenuator for EGFR signalling and its loss shifts the balance between Erk1/2‐p38MAPK
in favour of Erk1/2 activity [104]. In this way, plasma membrane‐associated T‐cadherin
functions as a regulatory factor, which promotes or represses EGF effects mediated by MAP
kinases.

2.3.5. Proteins interacting with cadherins

Cadherins as adhesion receptors are players in the interdependent adhesion network and it is
still an issue to decipher the mechanism of their direct interaction with other adhesion proteins.
Studies show that E‐ and N‐cadherins participate in the adhesion along with integrins and
their interaction with α2β1‐integrin has been examined in melanoma cell line and tissue
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microarray and tissue section. Simultaneous expression of E‐ and N‐cadherins with α2β1‐
integrin has been reported in numerous primary and metastatic melanoma cells, and the
differentiated localization of such complexes has been observed suggesting their independ‐
ency. It has also been suggested that α2β1‐integrin/N‐cadherin complex interplays in the
regulation of melanoma cells invasion and migration, while the α2β1‐integrin/E‐cadherin
complex affects cell‐cell adhesion [105].

Another receptor cross‐talking with E‐cadherin is EGFR, which overexpression has been
commonly reported in many types of cancer, including skin cancer, and this interaction is of
particular interest regarding tumour progression. The association between both receptors is
realized via domain of β‐catenin, which has been shown to participate in ligand‐induced E‐
cadherin signalling resulting in the inhibition of EGF‐dependent cell growth. It has been
suggested that homophilic binding of E‐cadherin interrupts the activation‐signalling pathway
subsequent to EGFR without blocking receptor activation [106]. On the other hand, activated
EGFR has been described as an upstream regulator of Twist expression leading to its overex‐
pression and alternating E‐cadherin down‐regulation together with EMT of SCC cells. These
observations have suggested mutual regulation between E‐cadherin and EGFR [107]. Addi‐
tionally, the analysis of head and neck SCC has revealed that E‐cadherin loss is accompanied
by the transcriptional up‐regulation of EGFR and results in the increased cell proliferation due
to enhanced EGFR signalling [108]. EGFR has also been reported to regulate E‐cadherin‐
dependent cell‐cell adhesion by the modulation of E‐cadherin assembly with actin cytoskele‐
ton and vinculin, and EGFR activation has led to the distraction of cadherin‐vinculin‐actin
complexes [109].

Interesting interaction has also been described between E‐cadherin and caveolin‐1, which is
generally recognized as a tumour suppressor; however, its contribution to metastasis forma‐
tion has also been described. In melanoma cells, the co‐expression and observed co‐localization
of E‐cadherin and caveolin‐1 have resulted in the decreased cell proliferation, enhanced cell
death and reduced subcutaneous tumour growth. Despite the reduced E‐cadherin expression,
related with ‘cadherin switch’ occurring in melanoma progression, caveolin‐1 expression has
increased in the analysed metastatic melanomas and correlated with higher tumour malig‐
nancy. Due to collectively observed N‐cadherin expression, their potential cooperation with
caveolin‐1 in lung metastasis formation has been suggested [110].

3. Alterations in glycophenotype of cells in skin cancers

Nowadays, instead of the conventional histopathological diagnosis, the antibody or lectin
histochemistry approaches are used to distinguish between normal, pre‐neoplastic, benign
and malignant skin tissues and to improve a quantitative assessment of cancer progression
[111]. For example, AK, KA, SCC and BCC show lower expression of high mannose‐type
and/or hybrid‐type N‐glycans as well as fucose α1,2‐linked to galactose residue (H antigen)
compared to normal tissue. However, cutaneous tumours (SCC, BCC, invasive melanoma)
display higher expression of truncated mucin‐type O‐glycan, that is, T antigen (Galβ1‐3Gal‐
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NAc residue) than normal tissue [111–113]. Mannose‐type and/or hybrid‐type N‐glycans
and T antigen can be used as markers for the distinction between BCC and TE [111]. Higher‐
expression levels of β‐galactoside α‐2,3 sialyltransferase (ST3Gal I) and higher cell‐surface
reactivity with Maackia amurensis agglutinin (MAA), which recognizes sialic acid α2,3‐linked
to Gal residue, allow to distinguish AK and SCC from KA, BCC and normal epidermis [113,
114]. MCCs do not show expression of neither α2,3‐linked sialic acid nor H antigen [115]. By
contrast, the expression of β‐galactoside α‐2,6‐sialyltransferase (ST6Gal I) is higher in skin
tumours with a greater potential for invasion and metastasis, as in the case of SCC, BCC and
melanoma [114, 116]. The difference in the expression level of α2,6‐linked sialic acid distin‐
guishes premalignant AK stage from the invasive SCC stage of skin cancer. Unlike the nor‐
mal and non‐malignant epidermis, pre‐malignant biopsies and malignant cells from patients
with BCC and SCC are positive with the sialylated Lea structure [117]. Additional O‐acetyla‐
tion at C‐9 of sialic acid residue is prominent in melanoma and BCC [116]. It has been shown
that very intense binding of mistletoe lectin I (ML‐I; which is specific for galactose and
Neu5Acα2‐6Galβ‐) and of Helix pomatia agglutinin (HPA; it selectively binds to T and Tn an‐
tigens) was positively correlated with the metastasis of melanoma and were not expressed in
benign nevus cells, and thus they are predictors of poor prognosis [118–120].

4. Glycosylation of cadherins the skin cancers

Cadherins, like other adhesion proteins, are strongly glycosylated, as they possessed a number
of potential N‐glycosylation sites in their extracellular domain and O‐glycosylation sites in the
cytoplasmic domain. Based on the analysis of amino acid sequence, human E‐cadherin
possesses four potential N‐glycosylation sites in its extracellular domain, located at Asn
residues 554, 566, 618 and 633 [28], in EC4 and EC5 [121]. N‐cadherin ectodomain has been
reported to contain eight potential N‐glycosylation sites, but only three of them, located in EC2
and EC3, were effectively N‐glycosylated [122].

Despite the described redundancy of possible N‐glycosylation sites, it has been shown that up
to 20% of total molecular mass of cadherin may come from the N‐glycan component, and it is
the most prominent cadherin post‐translational modification. In a culture, more abundant N‐
glycosylation of E‐cadherin has been observed in sparsely growing cells than in dense ones.
E‐cadherin from sparse cultures has been shown to possess mainly complex‐type and lack the
high mannose‐type N‐glycans. On the contrary, N‐glycans of E‐cadherin from cells growing
in a dense culture have composed mainly of high mannose‐type and only small amounts of
complex‐type N‐glycans have been detected. Furthermore, the differences in E‐cadherin
turnover have been reported in respect to its glycosylation status. In general, the level of E‐
cadherin expression in a dense culture is lowered. Also, the constitution and stability of AJs
have been affected by E‐cadherin changed N‐glycans structure and quantity. The high level of
E‐cadherin N‐glycosylation in a sparse culture has led to unstable adhesion and it has been
correlated with cell proliferation. On the other hand, in a dense culture, E‐cadherin decoration
with high mannose‐type N‐glycans has resulted in the formation of stable AJs and stronger
adhesion [10].
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microarray and tissue section. Simultaneous expression of E‐ and N‐cadherins with α2β1‐
integrin has been reported in numerous primary and metastatic melanoma cells, and the
differentiated localization of such complexes has been observed suggesting their independ‐
ency. It has also been suggested that α2β1‐integrin/N‐cadherin complex interplays in the
regulation of melanoma cells invasion and migration, while the α2β1‐integrin/E‐cadherin
complex affects cell‐cell adhesion [105].
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cadherin signalling resulting in the inhibition of EGF‐dependent cell growth. It has been
suggested that homophilic binding of E‐cadherin interrupts the activation‐signalling pathway
subsequent to EGFR without blocking receptor activation [106]. On the other hand, activated
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ton and vinculin, and EGFR activation has led to the distraction of cadherin‐vinculin‐actin
complexes [109].

Interesting interaction has also been described between E‐cadherin and caveolin‐1, which is
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that very intense binding of mistletoe lectin I (ML‐I; which is specific for galactose and
Neu5Acα2‐6Galβ‐) and of Helix pomatia agglutinin (HPA; it selectively binds to T and Tn an‐
tigens) was positively correlated with the metastasis of melanoma and were not expressed in
benign nevus cells, and thus they are predictors of poor prognosis [118–120].
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Cadherins, like other adhesion proteins, are strongly glycosylated, as they possessed a number
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possesses four potential N‐glycosylation sites in its extracellular domain, located at Asn
residues 554, 566, 618 and 633 [28], in EC4 and EC5 [121]. N‐cadherin ectodomain has been
reported to contain eight potential N‐glycosylation sites, but only three of them, located in EC2
and EC3, were effectively N‐glycosylated [122].

Despite the described redundancy of possible N‐glycosylation sites, it has been shown that up
to 20% of total molecular mass of cadherin may come from the N‐glycan component, and it is
the most prominent cadherin post‐translational modification. In a culture, more abundant N‐
glycosylation of E‐cadherin has been observed in sparsely growing cells than in dense ones.
E‐cadherin from sparse cultures has been shown to possess mainly complex‐type and lack the
high mannose‐type N‐glycans. On the contrary, N‐glycans of E‐cadherin from cells growing
in a dense culture have composed mainly of high mannose‐type and only small amounts of
complex‐type N‐glycans have been detected. Furthermore, the differences in E‐cadherin
turnover have been reported in respect to its glycosylation status. In general, the level of E‐
cadherin expression in a dense culture is lowered. Also, the constitution and stability of AJs
have been affected by E‐cadherin changed N‐glycans structure and quantity. The high level of
E‐cadherin N‐glycosylation in a sparse culture has led to unstable adhesion and it has been
correlated with cell proliferation. On the other hand, in a dense culture, E‐cadherin decoration
with high mannose‐type N‐glycans has resulted in the formation of stable AJs and stronger
adhesion [10].
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to 20% of total molecular mass of cadherin may come from the N‐glycan component, and it is
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Aberrations in N‐oligosaccharides composition are also commonly attributed to cancer
transformation and progression in various types of cancer cells [123]. The biantennary
complex‐type and high mannose‐type oligosaccharides are characteristic for normal cells,
while progressive malignant transformation of cancer cells is accompanied by the synthesis of
more branched (tri‐, tetra‐ or even pentaantennary) N‐glycans of complex‐types, elongated
with poly‐N‐acetyllactosamine chains [124].

