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Preface

Metazoan evolution depended on intercellular coordination, which was perfected and stabi‐
lized by the functional attributes of cell signaling. Evolutionarily, the strategies and mecha‐
nisms of cell signaling bear immense significance in different tiers of physiology. This
archaic process of communication is thus traced in all phyla of plants and animals. Cells are
generally adapted and capable of responding to diverse forms of signals, both extrinsic and
intrinsic in nature. Current trends of research indicate a variety of signaling molecules that
are yet to be characterized in depth. Gases such as nitric oxide and proteins of multiple-cod‐
ed identities may successfully function as signaling molecules in health, disease, and stress.
Receptors of these molecules, however, may be located on the surface or interior of cells de‐
pending on the signaling strategy and mechanism. The process of cell signaling may arise
from direct cell contact, cell–matrix interactions, or through secreted signaling molecules of
varied molecular identities. It is assumed that successful communication among cells may
be achieved through direct signaling by membrane-bound molecules or indirect signaling
processes involving secreted proteins and other molecules. Intercellular signaling through
cell gap junctions has been identified as another strategy of signaling, as evident in many
cases. A shift in membrane-bound enzyme activity with an alteration in concentration of in‐
tracellular mediators and change in the permeability of ion channels of the cell membrane
are key processes of ligand-mediated activation of cell surface receptor proteins. Secreted
molecules that trigger the signaling processes follow the pathway of endocrine, paracrine,
and autocrine modes as major functional strategies.

The steroid hormones thyroxin and retinoic acid are examples of signaling molecules that
involve characteristic intracellular proteins functioning as receptors. Gaseous signaling mole‐
cules such as nitric oxide and carbon monoxide generally follow the paracrine mode of signal‐
ing. By influencing the activity of selected intracellular enzymes, nitric oxide alters important
physiological functioning such as muscle relaxation and vascular dilation. Like signaling mol‐
ecules, the pathways of intracellular signal transduction are also diverse, with multiple phys‐
iological consequences. Cell surface receptors often function as transducers by regulatory
enzymes or ion channels of the cell membrane, which play an important role in communica‐
tion. The mitogen-activated protein (MAP) kinase pathway of signaling plays a significant
role in signal transduction and involves a family of protein kinases. These kinases are evolu‐
tionarily conserved across phyla and are indicative of their central role in metazoan evolution.
In the Janus kinase/signal transducer and activator of transcription pathway, protein tyrosine
phosphorylation greatly influences factor localization. Receptor tyrosine-mediated activation
of the Ras-Raf-MAP kinase pathway has an immense role in the development and differentia‐
tion of multiple cell types. The embryological development of the compound eyes of Drosophi‐
la depends on cell signaling using this pathway.
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In this edited volume, the authors highlight the importance of system biology, which is
based on network theory. Most importantly, the fundamental issues of reaction dynamics
and thermodynamics are stressed. A review on cell signaling is presented from the view‐
points of information thermodynamics and method quantitation. In this first chapter, encod‐
ing of signal events, code length, entropy coding, binary code theory, and adaptation of
fluctuation theorem are elucidated with appropriate citations. The wnt signaling pathway,
both canonical and non-canonical, have immense physiological significance. Apart from on‐
cogenesis, its interaction with the tumor microenvironment and regulatory role in antitumor
immune response are reported. In a review, the author reports on the molecular mechanism
of wnt-mediated immunological cell response regulation in specific cell types. In recent
years, genetically encoded reporter circuits have been revolutionizing our understanding of
monitoring and manipulating different environmental stimuli. In a separate chapter, the au‐
thors describe the roles of Gaussia luciferase and a green fluorescent protein for monitoring
signaling events during inflammation. They report a genetic circuit specially designed into
an adeno-associated viral vector. Scientists have claimed that a combination of gluc and
green fluorescent protein in a single genetic circuit as a dual reporter. It could provide an
effective tool to monitor the inflammatory signals in mammalian cells. While discussing the
nature of signaling during cellular metabolism, the hypoxia-related signaling process is elu‐
cidated. Oxygen is proposed as a signaling entity, which is recognized by molecular sensors
conveying signals to hypoxia-inducible factors. This model is assumed to provide a better
premise to understand the multilevel regulatory network operative in many cellular func‐
tional processes. In the fourth chapter, the authors mention the molecular basis of intracellu‐
lar metabolic signaling in hypoxia, transcriptional feedback, and crosstalk through hypoxia-
inducible factors in detail.

The signaling importance of vitamin K is discussed with reference to binding with its intranu‐
clear receptor and subsequent activation of certain gene types. In this process, the role of ste‐
roids and xenobiotic receptors is mentioned. Growth differentiation factor 15 and stanniocalcin
2 are reported to serve as target genes of K2, which physiologically influence the γ-glutamyl
carboxylase and steroid and xenobiotic receptor-mediated pathways in osteoblast-like cells.

Sajal Ray
Professor of Zoology

University of Calcutta, India
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Abstract

Intracellular signal transduction is the most important research topic in cell biology, and
for many years, model research by system biology based on network theory has long been
in progress. This article reviews cell signaling from the viewpoint of information thermo-
dynamics and describes a method for quantitatively describing signaling. In particular,
a theoretical basis for evaluating the efficiency of intracellular signal transduction is
presented in which information transmission in intracellular signal transduction is maxi-
mized by using entropy coding and the fluctuation theorem. An important conclusion is
obtained: the average entropy production rate is constant through the signal cascade.

Keywords: information thermodynamics, fluctuation theorem, average entropy
generation rate, entropy coding

1. Introduction

The analysis of intracellular signal transduction is one of the most important research topics in cell
molecular biology. Determining the mechanisms for communicating intracellular information in
the steady state, responding to changes in the external environment, and converting the change to
express genetic information are a significant problem. The presented quantitative analysis may
enable a comparison of signal transduction and evaluation of efficiency and should help realize the
quantitative reproducibility of data for cell molecular biology and precise theoretical construction.

Gene expression cascade has been extensively studied for network study [1]. A correlation
analysis of the expression pattern of a given gene is expected to give useful information for
clinical diagnosis [2, 3]. Along with this evolution, protein-protein network theory has
developed greatly in graph theory and phase analysis [4, 5]. Taschendorff et al. applied
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signaling entropy defined by correlation and transition probabilities between the proteins of
interest for omics data analysis [5]. Chemokines and immunological networks are also an
important theme of network research [6]. Meanwhile, considering specific reaction kinetics
and thermodynamic analysis in individual reactions, there have been few studies discussing
signal transduction, for example, limited to chemotaxis models of Escherichia coli [7], and
several theoretical researches about mitogen-activated protein kinase (MAPK) cascade and
bistability or ultra-sensitivity and feedback controllability of the cascade have been reported
[8–13]. In addition, information thermodynamics of MAPK cascade has been recently
reported [14–16]. This article reviews these recent studies from information thermodynamics
in relation to fluctuation theorem.

2. Modeling cell signaling

2.1. Signaling cascade model

Intracellular signal transduction is carried out by a chain network of intracellular biochem-
ical reactions. The network is operated by protein-protein interaction [4, 17–23]. The cell
signal cascade considered here is an interesting next chain reaction mechanism: what was
originally a substrate of a biochemical reaction becomes an enzyme in the next step and is a
signal molecule in each step. This can be interpreted as if signal conversion is occurring
rather than changing. It is possible to model this with a chemical reaction equation. The
signaling step in the above cascades may be described as follows:

Xmj
∗ þ Xmjþ1 þ ATP ! Xmj

∗ þ Xmjþ1
∗ þ ADP

Xmjþ1
∗ ! Xmjþ1 þ Pi 1 ≤m ≤M; 1 ≤ j ≤nð Þ (1)

ATP, ADP, and Pi represent adenosine triphosphate, adenosine diphosphate, and inorganic
phosphate, respectively. Among signal pathways, the most well-known signal pathway is the
MAPK cascade. As a ligand, the epidermal growth factor (EGF) stimulates a single cell via EGF
receptor (EGFR) for sequential phosphorylation of c-Raf, MAP kinase-extracellular signal-
regulated kinase, and kinase-extracellular signal-regulated kinase (ERK), as shown in Figure 1.
This cascade can transmit signal from the cell membrane to the nucleus (Figure 1):

EGFþ EGFR $ EGFR∗,EGFR∗ þ Ras $ EGFR∗ þ Ras∗ X1ð Þ,
Ras∗ þ c-Raf $ c-Raf∗ X2ð Þ þ Ras∗,

c-Raf∗ þMEK $ c-Raf∗ þMEK∗ X3ð Þ,
MEK∗ þ ERK $ MEKþ ERK∗ X4ð Þ

(2)

2.2. Encoding of signal events

It is possible to apply information theory by considering information source coding of signal
molecules. Xj and Xj* represent the signal molecules. The symbol * indicates an activated state,

Cell Signalling - Thermodynamics and Molecular Control2

and mutual conversion is possible between these two. In an actual reaction, it takes a suffi-
ciently longer time to change from the activate state to the inactive state than it is changed from
the inactive state to the active state. As shown in Eq. (1), a signal series that the activating
signal molecule of step j-1 activates j molecule is established. Following the order in which the
concentration fluctuation of each signal molecule becomes significantly larger than fluctuation
at the steady state,

X1X2X1*X3… or X2X3X2*X1… and so on.

If the probability that a signal molecule appears in one signal event is proportional to the
concentration, then

pj ¼ Xj=X (3)

pj
∗ ¼ Xj

∗=X (4)

with

Xn

j¼1

pj þ pj
∗ ¼ 1 (5)

Figure 1. Schematic example of a signal transduction pathway. Adenosine triphosphate (ATP) represents externally
supplied ATP, while the external stimulus represents the binding of a growth factor or other chemokines to a receptor.
Abbreviations: ADP, adenosine diphosphate; DNA, deoxyribonucleic acid; mRNA, messenger ribonucleic acid.
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This gives τ the duration of the overall signal event, and the total number of signal events
occurring during that time is taken as the total number of signal molecules X. The total signal
event number Ψ in a given reaction event can be described as follows:

ð6Þ

The entropy of the signal event can be defined logarithmically. The logarithm of Ψ is approx-
imated according to Starling’s Equation [10]:

ð7Þ

Here, we used Eqs. (1) and (2). This right-hand side is in the form of well-known mixed
entropy. Each step of the signal pathway is considered to be a mixed state of two kinds of
signal molecules.