There are also some data concerning the abundance and diverse structural composition of N‐
glycans attached to cadherin observed mostly in melanoma among other skin cancers [125–
128] and N‐glycosylation role in cadherin function has been confirmed [29]. O‐glycosylation
of cadherins has also been described, and especially concerning E‐cadherin, their role in the
inhibition of protein trafficking has been suggested [129].

Figure 1. N‐glycan structures detected on N‐cadherin in melanoma. Gal, galactose; GlcNAc, N‐acetylglucosamine; Fuc,
fucose; Man, mannose; and SA, sialic acids.

The changed N‐glycosylation of cadherins (E‐ and N‐cadherin) has been described in mela‐
noma cells of various cell lines [126–128, 130]. However, this problem has not been studied as
extensively as in other types of cancer. The detailed N‐glycans analysis showed that N‐cadherin
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from primary melanoma cells possesses mainly high mannose‐type and biantennary complex‐
type oligosaccharides with α2,6‐linked sialic acids, while N‐cadherin from metastatic cells
possesses mostly tri‐ and tetraantennary complex‐type oligosaccharides, with β1,6‐branches,
highly α‐fucosylated and with α2,3‐linked sialic acids (Figure 1) [126, 128, 130]. Such obser‐
vations are in line with observations that more branched N‐glycans, especially β1,6‐branched
oligosaccharides, are associated with a higher motility of tumour cells and its more invasive
behaviour. In mouse melanoma model B16F10 cells, E‐cadherin was shown to be a target
protein for N‐acetylglucosaminyltransferase III (GnT‐III) action, which is suggested to be a
suppressor of the invasive phenotype. In GnT‐III‐transfected melanoma cells, E‐cadherin has
been found to bear the bisecting GlcNAc structures which prolonged E‐cadherin turnover and
resistance to proteolysis. As an effect, the enhancement of cadherin‐dependent cellular
adhesion leading to the suppression of metastasis has been observed [125].

5. Conclusions

It is commonly accepted that cadherins play a crucial role in cancer progression. Their
expression abnormality taking place in different stages of skin cancer progression as well as
changes in their glycosylation status leading to adhesion impairment precedes tumour cells
dissemination and metastasis formation. The detailed analysis of cadherin‐related glycosy‐
lation changes in cancer cells could be a key for better understanding of the nature of
malignant transformation process and may open new opportunities for the development of
more effective anticancer therapeutics and diagnostic tools.
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Abstract

Limited options exist for inhibitors targeted against melanoma tumors with mutation
subtypes  other  than  BRAF.  We  investigated  the  cytotoxic  activity  of  mitoquinone
(MitoQ), an antioxidant and ubiquinone derivative, on various human melanoma cell
lines, alone or in combination with other agents to perturb cellular bioenergetics. This
lipophilic cation crosses the cell membrane, enters and accumulates in the mitochondria
where it can disrupt mitochondrial function at micromolar concentrations or act as an
antioxidant to preserve membrane integrity at nanomolar concentrations. Consistent
with previous studies, cells treated with 12.5 μM MitoQ show significantly reduced
viability versus control treatments. Although all melanoma cells were susceptible to
cytotoxicity induced by MitoQ, cells with wild-type BRAF were responsive to lower
doses,  compared  to  cells  with  activating  mutations  in  BRAF.  Mechanistically,  the
positively charged lipophilic moiety of the MitoQ induced a dose-dependent collapse
of  the  mitochondrial  membrane  potential  (Δψm)  and  significantly  reduced  the
mitochondrial  ATP production  and reduced oxygen consumption  rate,  suggesting
mitochondrial  dysfunction.  We  also  combined  MitoQ  with  a  glycolytic  lactate
dehydrogenase A inhibitor (FX-11) and observed an enhanced reduction in viability, but
not other therapies examined. To summarize, the data suggest that FX-11 enhances the
cytotoxic effects of MitoQ in cells with wild-type BRAF.
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1. Introduction

Mitoquinone (MitoQ) is a synthetic compound and functional antioxidant that enters the
mitochondria and accumulates there. Low doses thwart lipid peroxidation, whereas doses
above 1 μM can disrupt mitochondria membrane integrity [1, 2]. MitoQ has a ubiquinone
moiety covalently connected through a 10-carbon alkyl chain to a lipophilic cation triphenyl-
phosphonium (TPP+) moiety [3, 4]. Recently, this TPP+ moiety has also been shown to inhibit
the mitochondrial electron transport chain and induce mitochondrial proton leak [5].

However, additional molecular mechanisms by which these lipophilic cations induce antitu-
morigenic effects likely exist. Previously, such mitochondria-targeted lipophilic cations
displayed cytotoxic activity against hepatocellular carcinoma and breast cancer using cell
culture and/or animal models of malignancy [6–8]. Unfortunately, controversy surrounds
whether MitoQ can be utilized to prevent age-associated diseases, since some clinical trials
showed a lack of efficacy in models outside of cancer [9, 10].

The mitochondria are the cell’s powerhouse, responsible for the production of adenosine
triphosphate (ATP), the energy required by the cell, utilizing a process called oxidative
phosphorylation. Although mechanisms of aerobic cellular respiration are far more efficient
in the production of ATP, many tumorigenic cells curiously switch to anaerobic metabolism
(glycolysis) during malignant transformation, despite the presence of oxygen, which can be
referred to as the “Warburg effect” [11]. This abnormal reprogramming of energy metabolism
is therefore a hallmark of cancer [12]. However, not all cancer cells utilize glycolysis, which
provides far less ATP, but at a much faster rate. At least prostate and breast cancers, as well as
leukemias, likely require oxidative phosphorylation [13].

Intriguingly, studies also suggest that melanoma cells are dependent upon oxidative phos-
phorylation and show significantly more oxygen consumption than their normal counterparts,
the melanocytes [13]. Alternatively, other studies suggest that melanoma cells may vacillate
between utilizing either oxidative phosphorylation or glycolysis, depending on the environ-
mental conditions [14]. Since cells found within tumors are highly heterogenic, it is likely that
both conditions could be found at different locations when sampling the same tumor specimen.

Malignant cells reprogram or vacillate their cellular metabolism to meet the anabolic require-
ments for growth and proliferation while also sustaining their survival and viability amid
harsh microenvironments with limited nutrients [15]. Among melanoma cells, this bioener-
getic switch has been suggested to be a direct consequence of an oncogenic activating mutation
in BRAF [13]. This further insinuates that melanomas expressing wild-type BRAF versus
mutant BRAF proteins would respond differently to compounds that target the mitochondria.
Since 2011, the armamentarium has grown tremendously for small molecule inhibitors
targeting BRAF melanomas, including vemurafenib, cobimetinib, dabrafenib, and trametinib,
but there is a lack of targeted therapeutics for those cancer subtypes without the BRAF
mutation.

In this study, we sought to investigate whether MitoQ has cytotoxic activity against human
melanoma cell lines, both wild-type and BRAF mutant melanomas, alone or in combination
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with other agents to perturb cellular bioenergetics. We observed that cells treated with MitoQ
have significantly less viability than controls and display enhanced mitochondrial dysfunction
due to a decrease in mitochondrial metabolism. Our results also demonstrate that the cytotoxic
effect was mediated by the positively charged lipophilic moiety of the MitoQ, since (1-
Decyl)triphenylphosphonium bromide (dTPP) recapitulated the reduction in cell viability.
Furthermore, we found that MitoQ displayed lower IC50 when combined with the FX-11, a
small molecule that inhibits lactate dehydrogenase A, compared to single agent treatment.

2. Materials and methods

2.1. Cell culture

BRAF wild-type (MeWo) and BRAF mutant (A375) human melanoma cell lines were originally
purchased from the American Type Culture Collection (ATCC®, Manassas, VA). BRAF wild-
type (SB-2) and BRAF mutant (SK-MEL-5) human melanoma cell lines were obtained from The
University of Texas MD Anderson Cancer Center (Houston, TX) and the National Cancer
Institute NCI/NIH (Frederick, MD), respectively. All cell culture materials were purchased
from Life Technologies®, Thermo Fisher Scientific Inc. (Waltham, MA). SB-2 and SK-MEL-5
cells were grown in DMEM while MeWo and A375 cells were grown in Roswell Park Memorial
Institute (RPMI 1640) medium supplemented with 5% fetal bovine serum, or without for
serum-free medium, and 1% penicillin/streptomycin was used to culture and maintain cell
lines (Gibco® and Thermo Fisher Scientific Inc.). Cells were cultured at 37°C in an atmosphere
of 95% humidity and 5% CO2. The medium was changed every 48 h. Cells were maintained
for at least three subsequent passages after thawing prior to conducting the experiments to
ensure the stability of their physiochemical properties. For the no-glucose media, we used
RPMI 1640 deprived of glucose and HEPES buffer (Invitrogen®, Carlsbad, CA) that contained
2 mM L-glutamine and was supplemented with 5% FBS and 1% penicillin/streptomycin. For
the high-glucose media, we used no-glucose media (above) supplemented with 25 mM
glucose. For the galactose media, we used no-glucose media (above) supplemented with 10
mM galactose. The 100 mM glucose and galactose stock solutions were prepared by dissolving
1.8016 g of glucose or galactose powders into a 50 mL deionized water, volume to 100 mL, and
then either sterilized by autoclaving (glucose solution) or filtration (galactose solution) to make
it suitable for cell culturing purposes.