2.3. Definition of code length

Here, the signal length for the time series formed by cellular signaling molecules is defined
according to the theory of information source coding (Figure 2). τ + j is the duration of the state
in which the phosphorylated molecule is in an increasing state, and τ � j is negative with
respect to the increase in the non-phosphorylated molecule (the decline phase of the phosphor-
ylated molecule). A positive value is assigned for τ + j, and a negative value is assigned for τ � j

giving consideration of the direction of signal transduction. For example, even if a signal is
transmitted in the positive direction, if the same amount of signal is transmitted in the opposite
direction, the signal becomes a net zero. To evaluate such a signal amount, the direction needs
to be considered. In order to capture this, positive and negative signs are assigned to time.
The definition of one total code length, i.e., total length of the given signal event, the following
is given:

τm ¼
Xn

j¼1

Xmjτmj–Xmj
∗τ�mj

� �
(8)

Then, (3) and (4) can be used to obtain

τm ¼ X
Xn

j¼1

pmjτmj–pmj
∗τ�mj

� �
(9)

Here, the average entropy production rate is defined during the phosphorylation or activation
of signaling molecule using an arbitrary parameter sj:

Cell Signalling - Thermodynamics and Molecular Control4

ð10Þ

2.4. Entropy coding

In order to maximize the number of signal events in a given duration, the relationship between
the appearance probability (4) and the code length (9) should be calculated. The Lagrange
undetermined constant method is adopted for this. If the constraint conditions are given by (5),
(7), and (9), the function G can be defined as follows [16]:

G pm1; pm2;⋯pmn; pm1
∗; pm2

∗;⋯pmn
∗;X

� �

¼ Sm � αm

Xn

j¼1

pmj þ pmj
∗

� �
� βmτm

¼ Sm � αm

Xn

j¼1

pmj þ pmj
∗

� �
� βmX

Xn

j¼1

pmjτmj � pmj
∗τ�mj

� �
(11)

If the partial derivative of G on the right side is taken with the occurrence probability and the
total number of signal molecules, respectively, then

Figure 2. A common time course of the jth steps in the cascade. The vertical axis represents the ratio of the signaling active
molecule concentration, Xj*, to that in the steady state, Xj*

st. The horizontal axis denotes the duration (min or time unit). τj and
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This gives τ the duration of the overall signal event, and the total number of signal events
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ð6Þ

The entropy of the signal event can be defined logarithmically. The logarithm of Ψ is approx-
imated according to Starling’s Equation [10]:

ð7Þ
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� �
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∗τ�mj

� �
(9)
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∂G
∂pmj

¼ �X log pmj þ βmτmj

� �
� αm � X (12)

∂G
∂pmj

∗ ¼ �X log pmj
∗ � βmτ�mj

� �
� αm � X (13)

∂G
∂X

¼ �
Xn

j¼1

pmj log pmj þ
Xn

j¼1

pmj
∗ log pmj

∗

0
@

1
A� βm

Xn

j¼1

τmjpmj �
Xn

j¼1

τ�mjpmj
∗

0
@

1
A (14)

If the right sides of Eqs. (12), (13), and (14) are set equal to zero, then

� log pmj ¼ βmτmj τjm > 0
� �

(15)

� log pmj
∗ ¼ �βmτ�mj τ�mj < 0

� �
(16)

and

αm ¼ �X (17)

This produces a simple result. Here, (15) and (16) are called entropy coding [16].

3. Information thermodynamics of cell signal transduction

3.1. Application of binary code theory

In practice, the signal transduction system can be classified according to two types of signaling
molecules: the activated type is phosphorylated at each step of the reaction chain, and the
inactive type is non-phosphorylated.

In terms of the change, the objective was to evaluate information transmission between each
signal transmission step in the cascade. Increasing the active form induces the chemical poten-
tial caused by the mixed entropy change of each step in the signaling cascade and allows for
biological signaling. j step component is extracted from Eq. (3)

sj ≜ � kBX pj log pj þ pj
∗ log pj

∗
h i

(18)

Consider the entropy flow between the steps. For example, when a cell system is stimulated by
the external environment or the state of a receptor at the boundary fluctuates (e.g., activation
type) because of a change of the external environment, the signal cascades up to step j (i.e.,
transmitted). In this case, because the signal is not transmitted to step j + 1, the concentration
fluctuation of Xj or Xj * differs between steps j and j + 1, and an entropy flow can occur.

Cell Signalling - Thermodynamics and Molecular Control6

When the signal event starts and the signal is transmitted to the j step, fluctuation is observed
in the j step as follows:

sj ¼ �kBX pj þ dpj
� �

log pj þ dpj
� �

þ pj
∗ þ dpj

∗
� �

log pj
∗ þ dpj

∗
� �h i

(19)

The signal has not yet reached the j + 1 step; hence, the entropy of the jth molecule remains:

sjþ1 ¼ �kBX pj log pj þ pj
∗ log pj

∗
h i

(20)

We can calculate the entropy current:

Δsj ¼ sj � sjþ1 ¼ kBX
∂sj
∂pj∗

Δpj
∗ þ ∂sj

∂pj
Δpj

 !
¼ ΔXj

∗pj
0 log

pj
pj∗

(21)

Here, the logarithm of the ratio of the inactive signal molecule to the active signal molecule
appeared. This form often appears. Assuming that there is no new generation of signal
molecules

dpj þ dpj
∗ ¼ 0 (22)

Here, we defined the entropy current per one signal molecule, cj:

cj ¼ Δsj=ΔXj
∗ ¼ pj

0 log
pj
pj∗

(23)

3.2. Fluctuation and signal transduction

Even in the steady state, signal events represented by this code sequence are occurring. When
there is minor change in the extracellular environment, the amount of binding complex
between the receptor on the cell membrane surface and stimulant ligand increases. This
fluctuation increases the phosphorylated form of another signal molecule next to the complex
and increases the fluctuation of the active type signal molecule through a chain reaction. Based
on the signaling in the steady state, the increase in fluctuation indicates a signal response. In
this manner, cell signaling can be distinguished as in the steady state or a fluctuation response
to a change in the external environment.

3.3. Adaptation of fluctuation theorem to analysis of signal transduction

We defined transitional probability p (j + 1|j), which is the probability of step (j + 1) given step j,
and p (j|j + 1), which is the transitional probability of step j given j + 1 step during τj. The
logarithm of ratio p (j + 1|j) / p (j|j + 1) is divided by τj � τ�j and taking the limit, the AEPR
from the j to the j + 1 field satisfies the steady fluctuation theorem (FT) [24]:
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lim
τj�τ�j!∞

1
τj � τ�j

log
p jþ 1jjð Þ
p jjjþ 1ð Þ ¼ ζj (24)

with

ð25Þ

ð26Þ

where sj is an arbitrary parameter representing the progression of a reaction event. This
fluctuation theorem leads to various nonequilibrium relations among cumulates of the current.
We have an equation below using signal current density [16, 24]:

lim
τj�τ�j!∞

1
τj � τ�j

log
p jþ 1jjð Þ
p jjjþ 1ð Þ ¼

cj
kBT τj � τ�j

� �ΔXj
∗ (27)

Substituting the right side in Eq. (23) into the right side of Eq. (27), we had an important
result [16]:

lim
τj�τ�j!∞

1
τj � τ�j

log
p jþ 1jjð Þ
p jjjþ 1ð Þ ¼ lim

τj�τ�j!∞

1
τj � τ�j

log
pj
pj∗

(28)

By substituting Eqs. (15) and (16) obtained by entropy coding on the right side of Eq. (28),
using τ j << | τ � j | in contrast to Eq. (27) obtains:

ð29Þ

ð30Þ

Subsequently, Eqs. (24), (29), and (30) provide

ð31Þ

Accordingly, entropy coding is given using Eqs. (30) and (31):

ð32Þ

ð33Þ

are obtained. In conclusion, the AEPR is conserved during the whole cascade of signal trans-
duction [16].
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4. Conclusion

Here, each signal step is handled as actual biochemical reactions based on kinetics and ther-
modynamics. Signal transduction is interpreted based on encoding theory and fluctuation
theorem. Regarding the relationship between information and entropy in thermodynamic
mechanisms [25–27], information thermodynamics has seen remarkable developments in
recent years, and information theory and thermodynamics are easier to understand when they
are integrated. In particular, the theoretical results based on analysis of the Szilard engine
model [28] have made it possible to compute the mutual information [29, 30] and the amount
of work that can be extracted from a system by free energy changes [15]. Thus, information
thermodynamics may be the theoretical basis of the signal transduction.
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immunity, and that it is a master regulator of T cell immune responses and of dendritic cells. 
In this respect, the canonical Wnt/β-catenin has been the first oncogene pathway reported that 
mediates immune exclusion, particularly via dendritic cells and T regulatory cells.

All of these studies suggest, therefore, that the Wnt pathway can be an attractive target to 
restore immune access to the tumor microenvironment.

2. Wnt signaling pathway

The Wnt signaling pathway is involved in the regulation of embryonic development and adult 
tissue homeostasis. Wnt family of secreted lipid-modified glycoproteins regulates cellular 
processes including stem cell maintenance, proliferation, differentiation, apoptosis, survival, 
cell motility, and polarity [1]. Since Wnt signals not only promote proliferation but also can 
control cell-fate determination and terminal differentiation in a tissue- and temporal-specific 
manner [2], the deregulation of Wnt signaling causes developmental defects and cancers.

In humans, 19 Wnt ligands have been identified. They bind to several receptors including 
Frizzled (FZD) family receptors, receptor tyrosine kinase-like orphan receptor family (ROR), 
low-density lipoprotein receptor-related protein co-receptors (LRP), and the related to recep-
tor tyrosine kinase (RYK) receptor [1–3]. Wnt activates the canonical pathway that regulates 
transcription of target genes through the β-catenin/TCF pathway (Figure 1) and the nonca-
nonical pathways that are independent of β-catenin. Disheveled (Dvl) protein is an essential 
element in the transduction of both canonical and noncanonical Wnt signals (Figure 2).

2.1. Canonical Wnt signaling

Canonical Wnt signals operate through regulating the phosphorylation, degradation, and 
localization of the transcription co-activator β-catenin (Figure 1). Without stimulation by Wnt, 
β-catenin is assembled into a destruction complex, in which APC protein plays a central role, 
and includes Axin, GSK-3β, and Casein kinase 1 (CK1). This complex directs a series of phos-
phorylation events in β-catenin mediated by CK1 and GSK-3β that targets it for ubiquitination 
and subsequent proteolysis via the proteasome [2, 3].

Upon binding of Wnt to FZD and LRP co-receptors, the LRP receptors are phosphorylated 
by CK1-alpha and GSK-3β, which recruit disheveled (DVL) and axin proteins to the plasma 
membrane where Dvl becomes polymerized [1–3]. The DVL polymers inactivate the destruc-
tion complex allowing β-catenin to accumulate and enter the nucleus, where it interacts with 
T cell factor/lymphoid enhancer factor (TCF/LEF) family members and activate a Wnt target 
gene program [2–4].

The tumor microenvironment (TME) contains high levels of Wnts, and aberrant β-catenin sig-
naling occurs in many tumors. However, the effect of aberrant canonical Wnt signaling is not 
only restricted to cancer cells but also dynamically interacts with the microenvironment and 
immune system [5]. Over the last few years, it has been reported by several laboratories that Wnt 
signaling may also regulate T cell-mediated immune responses, and the Wnt/ β-catenin/TCF 
pathway in dendritic cells (DCs) plays a critical role in balancing immunity and tolerance [5].
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2.2. Noncanonical Wnt signaling

Wnt signaling that is independent of β-catenin is referred to as the noncanonical pathway 
where a transcriptional response is elicited via an alternative mode of downstream signaling 
not involving β-catenin-TCF or β-catenin-LEF [6]. There are several noncanonical Wnt path-
ways, depending on the configuration of FZDs and co-receptors involved, but they can be 
broadly categorized into two pathways: the planar cell polarity (PCP) pathway and the Wnt/
Calcium (Wnt/Ca2+) pathway, as it can be observed in Figure 2.

2.2.1. Noncanonical PCP pathway

The PCP pathway genes code for proteins that regulate cellular polarization and directional 
cell movement, as initially observed during embryogenesis. The loss of normal cell polarity  
and adhesion, along with the acquisition of motility and invasiveness, are also funda-
mental steps during tumor progression and metastasis. This pathway is activated when 
ligands such as the noncanonical prototype ligand Wnt5a bind to FZD receptors or to  
FZD alternative receptors ROR1, ROR2, or RYK or through FZD with ROR or RYK as co-
receptors [6, 7]. WNT/PCP signals are converted to actin cytoskeletal dynamic reorganiza-
tion via the activation of small G-proteins Rac and Rho (Figure 2), and then, Rac and Rho 
activate Rho-associated kinase (Rho-kinase) and Jun N-terminal kinase (JNK)-dependent 
transcription [8].

Figure 1. Canonical Wnt signaling. In the absence of Wnt ligand, β-catenin is degraded by a complex composed of Axin, 
APC, CK1, and GSK3. Once Wnt ligand such as archetypal Wnt3a is bound with Frizzled and LRP5/6 co-receptor, Dvl 
scaffolds β-catenin degradation complex resulting in accumulation of β-catenin in cytosol and nucleus. β-Catenin forms 
a complex with TCF to transcribe target genes.

Wnt Signaling as a Master Regulator of Immune Tolerance in a Tumor Microenvironment
http://dx.doi.org/10.5772/intechopen.81619

15



immunity, and that it is a master regulator of T cell immune responses and of dendritic cells. 
In this respect, the canonical Wnt/β-catenin has been the first oncogene pathway reported that 
mediates immune exclusion, particularly via dendritic cells and T regulatory cells.

All of these studies suggest, therefore, that the Wnt pathway can be an attractive target to 
restore immune access to the tumor microenvironment.

2. Wnt signaling pathway

The Wnt signaling pathway is involved in the regulation of embryonic development and adult 
tissue homeostasis. Wnt family of secreted lipid-modified glycoproteins regulates cellular 
processes including stem cell maintenance, proliferation, differentiation, apoptosis, survival, 
cell motility, and polarity [1]. Since Wnt signals not only promote proliferation but also can 
control cell-fate determination and terminal differentiation in a tissue- and temporal-specific 
manner [2], the deregulation of Wnt signaling causes developmental defects and cancers.

In humans, 19 Wnt ligands have been identified. They bind to several receptors including 
Frizzled (FZD) family receptors, receptor tyrosine kinase-like orphan receptor family (ROR), 
low-density lipoprotein receptor-related protein co-receptors (LRP), and the related to recep-
tor tyrosine kinase (RYK) receptor [1–3]. Wnt activates the canonical pathway that regulates 
transcription of target genes through the β-catenin/TCF pathway (Figure 1) and the nonca-
nonical pathways that are independent of β-catenin. Disheveled (Dvl) protein is an essential 
element in the transduction of both canonical and noncanonical Wnt signals (Figure 2).

2.1. Canonical Wnt signaling

Canonical Wnt signals operate through regulating the phosphorylation, degradation, and 
localization of the transcription co-activator β-catenin (Figure 1). Without stimulation by Wnt, 
β-catenin is assembled into a destruction complex, in which APC protein plays a central role, 
and includes Axin, GSK-3β, and Casein kinase 1 (CK1). This complex directs a series of phos-
phorylation events in β-catenin mediated by CK1 and GSK-3β that targets it for ubiquitination 
and subsequent proteolysis via the proteasome [2, 3].

Upon binding of Wnt to FZD and LRP co-receptors, the LRP receptors are phosphorylated 
by CK1-alpha and GSK-3β, which recruit disheveled (DVL) and axin proteins to the plasma 
membrane where Dvl becomes polymerized [1–3]. The DVL polymers inactivate the destruc-
tion complex allowing β-catenin to accumulate and enter the nucleus, where it interacts with 
T cell factor/lymphoid enhancer factor (TCF/LEF) family members and activate a Wnt target 
gene program [2–4].

The tumor microenvironment (TME) contains high levels of Wnts, and aberrant β-catenin sig-
naling occurs in many tumors. However, the effect of aberrant canonical Wnt signaling is not 
only restricted to cancer cells but also dynamically interacts with the microenvironment and 
immune system [5]. Over the last few years, it has been reported by several laboratories that Wnt 
signaling may also regulate T cell-mediated immune responses, and the Wnt/ β-catenin/TCF 
pathway in dendritic cells (DCs) plays a critical role in balancing immunity and tolerance [5].

Cell Signalling - Thermodynamics and Molecular Control14

2.2. Noncanonical Wnt signaling

Wnt signaling that is independent of β-catenin is referred to as the noncanonical pathway 
where a transcriptional response is elicited via an alternative mode of downstream signaling 
not involving β-catenin-TCF or β-catenin-LEF [6]. There are several noncanonical Wnt path-
ways, depending on the configuration of FZDs and co-receptors involved, but they can be 
broadly categorized into two pathways: the planar cell polarity (PCP) pathway and the Wnt/
Calcium (Wnt/Ca2+) pathway, as it can be observed in Figure 2.

2.2.1. Noncanonical PCP pathway

The PCP pathway genes code for proteins that regulate cellular polarization and directional 
cell movement, as initially observed during embryogenesis. The loss of normal cell polarity  
and adhesion, along with the acquisition of motility and invasiveness, are also funda-
mental steps during tumor progression and metastasis. This pathway is activated when 
ligands such as the noncanonical prototype ligand Wnt5a bind to FZD receptors or to  
FZD alternative receptors ROR1, ROR2, or RYK or through FZD with ROR or RYK as co-
receptors [6, 7]. WNT/PCP signals are converted to actin cytoskeletal dynamic reorganiza-
tion via the activation of small G-proteins Rac and Rho (Figure 2), and then, Rac and Rho 
activate Rho-associated kinase (Rho-kinase) and Jun N-terminal kinase (JNK)-dependent 
transcription [8].

Figure 1. Canonical Wnt signaling. In the absence of Wnt ligand, β-catenin is degraded by a complex composed of Axin, 
APC, CK1, and GSK3. Once Wnt ligand such as archetypal Wnt3a is bound with Frizzled and LRP5/6 co-receptor, Dvl 
scaffolds β-catenin degradation complex resulting in accumulation of β-catenin in cytosol and nucleus. β-Catenin forms 
a complex with TCF to transcribe target genes.

Wnt Signaling as a Master Regulator of Immune Tolerance in a Tumor Microenvironment
http://dx.doi.org/10.5772/intechopen.81619

15



2.2.2. Noncanonical Wnt/Ca2+ pathway

The Wnt/Ca2+ pathway is initiated by the interaction of the Wnt5a/FZD receptor complex 
along with the participating co-receptor ROR1/2 which leads to the activation of a phospho-
lipase C (PLC) via G protein, resulting in the production of inositol 1,4,5-triphosphate (IP3) 
and 1,2-diacylglycerol (DAG). IP3 induces cytosolic Ca2+ elevation through Ca2+ release from 
the endoplasmic reticulum, and both Ca2+and DAG activate conventional and novel PKC 
isoforms. Ca2+/calmodulin-dependent protein kinase II (CAMK2) and calcineurin are also 
representative downstream effectors of the WNT/Ca2+ signaling cascade. In addition, WNT/
Ca2+ signaling-dependent calcineurin activation leads to dephosphorylation and subsequent 
nuclear translocation of NFAT for the transcriptional activation of NFAT-target genes [8].

It is well established that noncanonical Wnt ligands can antagonize the functions of canonical 
ligands inhibiting canonical signaling, and that there is considerable overlap between the Wnt path-
way [9]. For example, CAMK2 activation leads to phosphorylation and activation of Nemo-
like kinase (NLK), which can inhibit canonical Wnt/β-catenin signaling in some cells [8, 10].  
However, in other contexts, Wnt5a is able to activate β-catenin-dependent transcription in 

Figure 2. Noncanonical Wnt signaling. The activation of Frizzled by Wnt ligand such as Wnt5a is mediated by Dvl or 
heterotrimeric G-proteins. The two better characterized noncanonical branches are shown: planar cell polarity (at the 
left of the figure) in which Dvl mediates the activation of small GTPase (Rho and Rac) and JNK to promote polarized 
cell migration. In the other branch, the Wnt/Ca21 pathway shown at the right of the figure, archetypal noncanonical 
Wnt5a activates phospholipase C (PLC) to produce diacylglycerol and Ca2+ mobilization that activates PKC isoforms, 
other Ca2+-modulated kinases and calcineurin phosphatase, which in turn promotes NFAT translocation to the nucleus.
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the presence of Fzd4 [11]. In addition, Wnt5a can work in cooperation with the Ror2 recep-
tor to promote β-catenin degradation independently of GSK3 and therefore inhibits Wnt3a-
mediated canonical Wnt signaling [9, 12].