2.2. Chemicals

The mitochondrial antioxidant MitoQ was kindly provided by Dr. Michael P. Murphy, Medical
Research Council Mitochondrial Biology Unit, Cambridge, United Kingdom, to J.L.F. Chemo-
therapeutic agents cis-Diamineplatinum(II) dichloride and dacarbazine were purchased from
Sigma-Aldrich® (St Louis, MO). The lipophilic cation (1-Decyl)triphenylphosphonium
bromide (dTPP) was purchased from Santa Cruz Biotechnology® (Dallas, TX). The LPA1/3
receptor antagonist, Ki16425 was purchased from Selleck® Chemicals (Houston, TX). The
autotaxin inhibitors HA-130 and PF-8380, along with the lactate dehydrogenase A inhibitor
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it suitable for cell culturing purposes.

2.2. Chemicals

The mitochondrial antioxidant MitoQ was kindly provided by Dr. Michael P. Murphy, Medical
Research Council Mitochondrial Biology Unit, Cambridge, United Kingdom, to J.L.F. Chemo-
therapeutic agents cis-Diamineplatinum(II) dichloride and dacarbazine were purchased from
Sigma-Aldrich® (St Louis, MO). The lipophilic cation (1-Decyl)triphenylphosphonium
bromide (dTPP) was purchased from Santa Cruz Biotechnology® (Dallas, TX). The LPA1/3
receptor antagonist, Ki16425 was purchased from Selleck® Chemicals (Houston, TX). The
autotaxin inhibitors HA-130 and PF-8380, along with the lactate dehydrogenase A inhibitor
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FX-11 were purchased from Calbiochem®/EMD Millipore (Billerica, MA). The oxidative stress
and apoptosis inducer elesclomol was purchased from ApexBio® Technology LLC (Houston,
TX).

2.3. Cell viability assay

MeWo, SB-2, SK-MEL-5, and A375 cells were seeded into standard, flat-bottom, clear 96-well
plates at 5000–10,000 cells per well. Twenty-four hours after seeding, cells were maintained in
either high glucose or galactose media for 48 h as previously described [16]. For drug treat-
ments, compound stock solutions were prepared in distilled water (MitoQ, dTPP, Ki16425) or
dimethyl sulfoxide (DMSO – cisplatin, DTIC, Elesclomol, FX-11, HA-130, and PF-8380), and
then added to the wells to give the final drug concentrations (ranging from 0.1 to 200 μM) using
different conditioned media where indicated. Cells were then incubated for 24 h and cell
viability was measured using the CellTiter-Blue® viability assay Promega (Madison, WI) as
previously described [17–20]. For combination experiments, MeWo cells were treated with the
IC50 of FX-11, HA-130 or PF-8380 in combination with increasing concentrations of the MitoQ
(0.8–50 μM) and incubated for 24 h in serum-free medium.

2.4. Mitochondrial toxicity assay

MeWo cells were plated at 5000 cells/well on standard, flat-bottom, clear 96-well plates with a
final media volume of 100 μL/well. After 24 h, cells were then maintained in either high glucose
or galactose media for 48 h as previously described prior to treatment with different com-
pounds. Cells were then treated with MitoQ at different concentrations ranging from 1 to 200
μM in different conditioned media as specified above. In addition, cells were treated with a
positive control toxic compound, digitonin (200 μM) and then both groups were incubated for
3 h at 37°C in an atmosphere of 95% humidity and 5% CO2. Cellular toxicity profiles were
generated using the Mitochondrial ToxGlo™ Assay Promega (Madison, WI) following the
manufacturer’s protocol. Next, an ATP detection reagent that consists of luciferin, ATPase
inhibitors, and thermostable Ultra-Glo™ luciferase was utilized to lyse viable cells and assess
their ATP levels. This combination of reagents generates a luminescent signal proportional to
the amount of ATP present.

2.5. Oxygen consumption rate assay

MeWo cells were seeded at 15,000 cells/well on standard, flat-bottom, clear 96-well plates, and
incubated for 24 h. Cells were treated with increasing concentrations of MitoQ (6.25–100 μM)
for 20 min prior to the assessment of cellular respiration using Oxygen Consumption Rate
Assay Kit MitoXpress®-Xtra HS Method, Cayman Chemicals (Ann Arbor, MI) following the
manufacturer’s protocol. The phosphorescent oxygen probe provided by the kit is quenched
by oxygen in the extracellular medium. Therefore, the signal intensity obtained using this kit
is proportional to the increase in the oxygen consumption rate by cells.
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2.6. Assessment of the mitochondrial membrane potential (Δψm)

MeWo cells were plated at 3000 cells/well in standard, flat-bottom, clear 96-well plates, and
incubated for 24 h. Cells were washed twice with warm phosphate buffered saline and the
nuclei were stained using NucBlue® live cell Hoechst 33342 stain following the manufacturer’s
protocol. Cells were then washed one time with warm PBS and then incubated in warm live
cell imaging solution containing 20 nM tetramethylrhodamine methyl ester (TMRM) dye
(Molecular Probes™, Thermo Fisher Scientific) for 30 min in the dark at room temperature prior
to the treatment with MitoQ (12.5–100 μM) or left untreated. Fluorescent imaging was
performed to visualize nuclear (Hoechst) and mitochondrial (TMRM) staining with DAPI and
TRITC filters, respectively, using an X71 inverted fluorescent microscope (Olympus, Center
Valley, PA).

2.7. Fluorescence images analysis

MeWo cells were viewed using an Olympus X71 inverted epifluorescent microscope (40×
objective) with an ND25 neutral density filter and images were captured using a DP-72 camera
with identical black balance correction and exposure time in the CellSens Software (Olympus).
Fluorescence microscopy experiments were repeated three times and three random pictures
per condition per experiment were used to quantify the TMRM dye fluorescence intensity (n
= 3) using Image-Pro® Insight 8.0 (MediaCybernetics®, Rockville, MD). The TMRM corrected
fluorescence intensity was calculated for each image by normalizing the total red fluorescence
of each entire 40× image (total TMRM intensity) by the number of cells in the same image
(determined by the number of DAPI nuclei counted by manual tag in Image-Pro® Insight) to
eliminate the impact of the differences in cell numbers between wells on our interpretation of
data. Cells per image ranged from 135 to 270. Average TMRM corrected intensities for each
dosing condition were expressed as relative percentage of the fluorescence intensities of
untreated cells.

2.8. Statistical analysis

The statistical differences in experimental data were analyzed using analysis of variance
(ANOVA) test, followed by either Tukey’s or Bonferroni’s multiple comparisons tests between
groups using GraphPad Prism (La Jolla, CA). Student’s t-test was used when only two groups
are compared. *p < 0.05, **p < 0.01, and ***p < 0.001 indicate the levels of significance.

3. Results

To study the cytotoxic effects of the mitochondria-targeted lipophilic cation MitoQ in mela-
noma cells, we treated BRAF wild-type melanoma cells, MeWo and SB-2, or melanoma cells
with BRAF activating mutations, A375 or SK-MEL-5, with increasing concentrations of MitoQ
(0.8–50 μM) for 24 h (white bars) or 48 h (red bars). The data suggest that incubation with
MitoQ during this period significantly suppresses the viability all cell lines in a dose-depend-
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FX-11 were purchased from Calbiochem®/EMD Millipore (Billerica, MA). The oxidative stress
and apoptosis inducer elesclomol was purchased from ApexBio® Technology LLC (Houston,
TX).

2.3. Cell viability assay

MeWo, SB-2, SK-MEL-5, and A375 cells were seeded into standard, flat-bottom, clear 96-well
plates at 5000–10,000 cells per well. Twenty-four hours after seeding, cells were maintained in
either high glucose or galactose media for 48 h as previously described [16]. For drug treat-
ments, compound stock solutions were prepared in distilled water (MitoQ, dTPP, Ki16425) or
dimethyl sulfoxide (DMSO – cisplatin, DTIC, Elesclomol, FX-11, HA-130, and PF-8380), and
then added to the wells to give the final drug concentrations (ranging from 0.1 to 200 μM) using
different conditioned media where indicated. Cells were then incubated for 24 h and cell
viability was measured using the CellTiter-Blue® viability assay Promega (Madison, WI) as
previously described [17–20]. For combination experiments, MeWo cells were treated with the
IC50 of FX-11, HA-130 or PF-8380 in combination with increasing concentrations of the MitoQ
(0.8–50 μM) and incubated for 24 h in serum-free medium.

2.4. Mitochondrial toxicity assay

MeWo cells were plated at 5000 cells/well on standard, flat-bottom, clear 96-well plates with a
final media volume of 100 μL/well. After 24 h, cells were then maintained in either high glucose
or galactose media for 48 h as previously described prior to treatment with different com-
pounds. Cells were then treated with MitoQ at different concentrations ranging from 1 to 200
μM in different conditioned media as specified above. In addition, cells were treated with a
positive control toxic compound, digitonin (200 μM) and then both groups were incubated for
3 h at 37°C in an atmosphere of 95% humidity and 5% CO2. Cellular toxicity profiles were
generated using the Mitochondrial ToxGlo™ Assay Promega (Madison, WI) following the
manufacturer’s protocol. Next, an ATP detection reagent that consists of luciferin, ATPase
inhibitors, and thermostable Ultra-Glo™ luciferase was utilized to lyse viable cells and assess
their ATP levels. This combination of reagents generates a luminescent signal proportional to
the amount of ATP present.

2.5. Oxygen consumption rate assay

MeWo cells were seeded at 15,000 cells/well on standard, flat-bottom, clear 96-well plates, and
incubated for 24 h. Cells were treated with increasing concentrations of MitoQ (6.25–100 μM)
for 20 min prior to the assessment of cellular respiration using Oxygen Consumption Rate
Assay Kit MitoXpress®-Xtra HS Method, Cayman Chemicals (Ann Arbor, MI) following the
manufacturer’s protocol. The phosphorescent oxygen probe provided by the kit is quenched
by oxygen in the extracellular medium. Therefore, the signal intensity obtained using this kit
is proportional to the increase in the oxygen consumption rate by cells.
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2.6. Assessment of the mitochondrial membrane potential (Δψm)

MeWo cells were plated at 3000 cells/well in standard, flat-bottom, clear 96-well plates, and
incubated for 24 h. Cells were washed twice with warm phosphate buffered saline and the
nuclei were stained using NucBlue® live cell Hoechst 33342 stain following the manufacturer’s
protocol. Cells were then washed one time with warm PBS and then incubated in warm live
cell imaging solution containing 20 nM tetramethylrhodamine methyl ester (TMRM) dye
(Molecular Probes™, Thermo Fisher Scientific) for 30 min in the dark at room temperature prior
to the treatment with MitoQ (12.5–100 μM) or left untreated. Fluorescent imaging was
performed to visualize nuclear (Hoechst) and mitochondrial (TMRM) staining with DAPI and
TRITC filters, respectively, using an X71 inverted fluorescent microscope (Olympus, Center
Valley, PA).

2.7. Fluorescence images analysis

MeWo cells were viewed using an Olympus X71 inverted epifluorescent microscope (40×
objective) with an ND25 neutral density filter and images were captured using a DP-72 camera
with identical black balance correction and exposure time in the CellSens Software (Olympus).
Fluorescence microscopy experiments were repeated three times and three random pictures
per condition per experiment were used to quantify the TMRM dye fluorescence intensity (n
= 3) using Image-Pro® Insight 8.0 (MediaCybernetics®, Rockville, MD). The TMRM corrected
fluorescence intensity was calculated for each image by normalizing the total red fluorescence
of each entire 40× image (total TMRM intensity) by the number of cells in the same image
(determined by the number of DAPI nuclei counted by manual tag in Image-Pro® Insight) to
eliminate the impact of the differences in cell numbers between wells on our interpretation of
data. Cells per image ranged from 135 to 270. Average TMRM corrected intensities for each
dosing condition were expressed as relative percentage of the fluorescence intensities of
untreated cells.

2.8. Statistical analysis

The statistical differences in experimental data were analyzed using analysis of variance
(ANOVA) test, followed by either Tukey’s or Bonferroni’s multiple comparisons tests between
groups using GraphPad Prism (La Jolla, CA). Student’s t-test was used when only two groups
are compared. *p < 0.05, **p < 0.01, and ***p < 0.001 indicate the levels of significance.

3. Results

To study the cytotoxic effects of the mitochondria-targeted lipophilic cation MitoQ in mela-
noma cells, we treated BRAF wild-type melanoma cells, MeWo and SB-2, or melanoma cells
with BRAF activating mutations, A375 or SK-MEL-5, with increasing concentrations of MitoQ
(0.8–50 μM) for 24 h (white bars) or 48 h (red bars). The data suggest that incubation with
MitoQ during this period significantly suppresses the viability all cell lines in a dose-depend-
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FX-11 were purchased from Calbiochem®/EMD Millipore (Billerica, MA). The oxidative stress
and apoptosis inducer elesclomol was purchased from ApexBio® Technology LLC (Houston,
TX).

2.3. Cell viability assay

MeWo, SB-2, SK-MEL-5, and A375 cells were seeded into standard, flat-bottom, clear 96-well
plates at 5000–10,000 cells per well. Twenty-four hours after seeding, cells were maintained in
either high glucose or galactose media for 48 h as previously described [16]. For drug treat-
ments, compound stock solutions were prepared in distilled water (MitoQ, dTPP, Ki16425) or
dimethyl sulfoxide (DMSO – cisplatin, DTIC, Elesclomol, FX-11, HA-130, and PF-8380), and
then added to the wells to give the final drug concentrations (ranging from 0.1 to 200 μM) using
different conditioned media where indicated. Cells were then incubated for 24 h and cell
viability was measured using the CellTiter-Blue® viability assay Promega (Madison, WI) as
previously described [17–20]. For combination experiments, MeWo cells were treated with the
IC50 of FX-11, HA-130 or PF-8380 in combination with increasing concentrations of the MitoQ
(0.8–50 μM) and incubated for 24 h in serum-free medium.

2.4. Mitochondrial toxicity assay

MeWo cells were plated at 5000 cells/well on standard, flat-bottom, clear 96-well plates with a
final media volume of 100 μL/well. After 24 h, cells were then maintained in either high glucose
or galactose media for 48 h as previously described prior to treatment with different com-
pounds. Cells were then treated with MitoQ at different concentrations ranging from 1 to 200
μM in different conditioned media as specified above. In addition, cells were treated with a
positive control toxic compound, digitonin (200 μM) and then both groups were incubated for
3 h at 37°C in an atmosphere of 95% humidity and 5% CO2. Cellular toxicity profiles were
generated using the Mitochondrial ToxGlo™ Assay Promega (Madison, WI) following the
manufacturer’s protocol. Next, an ATP detection reagent that consists of luciferin, ATPase
inhibitors, and thermostable Ultra-Glo™ luciferase was utilized to lyse viable cells and assess
their ATP levels. This combination of reagents generates a luminescent signal proportional to
the amount of ATP present.

2.5. Oxygen consumption rate assay

MeWo cells were seeded at 15,000 cells/well on standard, flat-bottom, clear 96-well plates, and
incubated for 24 h. Cells were treated with increasing concentrations of MitoQ (6.25–100 μM)
for 20 min prior to the assessment of cellular respiration using Oxygen Consumption Rate
Assay Kit MitoXpress®-Xtra HS Method, Cayman Chemicals (Ann Arbor, MI) following the
manufacturer’s protocol. The phosphorescent oxygen probe provided by the kit is quenched
by oxygen in the extracellular medium. Therefore, the signal intensity obtained using this kit
is proportional to the increase in the oxygen consumption rate by cells.
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MeWo cells were plated at 3000 cells/well in standard, flat-bottom, clear 96-well plates, and
incubated for 24 h. Cells were washed twice with warm phosphate buffered saline and the
nuclei were stained using NucBlue® live cell Hoechst 33342 stain following the manufacturer’s
protocol. Cells were then washed one time with warm PBS and then incubated in warm live
cell imaging solution containing 20 nM tetramethylrhodamine methyl ester (TMRM) dye
(Molecular Probes™, Thermo Fisher Scientific) for 30 min in the dark at room temperature prior
to the treatment with MitoQ (12.5–100 μM) or left untreated. Fluorescent imaging was
performed to visualize nuclear (Hoechst) and mitochondrial (TMRM) staining with DAPI and
TRITC filters, respectively, using an X71 inverted fluorescent microscope (Olympus, Center
Valley, PA).

2.7. Fluorescence images analysis

MeWo cells were viewed using an Olympus X71 inverted epifluorescent microscope (40×
objective) with an ND25 neutral density filter and images were captured using a DP-72 camera
with identical black balance correction and exposure time in the CellSens Software (Olympus).
Fluorescence microscopy experiments were repeated three times and three random pictures
per condition per experiment were used to quantify the TMRM dye fluorescence intensity (n
= 3) using Image-Pro® Insight 8.0 (MediaCybernetics®, Rockville, MD). The TMRM corrected
fluorescence intensity was calculated for each image by normalizing the total red fluorescence
of each entire 40× image (total TMRM intensity) by the number of cells in the same image
(determined by the number of DAPI nuclei counted by manual tag in Image-Pro® Insight) to
eliminate the impact of the differences in cell numbers between wells on our interpretation of
data. Cells per image ranged from 135 to 270. Average TMRM corrected intensities for each
dosing condition were expressed as relative percentage of the fluorescence intensities of
untreated cells.

2.8. Statistical analysis

The statistical differences in experimental data were analyzed using analysis of variance
(ANOVA) test, followed by either Tukey’s or Bonferroni’s multiple comparisons tests between
groups using GraphPad Prism (La Jolla, CA). Student’s t-test was used when only two groups
are compared. *p < 0.05, **p < 0.01, and ***p < 0.001 indicate the levels of significance.

3. Results

To study the cytotoxic effects of the mitochondria-targeted lipophilic cation MitoQ in mela-
noma cells, we treated BRAF wild-type melanoma cells, MeWo and SB-2, or melanoma cells
with BRAF activating mutations, A375 or SK-MEL-5, with increasing concentrations of MitoQ
(0.8–50 μM) for 24 h (white bars) or 48 h (red bars). The data suggest that incubation with
MitoQ during this period significantly suppresses the viability all cell lines in a dose-depend-
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ent manner (Figure 1A). Notably, MeWo and SB-2 cells are more sensitive to lower concentra-
tions of MitoQ (0.8–12.5 μM at 24 h; p < 0.001), when compared to A375 or SK-MEL-5 cells
(Figure 1B). We assessed cell viability 24 h posttreatment in MeWo cells with increasing
concentrations (0.8–200 μM) of cisplatin, dacarbazine, Ki16425, PF-8380, and HA-130 and
elesclomol to evaluate the cytotoxic potency of MitoQ in comparison with other chemothera-
peutics (as negative controls) or investigational compounds (Figure 1C). MitoQ significantly
affected cell viability at lower concentrations (3.1–50 μM) in MeWo cells when compared with
other agents (*p < 0.05).