3. Wnt signaling in dendritic cell regulation

Dendritic cells (DCs) are professional antigen presenting cells acting as central players in 
control of innate and adaptive immunities. Emerging evidence indicates that DCs also play 
a pivotal role in mediating immune tolerance. Indeed, DCs are critical in maintaining tissue 
homeostasis by acquiring, processing, and presenting antigens to naive and resting memory 
T cells leading to their activation, clonal expansion, and differentiation. Paradoxically, some 
DCs suppress T cell responses by promoting T cell apoptosis and enhancing the development 
of T cells with regulatory function including CD4+ Foxp3-lineage T cells (Tregs) [13].

The types of cytokines secreted by DCs dictate the outcome and type of immune response, but 
the receptors and signaling networks that program DCs into a tolerogenic or inflammatory 
state are poorly understood [14].

Tumors evade anti-tumor immunity and dendritic cells also play a key role in this. However, 
signaling networks for driving DC tolerogenesis in the setting of cancer remain poorly char-
acterized. However, emerging studies has highlighted that the Wnt signaling pathway, par-
ticularly in DCs, plays a major role in regulating tolerance versus immunity. In this respect, 
it has been reported that Wnts in the tumor microenvironment condition dendritic cells to a 
regulatory state and suppress host antitumor immunity. Supporting this, Hong et al. [15] and 
Suryawanshi et al. [16] have shown that DC specific deletion of Wnt co receptors LRP5/6 in 
mice markedly delayed tumor growth and enhanced host antitumor immunity. These authors 
also found that tumors activate β catenin/TCF4 in DCs programming them to a regulatory 
state, which promotes T regulatory responses while suppresses effector T cell responses [15] 
indicating that β-catenin activation in DCs induces regulatory T cell response and limits effec-
tor T cell response to tumors.

Spranger et al. [17] showed that a Wnt signature in cutaneous melanoma samples correlates 
with T cell exclusion. These authors showed that T cell priming against tumor antigens fails 
due to defective recruitment of CD103+ dendritic cells. In addition, β-catenin signaling down-
regulates the chemokine CCL4, which negatively affects the recruitment of dendritic cells to 
the tumor. Moreover, upregulation of IL-12 production in melanoma by increased β-catenin 
signaling can also lead to impaired dendritic cell maturation and induction of regulatory 
dendritic cells [18].

Importantly, both canonical and noncanonical (β-catenin-independent) Wnt signals have 
been reported to shift DCs from promoting immune responses into a tolerogenic state. In this 
regard, Oderup et al. [19] have found that Wnt3a activates canonical β-catenin signaling in 
DC, while Wnt5a triggers noncanonical signaling cascades. They found that although both 
canonical Wnt3a and noncanonical Wnt-5a support a tolerogenic DC phenotype, they induce 
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distinct patterns of tolerogenic cytokine production and differential DC responses to toll-like 
receptors (TLRs). In addition, they showed that Wnt3a preferentially induced TGFβ, while 
Wnt5a was a potent stimulus for IL-10 production, and that Wnt3a but not Wnt5a, strongly 
stimulated DC production of VEGF-A, as well [19].

Acquired immune privilege is mediated, in part, by DCs expressing the enzyme indoleamine 
2,3 dioxygenase (IDO), since IDO-expressing DCs possess potent T cell regulatory func-
tions [13]. IDO is a heme-containing enzyme known to catalyze the rate limiting step in the  
degradation of the essential amino acid tryptophan to its metabolic byproducts known collec-
tively as the kynurenines. In DCs, IDO activity has profound effects on the ability of T cells to 
respond to antigenic stimulation. IDO may attenuate the ability of DCs to stimulate effective 
T cell responses in a number of ways: T cells activated by DCs expressing IDO recognized 
antigen and entered the cell cycle, but IDO activity blocked subsequent cell cycle progression 
and enhanced T cell apoptosis [13].

Loss of TGF-β receptor III (TβRIII) expression has been shown to occur during the progression 
of several cancers [20]. It has been demonstrated that loss of TβRIII and the upregulation of 
Wnt5a by developing cancers play a role in the extrinsic control of IDO activity by local den-
dritic cell populations residing within tumor. These genetic changes are capable of modulating 
paracrine signaling pathways in the early stages of carcinogenesis to establish a site of immune 
privilege by promoting the differentiation and activation of local regulatory T cells [20].

It has also been reported that tumors program DCs to produce retinoic acid (RA), which 
promotes immune suppression by inducing T regulatory responses [21]. This is mediated 
through the induction of vitamin A-metabolizing enzymes via the activation of the β-catenin/
TCF pathway in DCs, which in turn drives T regulatory responses and suppresses T cell effec-
tor response limiting antitumor immunity [21].

4. Wnt signaling in CD4 regulatory T cells

It is well known that anti-tumor T cell responses arise in cancer patients but are disabled upon 
tumor progression by suppressive mechanisms triggered by the interplay between malignant 
cells, infiltrated immune cells, and the tumor microenvironment [22].

T cells with regulatory functions (Tregs) are CD4+ CD25+ and express transcription factor 
Foxp3. They are physiologically engaged in the maintenance of immunological self-tolerance 
and immune homeostasis. Tumor-infiltrating Tregs can suppress effector T cells specific for 
tumor antigens [5].

Over the last years, it has been reported that the Wnt signal transduction pathway plays an 
important role both in the regulation of hematopoietic stem cell (HSC) function and in the devel-
opment in the thymus, where it provides proliferation signals to immature thymocytes [22].

Accumulating experimental evidence has led to the understanding that pro-inflammatory 
Th17 cells are favored in their function by Wnt signaling, whereas Tregs are inhibited by 
canonical Wnt signaling [5]. In this respect, it has been reported that some Th17 cells are 

Cell Signalling - Thermodynamics and Molecular Control18

long-lived, express high levels of TCF1, and β-catenin for their self-renewal-like proliferation. 
Consistent with this, Gounari et al. [23] showed that Wnt-β-catenin signaling induced the 
expression of RORγT resulting in high amounts of IL-17 and predisposition to inflamma-
tion, colitis, and intestinal tumors. Coffer et al. [24], in contrast, showed that Wnt signaling 
directly modulates Foxp3 activity and thereby Treg function. TCF1 directly binds to FoxP3 
and β-catenin-TCF inhibits Foxp3 transcriptional activity, thus reducing Treg-mediated sup-
pression in vitro and in vivo. All these data therefore indicate that canonical Wnt signaling is 
likely a master regulatory pathway in governing the balance between Th17/Treg and thereby 
influences the outcome of immune responses [5].

5. Wnt signaling in CD8 cytotoxic T cells

The CD8+ lymphocytes act against intracellular pathogens, including viruses and bacteria or 
malignant cells. Upon activation, CD8+ T cells produce cytokines such as IFN-α and TNF-γ, 
with antitumoral or antimicrobial effects, and also produce cytotoxic perforins and gran-
zymes, similar to Natural Killer (NK) cells. Activated CD8+ T cells also express FasL on the 
cell surface, which binds to its receptor, Fas, on the surface of the target cell, inducing the 
activation of the caspase cascade resulting in apoptosis.

A characteristic of the CD8+ T cell is the development of immunological memory, which con-
fers protection against a secondary presentation with the same pathogen [25].

As mentioned before, Wnt signaling controls proliferation, maturation, and differentiation 
of T cells and dendritic cells. Staal et al. [5] have demonstrated that the Wnt-responsive tran-
scription factors, TCF1 and LEF1, are highly expressed by naive mouse and human CD8+ T 
cells. The Wnt responsive transcription factor T cell factor 1 (TCF1) is well known to be criti-
cal for normal thymic T cell development. Recent studies have also revealed critical require-
ments for TCF1 in generation and persistence of functional memory CD8(+) T cells. Canonical 
Wnt signaling induced by activated β-catenin, Wnt3a canonical ligand, or GSK3β inhibitors, 
arrested CD8+ T cell differentiation and favored CD8+ T cell memory formation by suppress-
ing their maturation into terminally differentiated effector T cells [26]. Importantly, constitu-
tive activation of the canonical Wnt pathway not only favors memory CD8+ T cell formation 
during initial immunization but also enhanced immunity upon second encounter with the 
same antigen. Consistent with this, TCF1 deficiency was shown to limit the proliferation of 
CD8+ effector T cells and impair differentiation toward a central memory phenotype [24, 26].

Dickkopf-related protein 2 (DKK2) acts as a natural antagonist of the canonical Wnt signaling 
by binding to LRP5/6 co-receptor and inducing its cellular internalization. Xiao et al. [27] 
recently reported that the loss of adenomatosis polyposis coli (APC) in intestinal tumor cells 
or of the tumor suppressor PTEN in melanoma cells, upregulates the expression of DKK2, 
which with its receptor LRP5, provides an unusual mechanism for tumor immune evasion. 
DKK2 secreted by tumor cells acts on CD8+ cytotoxic lymphocytes independently of the 
Wnt/β-catenin pathway inhibiting STAT5 signaling by blocking STAT5 nuclear localization 
via LRP5. Genetic or antibody mediated inhibition of DKK2 activates natural killer (NK) cells 
and CD8+ T cells in tumors, inhibiting tumor progression [27].
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6. Wnt signaling in natural killer cells

Natural killer (NK) cells are innate immune effector cells. The NK cells are derived from the 
hematopoietic progenitor cells (HPC) CD34+ and have been characterized by the expression 
of surface markers CD56+ CD3−, which have been isolated mainly from lymphoid nodules 
and secondary lymphoid tissues. However, a lower amount of NK cells are found in bone 
marrow, blood, and spleen [28] and have also been found in the skin, intestine, liver, lungs, 
and uterus, among other tissues [29].

It has been demonstrated the existence of a population of cells expressing NK and T cell 
markers, which were referred as natural killer T (NKT) cells. These cells are a relevant popula-
tion of hepatic lymphocytes in both humans and mice and play important roles not only in 
innate defense against viral and bacterial infections but also in immune responses during 
carcinogenesis, autoimmunity, injury, and fibrosis [30]. Unlike T cells, NKT cells respond to 
lipid-based antigens: they respond to self and foreign glycolipid and phospholipid antigens 
presented by the MHC-I-like molecule CD1D in antigen-presenting cells (APCs), rapidly 
secreting the cytokines interferon gamma (IFN-γ) and IL-4 [30].

The Wnt/β-catenin signaling pathway has been implicated also in the generation of NK cells 
and in directing NKT cell development and functions [31]. Conditional knockout of β-catenin 
in mice decreases thymic NKT cell numbers, in contrast to increases in NKT cell numbers 
upon transgenic β-catenin overexpression [32, 33]. Consistent with this, it has been reported 
that the canonical Wnt inhibitor, Dickkop-1, decreased the number of NK cells in a dose-
dependent manner [31].