Figure 1. The viability of melanoma cells is significantly impacted after MitoQ treatment. To evaluate the potential cy-
totoxic effects of MitoQ in melanoma cells, (A) BRAF wild-type cells, MeWo and SB-2, or BRAF mutant cells, A375 and
SK-MEL-5, were treated with increasing concentrations for 24 h (white bars) or 48 h (red bars) prior to determining cell
viability. The data are expressed as the percentage of vehicle-treated controls (set at 100%) within each experiment and
the mean ± SEM, n = 3 per treatment group (**p < 0.01; ***p < 0.001) indicate significant differences between vehicle ver-
sus treatment conditions. (B) The 24 h treatment data are also presented in logarithmic scale as a comparison between
cell lines. (C) To assess the cytotoxicity of MitoQ in comparison with other approved drugs or investigational com-
pounds, MeWo cells were treated with increasing concentrations (0.8–50 μM) for 24 h prior to the assessment of viabili-
ty.

Since MeWo cells are more sensitive to MitoQ treatment than A375 or SK-MEL-5 cells, we used
MeWo cells to examine whether the MitoQ-induced cytotoxicity of melanoma cells is resultant
from dysfunctional mitochondria. For this assay, cells were treated with increasing concen-
trations (0.8–200 μM) of MitoQ in the presence of high glucose or glucose-deprived/galactose-
supplemented medium. Replacing glucose with galactose in the medium is a well-established
approach to study the effect of mitochondrial toxins in cancer cells [16, 21–23]. The purpose of
this switch is to augment the susceptibility of cells to the MitoQ-mediated mitochondrial
toxicity. Indeed, replacing glucose with galactose significantly exacerbates the cytotoxic effects
of MitoQ after 24 or 48 h of treatment (Figure 2A). As a correlative, we measured the intracel-
lular ATP levels after a 3 h treatment with increasing concentrations of MitoQ. MeWo cells
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cultured in galactose-supplemented medium exhibited significant reduction (***p < 0.001)
among intracellular ATP levels with MitoQ treatment (Figure 2B).

Figure 2. Replacing cell culture medium containing glucose with galactose increases susceptibility to MitoQ-mediated
cytotoxicity. To determine whether the MitoQ-induced cytotoxicity is the result of dysfunctional mitochondria, we
maintained MeWo cells in high glucose (25 mM) or galactose (10 mM)-supplemented medium for (A) 24 or 48 h prior
to MitoQ treatment. Cells cultured in galactose-supplemented media rely on the mitochondria to generate ATP and
sustain viability, which make them more suitable to mitochondrial toxicants. (B) ATP levels of MeWo cells were meas-
ured using ToxGlo™ Assay after 3 h exposure to increasing concentrations of MitoQ with cells cultured in different
medium. (C) Results are also shown as the percentage of vehicle-treated controls (set at 100%) within experiments us-
ing the indicated concentrations of MitoQ or digitonin. (D) Plasma membrane cytotoxicity was assessed using the indi-
cated concentrations of MitoQ or digitonin. (E) The viability of MeWo cells was measured in the presence of dTPP with
cells cultured in either glucose (black bars) or galactose (red bars) for 24 or 48 h as indicated. Data are expressed as
means ± SEM, n = 3 per treatment group. *p < 0.05 and ***p < 0.001 indicate significant differences between groups.

We then assessed the cell membrane integrity using a fluorogenic peptide substrate (bis-AAF-
R110) that measures dead-cell protease activity. This peptide cannot cross the intact cell
membranes of live cells and, therefore, the fluorescence signal is proportional to the non-live
cells with compromised cell membranes. MitoQ treatment did not change cell membrane
integrity in conditioned medium, unlike the cytotoxic compound digitonin, which is a

Inhibiting Lactate Dehydrogenase A Enhances the Cytotoxicity of the Mitochondria Accumulating Antioxidant,...
http://dx.doi.org/10.5772/64231

131



ent manner (Figure 1A). Notably, MeWo and SB-2 cells are more sensitive to lower concentra-
tions of MitoQ (0.8–12.5 μM at 24 h; p < 0.001), when compared to A375 or SK-MEL-5 cells
(Figure 1B). We assessed cell viability 24 h posttreatment in MeWo cells with increasing
concentrations (0.8–200 μM) of cisplatin, dacarbazine, Ki16425, PF-8380, and HA-130 and
elesclomol to evaluate the cytotoxic potency of MitoQ in comparison with other chemothera-
peutics (as negative controls) or investigational compounds (Figure 1C). MitoQ significantly
affected cell viability at lower concentrations (3.1–50 μM) in MeWo cells when compared with
other agents (*p < 0.05).

Figure 1. The viability of melanoma cells is significantly impacted after MitoQ treatment. To evaluate the potential cy-
totoxic effects of MitoQ in melanoma cells, (A) BRAF wild-type cells, MeWo and SB-2, or BRAF mutant cells, A375 and
SK-MEL-5, were treated with increasing concentrations for 24 h (white bars) or 48 h (red bars) prior to determining cell
viability. The data are expressed as the percentage of vehicle-treated controls (set at 100%) within each experiment and
the mean ± SEM, n = 3 per treatment group (**p < 0.01; ***p < 0.001) indicate significant differences between vehicle ver-
sus treatment conditions. (B) The 24 h treatment data are also presented in logarithmic scale as a comparison between
cell lines. (C) To assess the cytotoxicity of MitoQ in comparison with other approved drugs or investigational com-
pounds, MeWo cells were treated with increasing concentrations (0.8–50 μM) for 24 h prior to the assessment of viabili-
ty.

Since MeWo cells are more sensitive to MitoQ treatment than A375 or SK-MEL-5 cells, we used
MeWo cells to examine whether the MitoQ-induced cytotoxicity of melanoma cells is resultant
from dysfunctional mitochondria. For this assay, cells were treated with increasing concen-
trations (0.8–200 μM) of MitoQ in the presence of high glucose or glucose-deprived/galactose-
supplemented medium. Replacing glucose with galactose in the medium is a well-established
approach to study the effect of mitochondrial toxins in cancer cells [16, 21–23]. The purpose of
this switch is to augment the susceptibility of cells to the MitoQ-mediated mitochondrial
toxicity. Indeed, replacing glucose with galactose significantly exacerbates the cytotoxic effects
of MitoQ after 24 or 48 h of treatment (Figure 2A). As a correlative, we measured the intracel-
lular ATP levels after a 3 h treatment with increasing concentrations of MitoQ. MeWo cells
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cultured in galactose-supplemented medium exhibited significant reduction (***p < 0.001)
among intracellular ATP levels with MitoQ treatment (Figure 2B).

Figure 2. Replacing cell culture medium containing glucose with galactose increases susceptibility to MitoQ-mediated
cytotoxicity. To determine whether the MitoQ-induced cytotoxicity is the result of dysfunctional mitochondria, we
maintained MeWo cells in high glucose (25 mM) or galactose (10 mM)-supplemented medium for (A) 24 or 48 h prior
to MitoQ treatment. Cells cultured in galactose-supplemented media rely on the mitochondria to generate ATP and
sustain viability, which make them more suitable to mitochondrial toxicants. (B) ATP levels of MeWo cells were meas-
ured using ToxGlo™ Assay after 3 h exposure to increasing concentrations of MitoQ with cells cultured in different
medium. (C) Results are also shown as the percentage of vehicle-treated controls (set at 100%) within experiments us-
ing the indicated concentrations of MitoQ or digitonin. (D) Plasma membrane cytotoxicity was assessed using the indi-
cated concentrations of MitoQ or digitonin. (E) The viability of MeWo cells was measured in the presence of dTPP with
cells cultured in either glucose (black bars) or galactose (red bars) for 24 or 48 h as indicated. Data are expressed as
means ± SEM, n = 3 per treatment group. *p < 0.05 and ***p < 0.001 indicate significant differences between groups.

We then assessed the cell membrane integrity using a fluorogenic peptide substrate (bis-AAF-
R110) that measures dead-cell protease activity. This peptide cannot cross the intact cell
membranes of live cells and, therefore, the fluorescence signal is proportional to the non-live
cells with compromised cell membranes. MitoQ treatment did not change cell membrane
integrity in conditioned medium, unlike the cytotoxic compound digitonin, which is a
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ent manner (Figure 1A). Notably, MeWo and SB-2 cells are more sensitive to lower concentra-
tions of MitoQ (0.8–12.5 μM at 24 h; p < 0.001), when compared to A375 or SK-MEL-5 cells
(Figure 1B). We assessed cell viability 24 h posttreatment in MeWo cells with increasing
concentrations (0.8–200 μM) of cisplatin, dacarbazine, Ki16425, PF-8380, and HA-130 and
elesclomol to evaluate the cytotoxic potency of MitoQ in comparison with other chemothera-
peutics (as negative controls) or investigational compounds (Figure 1C). MitoQ significantly
affected cell viability at lower concentrations (3.1–50 μM) in MeWo cells when compared with
other agents (*p < 0.05).

Figure 1. The viability of melanoma cells is significantly impacted after MitoQ treatment. To evaluate the potential cy-
totoxic effects of MitoQ in melanoma cells, (A) BRAF wild-type cells, MeWo and SB-2, or BRAF mutant cells, A375 and
SK-MEL-5, were treated with increasing concentrations for 24 h (white bars) or 48 h (red bars) prior to determining cell
viability. The data are expressed as the percentage of vehicle-treated controls (set at 100%) within each experiment and
the mean ± SEM, n = 3 per treatment group (**p < 0.01; ***p < 0.001) indicate significant differences between vehicle ver-
sus treatment conditions. (B) The 24 h treatment data are also presented in logarithmic scale as a comparison between
cell lines. (C) To assess the cytotoxicity of MitoQ in comparison with other approved drugs or investigational com-
pounds, MeWo cells were treated with increasing concentrations (0.8–50 μM) for 24 h prior to the assessment of viabili-
ty.

Since MeWo cells are more sensitive to MitoQ treatment than A375 or SK-MEL-5 cells, we used
MeWo cells to examine whether the MitoQ-induced cytotoxicity of melanoma cells is resultant
from dysfunctional mitochondria. For this assay, cells were treated with increasing concen-
trations (0.8–200 μM) of MitoQ in the presence of high glucose or glucose-deprived/galactose-
supplemented medium. Replacing glucose with galactose in the medium is a well-established
approach to study the effect of mitochondrial toxins in cancer cells [16, 21–23]. The purpose of
this switch is to augment the susceptibility of cells to the MitoQ-mediated mitochondrial
toxicity. Indeed, replacing glucose with galactose significantly exacerbates the cytotoxic effects
of MitoQ after 24 or 48 h of treatment (Figure 2A). As a correlative, we measured the intracel-
lular ATP levels after a 3 h treatment with increasing concentrations of MitoQ. MeWo cells
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cultured in galactose-supplemented medium exhibited significant reduction (***p < 0.001)
among intracellular ATP levels with MitoQ treatment (Figure 2B).

Figure 2. Replacing cell culture medium containing glucose with galactose increases susceptibility to MitoQ-mediated
cytotoxicity. To determine whether the MitoQ-induced cytotoxicity is the result of dysfunctional mitochondria, we
maintained MeWo cells in high glucose (25 mM) or galactose (10 mM)-supplemented medium for (A) 24 or 48 h prior
to MitoQ treatment. Cells cultured in galactose-supplemented media rely on the mitochondria to generate ATP and
sustain viability, which make them more suitable to mitochondrial toxicants. (B) ATP levels of MeWo cells were meas-
ured using ToxGlo™ Assay after 3 h exposure to increasing concentrations of MitoQ with cells cultured in different
medium. (C) Results are also shown as the percentage of vehicle-treated controls (set at 100%) within experiments us-
ing the indicated concentrations of MitoQ or digitonin. (D) Plasma membrane cytotoxicity was assessed using the indi-
cated concentrations of MitoQ or digitonin. (E) The viability of MeWo cells was measured in the presence of dTPP with
cells cultured in either glucose (black bars) or galactose (red bars) for 24 or 48 h as indicated. Data are expressed as
means ± SEM, n = 3 per treatment group. *p < 0.05 and ***p < 0.001 indicate significant differences between groups.

We then assessed the cell membrane integrity using a fluorogenic peptide substrate (bis-AAF-
R110) that measures dead-cell protease activity. This peptide cannot cross the intact cell
membranes of live cells and, therefore, the fluorescence signal is proportional to the non-live
cells with compromised cell membranes. MitoQ treatment did not change cell membrane
integrity in conditioned medium, unlike the cytotoxic compound digitonin, which is a
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detergent that can dissolve cell membranes, block ATP production, and subsequently cause
cell death. Here, the positive control digitonin caused a significant reduction in ATP (Figure
2C) and a twofold change in the cell membrane integrity (Figure 2D). Taken together, these
data suggest that the cytotoxicity mediated via MitoQ potently affects mitochondria; however,
it does not indicate the moiety responsible. Thus, we treated cells with dTPP, the positively
charged lipophilic cation contained within the structure of MitoQ. Indeed, cells in galactose-
containing medium were not viable in the presence of 0.8 μM dTPP at 24 or 48 h (Figure 2E),
suggesting this component is responsible for the MitoQ-induced cytotoxicity.

Figure 3. MitoQ induces a dose-dependent reduction in the mitochondrial transmembrane potential in melanoma cells.
(A) The oxygen consumption rate was measured in untreated or MeWo cells treated with increasing concentrations of
MitoQ for 20 min (white bars) or 1 h (red bars). (B) Representative fluorescence microscopic images of MeWo cells are
shown after staining with TMRM (20 nM) and nuclear DAPI stain in the absence or presence of MitoQ (12.5, 25, 50,
and 100 μM). (C) The bar graph shows quantification of TMRM signals after incubation for 30 min followed by 15 min
treatment with MitoQ. The intensity of TMRM reflects the level of mitochondrial transmembrane potential, which indi-
cate functional respiratory chain complexes. Treating MeWo cells with MitoQ resulted in a significant, dose-dependent
reduction in the mitochondrial transmembrane potential, further suggesting mitochondrial dysfunction. (D) The bar
graph shows TMRM intensity of MitoQ-treated cells is compared to staurosporine treatments. All data are expressed
as mean ± SEM. Scale bar: 50 μm. **p < 0.01, ***p < 0.001 indicate a significant difference between MitoQ treated and
untreated cells.

To further confirm this mechanism, we measured the oxygen consumption rate of MeWo cells
in response to acute exposure. The data show that MitoQ (20 min to 1 h) causes a significant
reduction in the respiratory capacity of the mitochondria (Figure 3A). In addition, we assessed
the impact of MitoQ on the mitochondrial membrane potential (Δψm) using fluorescent
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TMRM dye, which reflects the level of mitochondrial transmembrane potential—an indication
of functional respiratory chain complexes. Data show the dose-dependent (Figure 3B) and
rapid (15 min) collapse (Figure 3C) of the mitochondrial membrane potential (Δψm) in treated
MeWo cells. Unlike staurosporine, the potent protein kinase inhibitor that is cytotoxic to
mammalian tumor cell lines, which induced an apparent maximal reduction in the Δψm at
different concentrations (12.5–50 μM), MitoQ caused a dose-dependent collapse of the Δψm
(Figure 3D). These data show that MitoQ disrupted the mitochondrial respiratory chain and
oxidative phosphorylation prior to decreases in cell viability, suggesting that these events lead
to the subsequent melanoma cell cytotoxicity.

Figure 4. Inhibiting lactate dehydrogenase A enhances the cytotoxicity induced by MitoQ in melanoma cells. (A) Me-
Wo, A375, SB-2, and SK-MEL-5 cells were treated with increasing concentrations of MitoQ for 24 h in the absence
(white bars) and presence (red bars) of the lactate dehydrogenase inhibitor (FX-11, 5 μM). (B) Treatment of MeWo cells
with 24 h MitoQ in combination with the autotaxin inhibitors, PF-8380 and HA-130 reduces, rather than enhances, the
cytotoxic effects of MitoQ. (C) The viability of MeWo cells treated with the highest concentrations (12.5, 25, and 50 μM)
of MitoQ alone or in combination with different autotaxin inhibitors for 24 and 48 h are shown. Cell viability is shown
as percentage of vehicle-treated controls (set at 100%) within all experiments. Data shown represent the mean ± SEM, n
= 3 per treatment group. *p < 0.05, **p < 0.01, and ***p < 0.001 indicate significant differences between single and combina-
tion therapies.
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it does not indicate the moiety responsible. Thus, we treated cells with dTPP, the positively
charged lipophilic cation contained within the structure of MitoQ. Indeed, cells in galactose-
containing medium were not viable in the presence of 0.8 μM dTPP at 24 or 48 h (Figure 2E),
suggesting this component is responsible for the MitoQ-induced cytotoxicity.
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shown after staining with TMRM (20 nM) and nuclear DAPI stain in the absence or presence of MitoQ (12.5, 25, 50,
and 100 μM). (C) The bar graph shows quantification of TMRM signals after incubation for 30 min followed by 15 min
treatment with MitoQ. The intensity of TMRM reflects the level of mitochondrial transmembrane potential, which indi-
cate functional respiratory chain complexes. Treating MeWo cells with MitoQ resulted in a significant, dose-dependent
reduction in the mitochondrial transmembrane potential, further suggesting mitochondrial dysfunction. (D) The bar
graph shows TMRM intensity of MitoQ-treated cells is compared to staurosporine treatments. All data are expressed
as mean ± SEM. Scale bar: 50 μm. **p < 0.01, ***p < 0.001 indicate a significant difference between MitoQ treated and
untreated cells.

To further confirm this mechanism, we measured the oxygen consumption rate of MeWo cells
in response to acute exposure. The data show that MitoQ (20 min to 1 h) causes a significant
reduction in the respiratory capacity of the mitochondria (Figure 3A). In addition, we assessed
the impact of MitoQ on the mitochondrial membrane potential (Δψm) using fluorescent
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data suggest that the cytotoxicity mediated via MitoQ potently affects mitochondria; however,
it does not indicate the moiety responsible. Thus, we treated cells with dTPP, the positively
charged lipophilic cation contained within the structure of MitoQ. Indeed, cells in galactose-
containing medium were not viable in the presence of 0.8 μM dTPP at 24 or 48 h (Figure 2E),
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treatment with MitoQ. The intensity of TMRM reflects the level of mitochondrial transmembrane potential, which indi-
cate functional respiratory chain complexes. Treating MeWo cells with MitoQ resulted in a significant, dose-dependent
reduction in the mitochondrial transmembrane potential, further suggesting mitochondrial dysfunction. (D) The bar
graph shows TMRM intensity of MitoQ-treated cells is compared to staurosporine treatments. All data are expressed
as mean ± SEM. Scale bar: 50 μm. **p < 0.01, ***p < 0.001 indicate a significant difference between MitoQ treated and
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To further confirm this mechanism, we measured the oxygen consumption rate of MeWo cells
in response to acute exposure. The data show that MitoQ (20 min to 1 h) causes a significant
reduction in the respiratory capacity of the mitochondria (Figure 3A). In addition, we assessed
the impact of MitoQ on the mitochondrial membrane potential (Δψm) using fluorescent
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Since melanoma cells can reprogram their metabolism toward aerobic glycolysis to survive in
case of mitochondrial dysfunction, we hypothesized that inhibition of the lactate dehydro-
genase A (LDHA) enzyme would force the cells to rely on the mitochondria. Thus, this would
increase vulnerability to MitoQ-induced cytotoxicity. Indeed, inhibition of LDHA using FX-11
enhanced the cytotoxic effects of MitoQ among MeWo, A375, SB-2, and SK-MEL-5 cells after
24 h of incubation (Figure 4A). Interestingly, the combination of MitoQ with investigational
autotaxin inhibitors PF-8380 and HA-130 for 24 h reduced, rather than enhanced, the cytotoxic
capabilities of MitoQ (Figure 4B). The significant difference among treated groups is clearly
demonstrated at 12.5 and 25 μM (Figure 4C). The IC50 values further reflect the increase in
cytotoxicity with combinations between MitoQ and FX-11 against other comparisons (Table 1).
These data suggest that disruption of the cellular metabolic machinery serves as a potential
cytotoxic strategy against melanoma in vitro and warrants further investigation in vivo.