As mentioned before, TCF/LEF mediates a nuclear response to extrinsic Wnt proteins via 
their binding to the co-activator β-catenin. The experimental evidence has shown that, similar 
to T cell maturation, TCF-1 and LEF-1 function redundantly during NK cell development: a 
role of LEF-1 emerges when TCF-1 levels are reduced as compared with the wild type [34]. 
In addition, human CD1D gene expression, which is essential for the function of NKT cells 
in immune regulation and surveillance of tumor cells, is regulated by LEF-1 through distal 
promoter regulatory elements [35].

7. Concluding remarks

Wnt signaling is not only restricted to cancer cells but also dynamically interacts with the 
microenvironment and the immune system. Dysregulation of the Wnt pathway has been 
implicated in many tumors, and many tumors express high levels of Wnts.

Here, we have showed that Wnt signaling is a master regulatory pathway that regulates T 
cell-mediated immune responses, governing the balance between activation/suppression of 
immune responses. As shown here, accumulating experimental evidence has demonstrated 
that the Wnt pathway modulates dendritic cells, CD4 T regulatory cells, cytotoxic CD8+ T cells, 
and NK cell functions. Thus, the Wnt signaling pathway, both canonical and noncanonical, 

Cell Signalling - Thermodynamics and Molecular Control20

plays pivotal roles in mediating tolerance versus immunity. Hence, blocking the Wnt pathway 
represents an attractive therapeutic target to overcome tumor mediated immune suppression 
and to improve immunotherapy.
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Abstract

Genetically encoded reporter circuits have been revolutionizing our ability to monitor,
manipulate, and visualize specific cellular responses to a variety of environmental stimuli.
However, the development of genetic circuits that enable both high throughput (HTP)
application and laboratory automation remains challenging. In this report, we describe a
novel dual-reporter circuit that utilizes a secretory Gaussia luciferase (Gluc) and a green
fluorescent protein (GFP) for monitoring inflammatory signaling, a fundamental process in
many life events. We designed and built this genetic circuit into a simple adeno-associated
viral (AAV) vector, which is suitable for both simple transfection and efficient transduction
protocols. We demonstrated high sensitivity and specificity of this new circuit and its ability
to monitor a broad range of inflammatory response in various human cell models. Impor-
tantly, this novel system is simple, robust, and readily adaptable to HTP applications and
laboratory automation including fluorescence activated cell sorting (FACS) and microplate
reader analysis. By combining both GFP and Gluc in one genetic circuit, our new dual-
reporter circuit provides an easy and powerful tool for monitoring and quantifying inflam-
matory signals in various mammalian cells.
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1. Introduction

Genetically encoded reporters such as fluorescent and bioluminescent proteins have achieved
widespread success as useful research tools in life sciences, including cell biology [1–3], oncology
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[4, 5], cardiology [6, 7], neurology [8, 9], as well as infection and inflammation studies [10, 11].
Because of their sensitivity in quantitative measurement, both fluorescent and bioluminescent
proteins remain the top choices for monitoring live cell processes in mammals. The most com-
monly used reporters include green/red fluorescent proteins or their genetic derivatives (GFP,
RFP, YFP or mCherry) [12–14]. Insect or marine bioluminescent proteins (Firefly luciferase or
Renilla/Gaussia luciferase) are used as well [15–17]. Through codon optimization, these reporters
have been genetically engineered to monitor many physiological and disease processes such as
cell communications [18, 19], protein and exosome secretion [20, 21], viral infection, inflamma-
tion, and apoptosis [5, 11, 22]. In most situations, a single type of reporter may provide better
sensitivity and specificity over traditional methods such as Western blot analysis or polymerase
chain reactions (PCRs). For example, fluorescent proteins may provide handy real-time moni-
toring when a fluorescence microscope is available. However, the signal quantification is less
convenient and often requires sophisticated software or expensive FACS equipment [9, 23, 24].
On the other hand, the bioluminescent reporter is easily quantifiable and can be made amenable
to laboratory automation by using a less expensive luminometer [18, 25, 26]. Therefore, the
combination of both types of reporters may be superior, allowing for both visual monitoring
and laboratory automation.

Recently, we have developed a novel dual-reporter circuit from the marine GFP and the firefly
luciferase (Fluc) and demonstrated their usage in studying gene regulation and cell signaling
in mammalian cells [27]. Additionally, we and others have shown that the marine Gaussia
princeps termed Gaussia luciferase (Gluc) has many advantages over Fluc, including secretory
nature, higher assay sensitivity and specificity [17, 25, 28]. Notably, secreted Gluc activity can
be easily assayed by withdrawing a portion of conditioned medium, allowing real-time mon-
itoring while avoiding the cell lysis procedures often required for the quantification of Fluc
reporter.

In this chapter, we describe the design and validation of a novel AAV vector-based dual-
reporter format by a combination of GFP and Gluc for high throughput monitoring of inflam-
mation in human cells. This new circuit has high sensitivity and specificity with little back-
ground noise in reporting inflammatory response. We demonstrate that the GFP allows for
real-time monitoring and produces high-content data sets at individual cell levels using fluo-
rescence microscope or FACS. In parallel, the secretory Gluc allows for the monitoring of
inflammatory response at population levels and enables HTP analysis and laboratory automa-
tion with a luminometer or microplate reader. Together, this dual-reporter provides a robust
and high throughput means to study inflammation in human cell or animal models.

2. Materials and methods

2.1. Materials

Inflammatory cytokine TNFα was obtained from R&D Systems (Minneapolis, MN). Phorbol-
12-myristate 13-acetate (PMA) was obtained from MilliporeSigma (St. Lois, MO). Luciferase
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assay reagent and fetal bovine serum (FBS) were obtained from ThermoFisher (Waltham, MA).
AAV-DJ capsid protein and the helper free viral packaging system were obtained from Cell
Biolabs (San Diego, CA). The serum-free UltraCULTRE complete medium was obtained from
Lonza (Anaheim, CA).

2.2. Genetic circuit construction

The AAV-based dual-reporter circuit was constructed by DNA synthesis and a fusion technol-
ogy as previously reported [24, 29]. The reporter circuit was flanked by inverted terminal
repeats (ITRs). These two ITRs were synthesized by direct DNA synthesis from Genscript
(Piscataway, NJ). We then built the genetic cassette according to the configuration from the 50

to 30-end: the transcription factor response elements (TREs) of NF-κB, a minimal CMV pro-
moter sequences (mCMV), a dual-reporter with a self-splicing peptide (Gluc-T2A-GFP), the
poly adenylation signaling sequences (Poly-A) (NF-κB reporter, GenBank Accession Number:
MG786368). To evaluate the background noise, basal transcription activity and the inducible
signal range, a promoterless reporter (background noise, MG786370), a minimal promoter
(basal transcription activity, GenBank Accession Number: MG786371), and a full promoter
CMV (signal range, GenBank Accession Number: MG786372) were built in a similar format.
To assess the specificity, a dual-reporter responsive to growth factors (AP-1 reporter, GenBank
Accession Number: MG786369) but not inflammatory stimuli was similarly designed and
constructed. Final constructs were sequence-verified from ITR to ITR, and the annotated
sequences can be retrieved from GenBank (MG786368–72).

2.3. Cell culture and transfection

Human embryonic kidney cells (HEK293), human liver cancer line (HepG2) and human glio-
blastoma line (U87) were obtained from ATCC (Manassas, VA). Cells were cultured in DMEM
supplemented with 10% FBS, 2 mM GlutaMax and penicillin-streptomycin 100 U/mL. All cells
were culture at 370C with 95% humid air and 5% CO2.

Cell culture transfections were conducted in 6-well plates as reported [27]. Cells growing at 50–
70% confluency were transfected by combining reporter DNA (1–2.5 μg/well) with Lipofec-
tamine (Thermo-Fisher) or FuGene 6 transfection reagents (Promega) for 24–72 h. Cells were
then switched to fresh medium for cytokine treatment.

2.4. Recombinant AAV production and titration

Reporter AAV were produced by transfecting HEK293 cells as reported [27]. Cells on culture
dishes were transfected with a mixture of reporter DNA and helper AAV-reporter plasmids
expressing Rep and Cap proteins. Twenty-four hours after the transfection, culture medium
was changed to allow production of viral particles for additional forty-eight hours. The recom-
binant AAV viruses were prepared from the conditioned medium using an AAV concentration
reagent according to the manufacturer’s instruction (System Biosciences, Palo Alto, CA). All
AAV reporter viruses were packaged with AAV-DJ capsids, which have broad tropism in
transduction [30].
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Viral titration and multiplicity of infection (MOI) were determined by performing green cell
fluorescent assay and PCR as reported [27, 31, 32]. Briefly, HEK293 cells on 12-well plates were
transduced with serial dilutions of fCMV-Gluc-T2A-GFP control viruses. After 72 h, GFP-
positive cells were visually scored under a fluorescence microscope. MOI of control virus was
determined by GFP positivity of the transduced cells, while the MOI of reporter viruses was
estimated by comparing the relative copy numbers of the reporter viruses to those of the GFP-
positive control viruses [27].

2.5. Gaussia luciferase assay

Gaussia luciferase activity was assayed by a luminometer (Promega, Fitchburg, WI) as previ-
ously reported [18, 24]. Briefly, conditioned medium from treated cells were collected and
subsequently cleared by centrifugation at 12,000 rpm for 5 min. The cleared supernatants were
used for Gluc assay. For Gluc activities quantification, 100 μL of substrate was added to 5 or
10 μL of the conditioned medium and relative light units were recorded instantaneously [25].

2.6. Live fluorescence microscopy

Images of living cells were typically taken using fluorescence microscopy as reported [33]. To
show the intensity of GFP expression, both fluorescent and phase contrast images were
recorded. To compare expression levels of GFP, identical parameters including the exposure
time, contrast and gain were kept identical within each set of experiments. When the fluores-
cence intensity was low, images were equally adjusted to show the relative GFP intensity.

2.7. Fluorescence activated cell sorting analysis (FACS)

Cultured HEK293 cells were sorted and quantified by using the Accuri C6 Cytometry
(BD Biosciences, San Jose, CA). More than 10,000 events were recorded via a GFP channel.
Triplicate samples were analyzed to ensure consistency in results. Data were processed by
CFlow Plus software.

2.8. GFP quantification by microplate reader

Relative GFP intensity was quantified using a Microplate Reader (BMG Labtech) following the
cytokine treatment. To reduce background noise level, the conditioned media were removed
and cells were washed with phosphate buffer. The relative GFP intensity was recorded for both
treatment and control groups. For each sample, nine areas were measured and averaged by the
OMEG 3.00R2 software.

2.9. Data collection and presentation

Human cells were monitored in real-time under fluorescence microscopy. Fluorescent and
phase contrast images were recorded under the same experimental conditions. For Gaussia
luciferase assay, GFP quantification, and FACS analysis, the data are reported as mean � SD
(n = 3), unless stated otherwise.
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3. Results

3.1. Design and construction of AAV-based dual reporter circuits for monitoring
inflammation in living human cells

Temporal monitoring and quantifying of inflammatory response at individual cell levels or
within tissues is highly desirable [34, 35]. To accomplish this goal, we developed a new format
of genetic circuit composed of transcription response elements (TREs), a minimal promoter
(mCMV) and a dual-reporter (Gluc and GFP) (Figure 1A). According to this design, the TREs
will respond to the binding of activated transcription factors such as NFκB; thus, they can
switch the expression of reporter genes from an off-status to an on-status (Figure 1A). Since
different signaling molecules may elicit distinct transcription factors (TFs). A careful choice of
TREs will enable the construction of different genetic circuits for signaling monitoring. For
instance, by using the binding sequences of NFκB as TREs (Figure 1B), this unique circuit may
be able to monitor inflammation processes. Preferably, this genetic circuit will respond specifi-
cally to inflammatory molecules such as TNFα [36–38]. Taking advantage of different features of
reporter proteins, the cell response can be real-timemonitored by a number of HTPmethods. For
example, GFP may be imaged by fluorescence microscopy or quantified by microplate reader or

Figure 1. System design and workflow of AAV-based dual reporters for high throughput monitoring of inflammatory
response in human cells. (A) Schematic illustration of genetic circuit of the AAV-based dual reporter. The genetic circuit
(50 ! 30) is composed of the transcriptional responding elements (TREs), the minimal CMV promoter (mCMV), a chimeric
gene coding dual reporter proteins Gluc and GFP with a T2A (self-cleavage peptide). Depending on the availability of
transcription factor (NF-κB), this inflammatory circuit may be either in an off-status with only minimal expression of
reporters when no NF-κB binds to its TREs (upper panel), or in an on-status with a high level of expression when NF-κB
binds to its TREs stimulated by inflammatory cytokine TNFα (lower panel). (B) Workflow for HTP monitoring of
inflammatory response with GFP and Gluc. Cellular response to inflammatory stimuli can be monitored and quantified
by GFP reporter (high content microscopy, FACS, microplate reader, or luminometer). Alternatively, inflammatory
signaling can also be quantified by Gluc reporter from a portion of conditioned medium (Luminometer or bioluminescent
imaging, BLI).
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FACS. Alternatively, secreted Gluc activity can be easily quantified by assaying a portion of
conditioned medium, blood, or urine. Because the wave length of Gluc emission is longer than
600 nm, Gluc becomes a preferred imager for in vivo bioluminescence imaging (BLI) (Figure 1B).

To test our new system, we built two reporter circuits to monitor either inflammatory pro-
cesses (NFκB) or cell growth signaling (AP1). Typically, 4–6 tandem reporters of TREs can be
joined together via 6-bp linkers [27]. These TREs were inserted the upstream of the mCMV-
driven dual-reporter. This reporter circuit was flanked with ITR to allow AAV packaging and
production.

3.2. Functional validation of the dual-reporter circuit

To determine the background noise, basal transcription activity, inducible signal range, and the
signal-to-noise ratio of the new circuit, we further designed and constructed three additional
vectors: (1) a promoterless vector to assess the background noise; (2) a minimal promoter
vector to assess the basal activity; and (3) a full-length CMV promoter to assess the signal
range (Figure 2A). We transfected these reporters into HEK293 and monitored the appearance
of GFP and red fluorescent protein (RFP), which was co-transfected and served as an invari-
able control (driven by a constitutive EF1α promoter) (Figure 2B). As predicted, cells
transfected by the promoterless circuit remained GFP negative for 48 h, indicating little back-
ground noise of this new AAV reporter circuit (Figure 2B, a, g). For the minimal promoter
circuit, few cells were weakly positive for GFP, indicating low levels of basal expression
(Figure 2B, b, h). In contrast, �80% of cells exhibited strong GFP fluorescence in the fCMV
group (24–48 h) (Figure 2B, c, i). However, under the same experimental condition, the steady
expression levels of control RFP remained consistent among different groups for both 24 h
(Figure 2B, d–f) and 48 h (Figure 2B, j–l), suggesting the differential expression of GFP was
attributed to the promoter usage rather than the differences caused by transfection discrep-
ancy. Together, these data validated the functionality of our new circuit and confirmed that
GFP could be used for reporting signaling strength in living human cells.

In parallel, we also examined the Gluc activities from the conditioned media to determine if
the Gluc activities were similarly regulated depending on the promoter types. As shown in
Figure 2C, the promoterless circuit showed a very low background noise while the mCMV
promoter circuit exhibited a significant increase in Gluc activities (�30.9-fold at 24 h, �56.9-
fold at 48 h). A marked �2255- or �3847-fold increase in Gluc activity was recorded for the
fCMV promoter circuit. These data confirmed that the new reporter format has low levels of
background noise and a broad signal range with a signal-to-noise ratio of �3847:1.

3.3. Specificity of the dual-reporter circuit in monitoring inflammation using transfection
protocol

Next, we tested whether the dual-reporter system was specific in monitoring inflammation with
a commonly used transfection protocol. We conducted a comparative study on two distinctive
pathways, the inflammation (NFκB) and cell growth (AP-1). These two pathways have been
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shown to be specifically activated by proinflammatory cytokine (TNFα) and cancer promoting
reagent (PMA), respectively [18, 39]. Accordingly, we co-transfected HEK293 cells using each of
these reporters along with EF1α-driven RFP as invariable reference to determine specific effects
of TNFα and PMA on reporter activations. After cells were transfected with NFκB-Gluc-2A-GFP
reporter, treatment of cells with 10 ng/mL TNFα induced a marked increase in GFP levels
(Figure 3A, b). In parallel, a 42-fold increase in Gluc activity was detected, indicating an
activation of the inflammatory pathway (Figure 3B). As expected, very few GFP-positive cells
were present in the wells treated with PMA, suggesting specific activation of NFκB by TNFα but
not PMA (Figure 3A, c). Again, no significant change in Gluc activities was observed in mock

Figure 2. System setup and performance analysis. (A) Design and construction of three AAV-based dual reporters for
system testing. The dual-reporter circuit is flanked by inverted terminal repeats (ITR), which allows for packaging into
recombinant AAV. Promoterless, minimal promoter (mCMV) and full CMV (CMV)-driven dual reporter circuit are
shown from top to bottom. (B) Expression of dual-reporters in live HEK293 cells. The GFP expression (green) in HEK293
cells were recorded with a fluorescence microscope following transfections of either a promoterless, an mCMV, or an
fCMV-driven reporter at 24 h (a–c) and 48 h (g–i), which were co-transfected with a positive control plasmid DNA
expressing RFP (d–f for 24 h; j–l for 48 h). Arrows indicate GFP- or RFP-positive cells. The bottom panels show the
corresponding phase-contrast images for each group. (C) The Gluc activity from the conditioned mediumwas determined
by a luciferase assay following the transfection of three reporters at the same time points. The luciferase activity was
expressed as relative light units (RLU), normalized against protein input, and presented as fold increase over untreated
control (mean � SD, n = 3) with statistical significance of P<0.001, using student’s T-test. The bottoms panels are
representative phase-contrast images for each treatment group.
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FACS. Alternatively, secreted Gluc activity can be easily quantified by assaying a portion of
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(Figure 2B, b, h). In contrast, �80% of cells exhibited strong GFP fluorescence in the fCMV
group (24–48 h) (Figure 2B, c, i). However, under the same experimental condition, the steady
expression levels of control RFP remained consistent among different groups for both 24 h
(Figure 2B, d–f) and 48 h (Figure 2B, j–l), suggesting the differential expression of GFP was
attributed to the promoter usage rather than the differences caused by transfection discrep-
ancy. Together, these data validated the functionality of our new circuit and confirmed that
GFP could be used for reporting signaling strength in living human cells.

In parallel, we also examined the Gluc activities from the conditioned media to determine if
the Gluc activities were similarly regulated depending on the promoter types. As shown in
Figure 2C, the promoterless circuit showed a very low background noise while the mCMV
promoter circuit exhibited a significant increase in Gluc activities (�30.9-fold at 24 h, �56.9-
fold at 48 h). A marked �2255- or �3847-fold increase in Gluc activity was recorded for the
fCMV promoter circuit. These data confirmed that the new reporter format has low levels of
background noise and a broad signal range with a signal-to-noise ratio of �3847:1.

3.3. Specificity of the dual-reporter circuit in monitoring inflammation using transfection
protocol

Next, we tested whether the dual-reporter system was specific in monitoring inflammation with
a commonly used transfection protocol. We conducted a comparative study on two distinctive
pathways, the inflammation (NFκB) and cell growth (AP-1). These two pathways have been
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shown to be specifically activated by proinflammatory cytokine (TNFα) and cancer promoting
reagent (PMA), respectively [18, 39]. Accordingly, we co-transfected HEK293 cells using each of
these reporters along with EF1α-driven RFP as invariable reference to determine specific effects
of TNFα and PMA on reporter activations. After cells were transfected with NFκB-Gluc-2A-GFP
reporter, treatment of cells with 10 ng/mL TNFα induced a marked increase in GFP levels
(Figure 3A, b). In parallel, a 42-fold increase in Gluc activity was detected, indicating an
activation of the inflammatory pathway (Figure 3B). As expected, very few GFP-positive cells
were present in the wells treated with PMA, suggesting specific activation of NFκB by TNFα but
not PMA (Figure 3A, c). Again, no significant change in Gluc activities was observed in mock

Figure 2. System setup and performance analysis. (A) Design and construction of three AAV-based dual reporters for
system testing. The dual-reporter circuit is flanked by inverted terminal repeats (ITR), which allows for packaging into
recombinant AAV. Promoterless, minimal promoter (mCMV) and full CMV (CMV)-driven dual reporter circuit are
shown from top to bottom. (B) Expression of dual-reporters in live HEK293 cells. The GFP expression (green) in HEK293
cells were recorded with a fluorescence microscope following transfections of either a promoterless, an mCMV, or an
fCMV-driven reporter at 24 h (a–c) and 48 h (g–i), which were co-transfected with a positive control plasmid DNA
expressing RFP (d–f for 24 h; j–l for 48 h). Arrows indicate GFP- or RFP-positive cells. The bottom panels show the
corresponding phase-contrast images for each group. (C) The Gluc activity from the conditioned mediumwas determined
by a luciferase assay following the transfection of three reporters at the same time points. The luciferase activity was
expressed as relative light units (RLU), normalized against protein input, and presented as fold increase over untreated
control (mean � SD, n = 3) with statistical significance of P<0.001, using student’s T-test. The bottoms panels are
representative phase-contrast images for each treatment group.
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control or cells treated with PMA (Figure 3B). Conversely, after cells were transfected with the
AP1-Gluc-2A-GFP reporter, treatment of cells with 50 ng/mL PMA induced a significant increase
in GFP levels (Figure 3C, c), in line with a 3.8-fold increase in Gluc activities (Figure 3D). In
contrast, neither mock-control (Figure 3C, a) nor TNFα (Figure 3C, b) caused any significant
changes in the expression levels of GFP or Gluc (Figure 3D). Additionally, the co-transfected
invariable reference RFP showed little changes among different groups (Figure 3A, C, middle
panels), excluding the possibility that such differences were caused by discrepancies in transfec-
tion efficiency. Taken together, these results confirm the specificity of our new reporter circuit in
monitoring inflammation using a simple transfection protocol.