Cell line MitoQ Ave

IC50 (μM) 24 h

MitoQ

95% CI

MitoQ + FX-11

Ave IC50 (μM) 24 h

MitoQ + FX-11

95% CI

MeWo 8.415 6.826–10.37 4.957 3.559–6.905

SB-2 5.152 2.694–9.856 2.876 2.041–4.052

A375 18.44 8.302–40.96 4.594 2.196–9.615

SK-MEL-5 10.67 4.666–24.39 1.344 0.6846–2.638

Cell line MitoQ Ave

IC50 (μM) 48 h

MitoQ

95% CI

MitoQ + FX-11

Ave IC50 (μM) 48 h

MitoQ + FX-11

95% CI

MeWo 13.08 9.371–18.02 8.009 5.252–12.21

SB-2 11.01 3.683–32.88 6.505 3.194–13.25

A375 21.41 8.534–53.70 5.284 2.359–11.83

SK-MEL-5 26.04 9.498–71.40 7.327 4.251–12.63

Table 1. Cell viability IC50 values after 24 or 48 h of treatment with MitoQ and FX-11.

4. Discussion

The data suggest that melanoma cells are susceptible to cytotoxicity mediated by the functional
antioxidant, MitoQ, by inducing a dose-dependent reduction in the basal oxygen consumption
rate and a rapid depolarization of the mitochondrial membrane potential. Culturing MeWo
cells in galactose-supplemented medium significantly reduces intracellular ATP levels in
response to MitoQ treatment, compared with culturing in glucose-containing medium. The
data show that MitoQ did not affect the plasma membrane integrity, unlike the cell membrane
permeabilizing compound, digitonin. Importantly, our study demonstrates that dual disrup-
tion of the metabolic machinery enhances the cytotoxicity of MitoQ using FX-11 (Figure 5).

The ability of cancer cells, melanoma cells in particular, to reprogram their metabolism has
emerged as a major factor that leads to the development of resistance to many existing
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therapeutics [15, 24]. Recent studies have demonstrated that high levels of lactate dehydro-
genase (LDH), an enzyme that converts the cytosolic pyruvate into lactate, could be utilized
as a predictor of disease progression and chemotherapy response in addition to its involvement
in the resistance of different types of cancer cells, including melanoma cells to chemothera-
peutic drugs [25, 26]. Results from a recent Phase III clinical trial revealed that metastatic
melanoma patients with high serum levels of LDH have shown less favorable responses to
elesclomol, a promising first-in-class mitochondria-targeted compound that exerts anticancer
activity by inducing oxidative stress and subsequent apoptotic cell death [27].

Figure 5. Working model of the observed treatment effects. This schematic illustration represents how targeting lactate
metabolism enhances the cytotoxic effects of the mitochondria-targeted lipophilic cation MitoQ in melanoma cells. The
normal cell depicted here is generating ATP through mitochondrial oxidative phosphorylation. During malignant
transformation, cancer cells tend to strategically reprogram their metabolism toward aerobic glycolysis to produce lac-
tate in order to acidify the surrounding tumor microenvironment and to survive in the harsh and metabolically limit-
ing conditions, which is illustrated here by the cancer cell. In addition, the cancer cell is also maintaining functional
mitochondria to resist apoptotic signals. The bottom cell shows our working model with dual disruption of metabolic
machinery using a combination of MitoQ and FX-11 to counteract the melanoma cell’s viability.

Therefore, we hypothesized that inhibiting cellular aerobic glycolysis would create a syner-
gistic response to the cytotoxic effects of MitoQ, an approach conducted by several studies
whereby mitochondria-targeted compounds were used in combination with glycolysis
inhibitor, 2-deoxyglucose (2-DG). However, due to the high concentration of 2-DG needed to
achieve the desirable synergistic cancer cell growth arrest [7, 8, 28], we were eager to find a
more potent and irreversible glycolysis inhibitor that could augment MitoQ’s cytotoxicity.
Thus, in this study we found that the cytotoxic effects of MitoQ were synergistically enhanced
when combined with a subtoxic (5 μM) concentration of FX-11, a selective suppressor of lactate
dehydrogenase A. These data suggest that FX-11-treated cells were forced to rely more on
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Since melanoma cells can reprogram their metabolism toward aerobic glycolysis to survive in
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demonstrated at 12.5 and 25 μM (Figure 4C). The IC50 values further reflect the increase in
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The data suggest that melanoma cells are susceptible to cytotoxicity mediated by the functional
antioxidant, MitoQ, by inducing a dose-dependent reduction in the basal oxygen consumption
rate and a rapid depolarization of the mitochondrial membrane potential. Culturing MeWo
cells in galactose-supplemented medium significantly reduces intracellular ATP levels in
response to MitoQ treatment, compared with culturing in glucose-containing medium. The
data show that MitoQ did not affect the plasma membrane integrity, unlike the cell membrane
permeabilizing compound, digitonin. Importantly, our study demonstrates that dual disrup-
tion of the metabolic machinery enhances the cytotoxicity of MitoQ using FX-11 (Figure 5).
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therapeutics [15, 24]. Recent studies have demonstrated that high levels of lactate dehydro-
genase (LDH), an enzyme that converts the cytosolic pyruvate into lactate, could be utilized
as a predictor of disease progression and chemotherapy response in addition to its involvement
in the resistance of different types of cancer cells, including melanoma cells to chemothera-
peutic drugs [25, 26]. Results from a recent Phase III clinical trial revealed that metastatic
melanoma patients with high serum levels of LDH have shown less favorable responses to
elesclomol, a promising first-in-class mitochondria-targeted compound that exerts anticancer
activity by inducing oxidative stress and subsequent apoptotic cell death [27].

Figure 5. Working model of the observed treatment effects. This schematic illustration represents how targeting lactate
metabolism enhances the cytotoxic effects of the mitochondria-targeted lipophilic cation MitoQ in melanoma cells. The
normal cell depicted here is generating ATP through mitochondrial oxidative phosphorylation. During malignant
transformation, cancer cells tend to strategically reprogram their metabolism toward aerobic glycolysis to produce lac-
tate in order to acidify the surrounding tumor microenvironment and to survive in the harsh and metabolically limit-
ing conditions, which is illustrated here by the cancer cell. In addition, the cancer cell is also maintaining functional
mitochondria to resist apoptotic signals. The bottom cell shows our working model with dual disruption of metabolic
machinery using a combination of MitoQ and FX-11 to counteract the melanoma cell’s viability.

Therefore, we hypothesized that inhibiting cellular aerobic glycolysis would create a syner-
gistic response to the cytotoxic effects of MitoQ, an approach conducted by several studies
whereby mitochondria-targeted compounds were used in combination with glycolysis
inhibitor, 2-deoxyglucose (2-DG). However, due to the high concentration of 2-DG needed to
achieve the desirable synergistic cancer cell growth arrest [7, 8, 28], we were eager to find a
more potent and irreversible glycolysis inhibitor that could augment MitoQ’s cytotoxicity.
Thus, in this study we found that the cytotoxic effects of MitoQ were synergistically enhanced
when combined with a subtoxic (5 μM) concentration of FX-11, a selective suppressor of lactate
dehydrogenase A. These data suggest that FX-11-treated cells were forced to rely more on
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response to MitoQ treatment, compared with culturing in glucose-containing medium. The
data show that MitoQ did not affect the plasma membrane integrity, unlike the cell membrane
permeabilizing compound, digitonin. Importantly, our study demonstrates that dual disrup-
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Therefore, we hypothesized that inhibiting cellular aerobic glycolysis would create a syner-
gistic response to the cytotoxic effects of MitoQ, an approach conducted by several studies
whereby mitochondria-targeted compounds were used in combination with glycolysis
inhibitor, 2-deoxyglucose (2-DG). However, due to the high concentration of 2-DG needed to
achieve the desirable synergistic cancer cell growth arrest [7, 8, 28], we were eager to find a
more potent and irreversible glycolysis inhibitor that could augment MitoQ’s cytotoxicity.
Thus, in this study we found that the cytotoxic effects of MitoQ were synergistically enhanced
when combined with a subtoxic (5 μM) concentration of FX-11, a selective suppressor of lactate
dehydrogenase A. These data suggest that FX-11-treated cells were forced to rely more on
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mitochondrial oxidative phosphorylation to survive, which made them more vulnerable to the
effects of the lipophilic cation MitoQ.

Recently, Trnka et al. have shown that longer aliphatic chains that link the positively charged
triphenylphosphonium with any biologically active compound to target mitochondria
inhibited the mitochondrial electron transport chain and induced mitochondrial proton leak
[5]. Herein we observed that the MitoQ-induced cytotoxicity was mediated by the lipophilic
cation dTPP moiety of MitoQ, rather than the redox cycling of the antioxidant moiety (ubiq-
uinone). If dTPP is more potent than MitoQ, this is suggestive that the ubiquinone moiety may
be protecting against the toxic effect of dTPP. Lastly, our results are in agreement with other
publications [3, 5] showing the massive mitochondrial accumulation of the lipophilic cation
moiety disrupts cellular respiratory capacities and induces cytotoxicity.

Surprisingly, autotaxin inhibitors reduced, rather than increased, the potency of MitoQ. Since
autotaxin inhibitors have shown superior activity in melanoma models [18, 20, 29], we
hypothesize that this reduction in MitoQ potency could have resulted from the disruption of
mitochondrial membrane potential by autotaxin inhibitors. If so, this would affect the inte-
gration and accumulation of MitoQ into the mitochondria of melanoma cells and reduce the
compound’s efficacy. Our observation is in agreement with previous studies in which autotaxin
has been reported to protect breast cancer and melanoma cells against Taxol-induced cell death
through maintaining their mitochondrial membrane potential [30].