Figure 3. The specificity of the AAV-based dual-reporters by transfection. HEK293 cells were transfected with NF-κB
reporter for 24 h. Cells were then switched to low serum medium in the presence or absence of either TNFα (10 ng/mL)
or PMA (50 ng/mL) for 24 h. The images of GFP (A: a–c), RFP (A: d–e), and phase (A: lower panel) were recorded 24 h
after the treatment. The corresponding luciferase activity was assayed using the conditioned medium collected from a
control, TNFα or PMA treatment group (B). In a separate set of experiments, HEK293 cells were transfected with AP-1
reporters for 24 h, followed by the treatment of either TNFα (10 ng/mL) or PMA (50 ng/mL) for additional 24 h.
The GFP (B: a-c), RFP (B: d-e), and phase (B: lower panel) images were recorded and the corresponding luciferase
activity was also assayed and graphed (D). Arrows indicates the GFP- or RFP-positive cells. The luciferase activity was
expressed as relative light units (RLU) and presented as fold increase over untreated control (mean � SD, n = 3).
*** denotes P<0.001, using student’s T-test.
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3.4. Monitoring cell signaling response using an AAV transduction protocol

Following successful monitoring of cell signaling with a transfection protocol, we further test
whether the new AAV-based circuit could be successfully packaged into delivery viral parti-
cles to deliver the reporter circuit to various cells [40–42]. For virus packaging, we used our
established protocol to generate recombinant reporter viruses [27]. For cell transduction, pack-
aged viruses (� 1� MOI viruses) were used to transduce HEK293 cells for 24 h. Following the
transduction, cells were washed and switched to UltraCULTURE for the treatment of TNFα or
PMA. Similar to the transfection experiment, the NFκB reporter circuit showed a marked
increase in Gluc activity (85-fold over control) in response to the TNFα treatment but not
PMA (Figure 4A). Conversely, the AP-1 reporter circuit showed a smaller but significant
increase in Gluc activity (9.6-fold over control) for the treatment of PMA but not TNFα
(Figure 4B). These results validated the specificity of this dual-reporter using a highly effective

Figure 4. The specificity of AAV-based reporters by transduction. HEK293 cells were transduced with either NFκB (A) or
AP-1 (B) reporter AAV (MOI = 1) for 24 h. Cells were then switched to low serum medium in the presence or absence of
TNFα (10 ng/mL) or PMA (50 ng/mL) for additional 24 h. In separate experiments, following 24 h transduction with NFκB
reporter AAV, HEK293 cells were subject to either the treatment of increasing concentration of TNFα (0, 0.1, 1, 5 10, and
50 ng/mL) for 24 h (C), or in the presence of TNFα (10 ng/mL) for 0, 3, 7, 24, 48, and 72 h (D).The luciferase activity was
determined using conditioned medium, and expressed as relative light units (RLU) or presented as fold increase over
untreated control (mean � SD, n = 3). ** denotes P<0.01, while *** denotes P<0.001, using student’s T-test.
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control or cells treated with PMA (Figure 3B). Conversely, after cells were transfected with the
AP1-Gluc-2A-GFP reporter, treatment of cells with 50 ng/mL PMA induced a significant increase
in GFP levels (Figure 3C, c), in line with a 3.8-fold increase in Gluc activities (Figure 3D). In
contrast, neither mock-control (Figure 3C, a) nor TNFα (Figure 3C, b) caused any significant
changes in the expression levels of GFP or Gluc (Figure 3D). Additionally, the co-transfected
invariable reference RFP showed little changes among different groups (Figure 3A, C, middle
panels), excluding the possibility that such differences were caused by discrepancies in transfec-
tion efficiency. Taken together, these results confirm the specificity of our new reporter circuit in
monitoring inflammation using a simple transfection protocol.

Figure 3. The specificity of the AAV-based dual-reporters by transfection. HEK293 cells were transfected with NF-κB
reporter for 24 h. Cells were then switched to low serum medium in the presence or absence of either TNFα (10 ng/mL)
or PMA (50 ng/mL) for 24 h. The images of GFP (A: a–c), RFP (A: d–e), and phase (A: lower panel) were recorded 24 h
after the treatment. The corresponding luciferase activity was assayed using the conditioned medium collected from a
control, TNFα or PMA treatment group (B). In a separate set of experiments, HEK293 cells were transfected with AP-1
reporters for 24 h, followed by the treatment of either TNFα (10 ng/mL) or PMA (50 ng/mL) for additional 24 h.
The GFP (B: a-c), RFP (B: d-e), and phase (B: lower panel) images were recorded and the corresponding luciferase
activity was also assayed and graphed (D). Arrows indicates the GFP- or RFP-positive cells. The luciferase activity was
expressed as relative light units (RLU) and presented as fold increase over untreated control (mean � SD, n = 3).
*** denotes P<0.001, using student’s T-test.
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3.4. Monitoring cell signaling response using an AAV transduction protocol

Following successful monitoring of cell signaling with a transfection protocol, we further test
whether the new AAV-based circuit could be successfully packaged into delivery viral parti-
cles to deliver the reporter circuit to various cells [40–42]. For virus packaging, we used our
established protocol to generate recombinant reporter viruses [27]. For cell transduction, pack-
aged viruses (� 1� MOI viruses) were used to transduce HEK293 cells for 24 h. Following the
transduction, cells were washed and switched to UltraCULTURE for the treatment of TNFα or
PMA. Similar to the transfection experiment, the NFκB reporter circuit showed a marked
increase in Gluc activity (85-fold over control) in response to the TNFα treatment but not
PMA (Figure 4A). Conversely, the AP-1 reporter circuit showed a smaller but significant
increase in Gluc activity (9.6-fold over control) for the treatment of PMA but not TNFα
(Figure 4B). These results validated the specificity of this dual-reporter using a highly effective

Figure 4. The specificity of AAV-based reporters by transduction. HEK293 cells were transduced with either NFκB (A) or
AP-1 (B) reporter AAV (MOI = 1) for 24 h. Cells were then switched to low serum medium in the presence or absence of
TNFα (10 ng/mL) or PMA (50 ng/mL) for additional 24 h. In separate experiments, following 24 h transduction with NFκB
reporter AAV, HEK293 cells were subject to either the treatment of increasing concentration of TNFα (0, 0.1, 1, 5 10, and
50 ng/mL) for 24 h (C), or in the presence of TNFα (10 ng/mL) for 0, 3, 7, 24, 48, and 72 h (D).The luciferase activity was
determined using conditioned medium, and expressed as relative light units (RLU) or presented as fold increase over
untreated control (mean � SD, n = 3). ** denotes P<0.01, while *** denotes P<0.001, using student’s T-test.
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transduction protocol. Consistent with low basal level of Gluc activities, we also observed a
low GFP expression in control cells, which increased in their intensities in response to TNFα
treatment but not to PMA. Likewise, the GFP intensity increased in response to PMA but not to
TNFα treatment in the AP-1 system, indicating specific response to its corresponding singling
stimuli. It is worth noting that both GFP intensity and Gluc activity appeared to be low for cells
with transduction in comparison to transfection. However, the relative fold-increase of Gluc
appeared to be more prominent (85-fold vs. 42-fold increase for NF-κB and 9.6-fold vs. 3.8-fold
increase for AP-1), which suggests that the lower background noise may increase the detection
sensitivity using viral transduction protocol. Nevertheless, our data support the notion the
new format of reporter circuit could be used to monitor and quantify inflammation or cell
growth signaling by either simple transfection or highly efficient transduction protocols.

3.5. Sensitive and real-time monitoring of inflammatory response

We next performed the dose-response and time-course experiments to examine the sensitivity
of our inflammatory reporter circuits in HEK293 cells. Following the transduction of cells with
either AAV-based NFκB reporter or control plasmid for 24 h, cells were treated with incremen-
tal amount of TNFα (0.01, 0.1, 1, 5, and 10 ng/mL) for 24 h. As low as 0.01 ng/mL TNFα induces
a significant rise of Gluc activity (3-fold over control, Figure 4C). As expected, higher TNFα
concentrations (0.1–10 ng/mL) elicited more robust responses (15–105-fold over control) in a
dose-dependent fashion (Figure 4C). In agreement with Gluc activities, GFP images exhibited
a similar pattern of dose-dependent increase of GFP expression levels in responding to TNFα.

To temporally examine the activation of the NFκB reporter, we conducted a time-course study
on the effects of TNFα using the established transduction protocol. We used a dosage of 10 ng/
mL of TNFα because this dosage can induce a robust response in the above dose-response
experiments. As early as 3 h following TNFα treatment, Gluc activity started to rise signifi-
cantly (5-fold over control, Figure 4D). During the first 24 h, Gluc activity steadily increased
(5–64-fold over control) (Figure 4D). Together, these results show that our new dual-reporter
responds to inflammatory stimuli in both a dose- and time-dependent fashion, hence demon-
strated the usefulness of the secreted Gluc for temporal monitoring of inflammation with our
new reporter circuit in living human cells.