Consistent with previous studies showing that BRAF wild-type cells, including MeWo cells,
display enhanced oxidative phosphorylation capabilities and mitochondrial capacity [31], we
observed that these cells are more sensitive to MitoQ treatment than A375 cells, which possess
an activating BRAF mutation. Therefore, our study is relevant to developing targeted strategies
against wild-type BRAF melanomas, which includes the subtypes RAS, NF1, and Triple-WT
[32], with the most relevance to Triple-WT. Although the majority of melanoma patients have
tumors with activating mutations in BRAF, and thus are candidates for BRAF inhibitors like
vemurafenib, trametinib, dabrafenib, and cobimetinib, those patients that have tumors with
wild-type BRAF lack a clear strategy for targeted therapy. BRAF status of melanoma cells has
been directly linked to cellular metabolism and the bioenergetic switch between mitochondrial
oxidative phosphorylation and aerobic glycolysis [13, 15]. Given the ability of MitoQ to
accumulate at large concentrations in the mitochondria [3], it is not altogether surprising that
MitoQ has a profound effect on the viability of cells with increased mitochondrial respiratory
capacities. In summary, more research is needed to investigate molecular vulnerabilities
among these subgroups.

Acknowledgements

This work was supported by research grants from the American Cancer Society Research
Scholar Grant 120634-RSG-11-269-01-CDD and the Georgia Research Alliance. We appreciate
Brian S. Cummings for providing helpful discussions and thank Pooya Hoseinzadeh for
assistance in the laboratory.

Human Skin Cancer, Potential Biomarkers and Therapeutic Targets136

Author details

Ali A. Alshamrani, James L. Franklin, Aaron M. Beedle and Mandi M. Murph*

*Address all correspondence to: mmurph@uga.edu

Department of Pharmaceutical and Biomedical Sciences, College of Pharmacy, The University
of Georgia, Athens, GA, United States of America

References

[1] Murphy MP: Selective targeting of bioactive compounds to mitochondria. Trend
Biotechnol 1997, 15(8):326–330.

[2] Cocheme HM, Kelso GF, James AM, Ross MF, Trnka J, Mahendiran T, Asin-Cayuela J,
Blaikie FH, Manas AR, Porteous CM et al: Mitochondrial targeting of quinones:
therapeutic implications. Mitochondrion 2007, 7(Suppl):S94–S102.

[3] Murphy MP, Smith RA: Targeting antioxidants to mitochondria by conjugation to
lipophilic cations. Annu Rev Pharmacol Toxicol 2007, 47:629–656.

[4] Kelso GF, Porteous CM, Coulter CV, Hughes G, Porteous WK, Ledgerwood EC, Smith
RA, Murphy MP: Selective targeting of a redox-active ubiquinone to mitochondria
within cells: antioxidant and antiapoptotic properties. J Biol Chem 2001, 276(7):4588–
4596.

[5] Trnka J, Elkalaf M, Andel M: Lipophilic triphenylphosphonium cations inhibit mito-
chondrial electron transport chain and induce mitochondrial proton leak. PLoS One
2015, 10(4):e0121837.

[6] Gonzalez Y, Aryal B, Chehab L, Rao VA: Atg7- and Keap1-dependent autophagy
protects breast cancer cell lines against mitoquinone-induced oxidative stress. Onco-
target 2014, 5(6):1526–1537.

[7] Dilip A, Cheng G, Joseph J, Kunnimalaiyaan S, Kalyanaraman B, Kunnimalaiyaan M,
Gamblin TC: Mitochondria-targeted antioxidant and glycolysis inhibition: synergistic
therapy in hepatocellular carcinoma. Anticancer Drugs 2013, 24(9):881–888.

[8] Cheng G, Zielonka J, Dranka BP, McAllister D, Mackinnon AC Jr., Joseph J, Kalyanara-
man B: Mitochondria-targeted drugs synergize with 2-deoxyglucose to trigger breast
cancer cell death. Cancer Res 2012, 72(10):2634–2644.

[9] Smith RA, Murphy MP: Animal and human studies with the mitochondria-targeted
antioxidant MitoQ. Ann N Y Acad Sci 2010, 1201:96–103.

Inhibiting Lactate Dehydrogenase A Enhances the Cytotoxicity of the Mitochondria Accumulating Antioxidant,...
http://dx.doi.org/10.5772/64231

137



mitochondrial oxidative phosphorylation to survive, which made them more vulnerable to the
effects of the lipophilic cation MitoQ.

Recently, Trnka et al. have shown that longer aliphatic chains that link the positively charged
triphenylphosphonium with any biologically active compound to target mitochondria
inhibited the mitochondrial electron transport chain and induced mitochondrial proton leak
[5]. Herein we observed that the MitoQ-induced cytotoxicity was mediated by the lipophilic
cation dTPP moiety of MitoQ, rather than the redox cycling of the antioxidant moiety (ubiq-
uinone). If dTPP is more potent than MitoQ, this is suggestive that the ubiquinone moiety may
be protecting against the toxic effect of dTPP. Lastly, our results are in agreement with other
publications [3, 5] showing the massive mitochondrial accumulation of the lipophilic cation
moiety disrupts cellular respiratory capacities and induces cytotoxicity.

Surprisingly, autotaxin inhibitors reduced, rather than increased, the potency of MitoQ. Since
autotaxin inhibitors have shown superior activity in melanoma models [18, 20, 29], we
hypothesize that this reduction in MitoQ potency could have resulted from the disruption of
mitochondrial membrane potential by autotaxin inhibitors. If so, this would affect the inte-
gration and accumulation of MitoQ into the mitochondria of melanoma cells and reduce the
compound’s efficacy. Our observation is in agreement with previous studies in which autotaxin
has been reported to protect breast cancer and melanoma cells against Taxol-induced cell death
through maintaining their mitochondrial membrane potential [30].

Consistent with previous studies showing that BRAF wild-type cells, including MeWo cells,
display enhanced oxidative phosphorylation capabilities and mitochondrial capacity [31], we
observed that these cells are more sensitive to MitoQ treatment than A375 cells, which possess
an activating BRAF mutation. Therefore, our study is relevant to developing targeted strategies
against wild-type BRAF melanomas, which includes the subtypes RAS, NF1, and Triple-WT
[32], with the most relevance to Triple-WT. Although the majority of melanoma patients have
tumors with activating mutations in BRAF, and thus are candidates for BRAF inhibitors like
vemurafenib, trametinib, dabrafenib, and cobimetinib, those patients that have tumors with
wild-type BRAF lack a clear strategy for targeted therapy. BRAF status of melanoma cells has
been directly linked to cellular metabolism and the bioenergetic switch between mitochondrial
oxidative phosphorylation and aerobic glycolysis [13, 15]. Given the ability of MitoQ to
accumulate at large concentrations in the mitochondria [3], it is not altogether surprising that
MitoQ has a profound effect on the viability of cells with increased mitochondrial respiratory
capacities. In summary, more research is needed to investigate molecular vulnerabilities
among these subgroups.
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mitochondrial oxidative phosphorylation to survive, which made them more vulnerable to the
effects of the lipophilic cation MitoQ.

Recently, Trnka et al. have shown that longer aliphatic chains that link the positively charged
triphenylphosphonium with any biologically active compound to target mitochondria
inhibited the mitochondrial electron transport chain and induced mitochondrial proton leak
[5]. Herein we observed that the MitoQ-induced cytotoxicity was mediated by the lipophilic
cation dTPP moiety of MitoQ, rather than the redox cycling of the antioxidant moiety (ubiq-
uinone). If dTPP is more potent than MitoQ, this is suggestive that the ubiquinone moiety may
be protecting against the toxic effect of dTPP. Lastly, our results are in agreement with other
publications [3, 5] showing the massive mitochondrial accumulation of the lipophilic cation
moiety disrupts cellular respiratory capacities and induces cytotoxicity.

Surprisingly, autotaxin inhibitors reduced, rather than increased, the potency of MitoQ. Since
autotaxin inhibitors have shown superior activity in melanoma models [18, 20, 29], we
hypothesize that this reduction in MitoQ potency could have resulted from the disruption of
mitochondrial membrane potential by autotaxin inhibitors. If so, this would affect the inte-
gration and accumulation of MitoQ into the mitochondria of melanoma cells and reduce the
compound’s efficacy. Our observation is in agreement with previous studies in which autotaxin
has been reported to protect breast cancer and melanoma cells against Taxol-induced cell death
through maintaining their mitochondrial membrane potential [30].

Consistent with previous studies showing that BRAF wild-type cells, including MeWo cells,
display enhanced oxidative phosphorylation capabilities and mitochondrial capacity [31], we
observed that these cells are more sensitive to MitoQ treatment than A375 cells, which possess
an activating BRAF mutation. Therefore, our study is relevant to developing targeted strategies
against wild-type BRAF melanomas, which includes the subtypes RAS, NF1, and Triple-WT
[32], with the most relevance to Triple-WT. Although the majority of melanoma patients have
tumors with activating mutations in BRAF, and thus are candidates for BRAF inhibitors like
vemurafenib, trametinib, dabrafenib, and cobimetinib, those patients that have tumors with
wild-type BRAF lack a clear strategy for targeted therapy. BRAF status of melanoma cells has
been directly linked to cellular metabolism and the bioenergetic switch between mitochondrial
oxidative phosphorylation and aerobic glycolysis [13, 15]. Given the ability of MitoQ to
accumulate at large concentrations in the mitochondria [3], it is not altogether surprising that
MitoQ has a profound effect on the viability of cells with increased mitochondrial respiratory
capacities. In summary, more research is needed to investigate molecular vulnerabilities
among these subgroups.
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