3.6. Coupling of dual-reporter with cytometer and automation-compatible microplate
reader

To further explore whether our new dual-reporter circuit is amenable to HTP applications, we
conducted a series of high content experiments that consisted of multiple dose- and time-course
studies. Following the transduction of AAV-based NFκB reporters, cells were treated with
incremental concentrations of TNFα (0, 0.01, 0.1, 1, 5, 25, 100 ng/mL). At multiple time-points
(0, 1, 3, 6, 9, 24, 32, and 48 h), a small portion of culture medium was collected to determine the
Gluc activity. As shown in Figure 5A, both time- and dose-dependent responses to the treat-
ment of TNFα were detected. However, the cellular response to TNFα appeared to be attenu-
ated in the following 24–48 h, indicating the maximum possible stimulation achieved at 24 h
time-point. It is important to note that cellular response demonstrated a typical early response
(Figure 5B). At doses of 0.1 ng/mL and above, significant increases (Figure 5B) in Gluc activities
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were apparent. Even at the lowest dose of 0.01 ng/mL, a small increase (1.4-fold over control) in
Gluc activities was detected at 6 h (Figure 5B), supporting a receptor-mediated quick activation
model. Additionally, the secreted reporter Gluc enabled us to conduct these multi-dose (eight
dosages) and multi-times (8 time-points) experiments in a triplicate format (three biological
repeats), yielding a total of 192 data points, rendering a reliable and informative pattern of
response.

We next examined the individual cell response to inflammatory cytokines using FACS as a
HTP tool. HEK293 cells were transduced with AAV-based NFκB reporters, and the GFP
emission was quantified by FACS. As expected, cells in the background group (mock transfec-
tion) were GFP-negative (Figure 6A, left panel), while reporter-transduced cells showed weak
GFP expression in the absence of TNFα (Figure 6A, middle panel), but high GFP expression in
the TNFα-treatment group (Figure 6A, right panel), demonstrating a robust cellular response.
In parallel, our cytometry data revealed high intensity of GFP signal at individual cell levels:
0% in background group vs. 26% in control group vs. 83.6% in TNFα group (Figure 6B). A
marked shift of GFP intensity following TNFα treatment was apparent when these graphs
were merged (Figure 6C). Additionally, the individual response could also be summarized and
averaged to evaluate cellular response as a heterogeneous population, which showed �40-fold
increase in TNFα group over control (Figure 6D). Together, our results demonstrated that flow
cytometry can be used to assess inflammatory response at both individual cell and population
levels using our novel reporter circuit.

Next, we examined whether a more commonly available microplate reader can be an alterna-
tive readout tool compared to the expensive cytometer for GFP quantification. Following the
transfection of HEK293 cells with our NFκB reporter, the GFP intensity was recorded by
fluorescent microscopy and the GFP emission was quantified with a microplate reader equipped

Figure 5. (A) HEK293 cells respond to TNFα stimuli in a time- and dose-dependent manner. Following transduction with
NF-κB reporter virus (MOI = 1) for 24 h, HEK293 cells were treated with increasing concentration of TNFα (0, 0.01, 0.1, 1,
5, 10, 25, 50 and 100 ng/mL). A small portion of conditioned medium was collected at the indicated time-points (0, 1, 3, 6
and 9 h). The luciferase activity was determined using the conditioned medium, and expressed as relative light units
(RLU) or presented as fold increase over untreated control (mean � SD, n = 3). (B) Inset of control and treatment
concentrations of 0.1 and 0.01 ng/ml. ** denotes P<0.01, while *** denotes P<0.001, using student’s T-test.
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transduction protocol. Consistent with low basal level of Gluc activities, we also observed a
low GFP expression in control cells, which increased in their intensities in response to TNFα
treatment but not to PMA. Likewise, the GFP intensity increased in response to PMA but not to
TNFα treatment in the AP-1 system, indicating specific response to its corresponding singling
stimuli. It is worth noting that both GFP intensity and Gluc activity appeared to be low for cells
with transduction in comparison to transfection. However, the relative fold-increase of Gluc
appeared to be more prominent (85-fold vs. 42-fold increase for NF-κB and 9.6-fold vs. 3.8-fold
increase for AP-1), which suggests that the lower background noise may increase the detection
sensitivity using viral transduction protocol. Nevertheless, our data support the notion the
new format of reporter circuit could be used to monitor and quantify inflammation or cell
growth signaling by either simple transfection or highly efficient transduction protocols.

3.5. Sensitive and real-time monitoring of inflammatory response

We next performed the dose-response and time-course experiments to examine the sensitivity
of our inflammatory reporter circuits in HEK293 cells. Following the transduction of cells with
either AAV-based NFκB reporter or control plasmid for 24 h, cells were treated with incremen-
tal amount of TNFα (0.01, 0.1, 1, 5, and 10 ng/mL) for 24 h. As low as 0.01 ng/mL TNFα induces
a significant rise of Gluc activity (3-fold over control, Figure 4C). As expected, higher TNFα
concentrations (0.1–10 ng/mL) elicited more robust responses (15–105-fold over control) in a
dose-dependent fashion (Figure 4C). In agreement with Gluc activities, GFP images exhibited
a similar pattern of dose-dependent increase of GFP expression levels in responding to TNFα.

To temporally examine the activation of the NFκB reporter, we conducted a time-course study
on the effects of TNFα using the established transduction protocol. We used a dosage of 10 ng/
mL of TNFα because this dosage can induce a robust response in the above dose-response
experiments. As early as 3 h following TNFα treatment, Gluc activity started to rise signifi-
cantly (5-fold over control, Figure 4D). During the first 24 h, Gluc activity steadily increased
(5–64-fold over control) (Figure 4D). Together, these results show that our new dual-reporter
responds to inflammatory stimuli in both a dose- and time-dependent fashion, hence demon-
strated the usefulness of the secreted Gluc for temporal monitoring of inflammation with our
new reporter circuit in living human cells.

3.6. Coupling of dual-reporter with cytometer and automation-compatible microplate
reader

To further explore whether our new dual-reporter circuit is amenable to HTP applications, we
conducted a series of high content experiments that consisted of multiple dose- and time-course
studies. Following the transduction of AAV-based NFκB reporters, cells were treated with
incremental concentrations of TNFα (0, 0.01, 0.1, 1, 5, 25, 100 ng/mL). At multiple time-points
(0, 1, 3, 6, 9, 24, 32, and 48 h), a small portion of culture medium was collected to determine the
Gluc activity. As shown in Figure 5A, both time- and dose-dependent responses to the treat-
ment of TNFα were detected. However, the cellular response to TNFα appeared to be attenu-
ated in the following 24–48 h, indicating the maximum possible stimulation achieved at 24 h
time-point. It is important to note that cellular response demonstrated a typical early response
(Figure 5B). At doses of 0.1 ng/mL and above, significant increases (Figure 5B) in Gluc activities
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were apparent. Even at the lowest dose of 0.01 ng/mL, a small increase (1.4-fold over control) in
Gluc activities was detected at 6 h (Figure 5B), supporting a receptor-mediated quick activation
model. Additionally, the secreted reporter Gluc enabled us to conduct these multi-dose (eight
dosages) and multi-times (8 time-points) experiments in a triplicate format (three biological
repeats), yielding a total of 192 data points, rendering a reliable and informative pattern of
response.

We next examined the individual cell response to inflammatory cytokines using FACS as a
HTP tool. HEK293 cells were transduced with AAV-based NFκB reporters, and the GFP
emission was quantified by FACS. As expected, cells in the background group (mock transfec-
tion) were GFP-negative (Figure 6A, left panel), while reporter-transduced cells showed weak
GFP expression in the absence of TNFα (Figure 6A, middle panel), but high GFP expression in
the TNFα-treatment group (Figure 6A, right panel), demonstrating a robust cellular response.
In parallel, our cytometry data revealed high intensity of GFP signal at individual cell levels:
0% in background group vs. 26% in control group vs. 83.6% in TNFα group (Figure 6B). A
marked shift of GFP intensity following TNFα treatment was apparent when these graphs
were merged (Figure 6C). Additionally, the individual response could also be summarized and
averaged to evaluate cellular response as a heterogeneous population, which showed �40-fold
increase in TNFα group over control (Figure 6D). Together, our results demonstrated that flow
cytometry can be used to assess inflammatory response at both individual cell and population
levels using our novel reporter circuit.

Next, we examined whether a more commonly available microplate reader can be an alterna-
tive readout tool compared to the expensive cytometer for GFP quantification. Following the
transfection of HEK293 cells with our NFκB reporter, the GFP intensity was recorded by
fluorescent microscopy and the GFP emission was quantified with a microplate reader equipped

Figure 5. (A) HEK293 cells respond to TNFα stimuli in a time- and dose-dependent manner. Following transduction with
NF-κB reporter virus (MOI = 1) for 24 h, HEK293 cells were treated with increasing concentration of TNFα (0, 0.01, 0.1, 1,
5, 10, 25, 50 and 100 ng/mL). A small portion of conditioned medium was collected at the indicated time-points (0, 1, 3, 6
and 9 h). The luciferase activity was determined using the conditioned medium, and expressed as relative light units
(RLU) or presented as fold increase over untreated control (mean � SD, n = 3). (B) Inset of control and treatment
concentrations of 0.1 and 0.01 ng/ml. ** denotes P<0.01, while *** denotes P<0.001, using student’s T-test.
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with a laser lamp and a GFP signal detector. As expected, TNFα treatment induced a drastic
increase in the GFP intensity over control (Figure 7A) with a 16.7-fold increase in GFP signal
measured by a microplate reader. To further examine whether our NFκB reporter can be used to
monitor the inflammation response in other cell types, we transfected two additional human cell
types (U87 and HepG2) with this reporter and quantified their response to TNFα treatment.
Similar toHEK293 cells,we observedmarked increases (9.2-fold and 18.3-fold over control) inGFP

Figure 6. High-content quantification of inflammatory response by the flow cytometry. Following transduction with
NFκB reporter virus (MOI = 1) or mock transduction (background control) for 24 h, HEK293 cells were switched to
serum-free medium in the presence or absence (b) of TNFα (10 ng/mL) for additional 24 h. Response of individual cells
was imaged by fluorescence microscopy (A) and further quantified by FACS analysis (B, C). The average response was
calculated and graphed (D). The data was presented as mean � SD, n = 3.
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Figure 7. Quantification of inflammatory response by microplate reader. Three types of human cells were separately
transfected with NF-κB reporter for 24 h and then switched to serum-free complete medium in the presence or absence of
TNFα (10 ng/mL) for additional 24 h. The GFP (A–C: a, b) and phase (A–C: c, d) images were taken and the corresponding
GFP intensity was further quantified by a microplate reader and graphed (e–g). The data was presented as mean � SD,
n = 3.
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types (U87 and HepG2) with this reporter and quantified their response to TNFα treatment.
Similar toHEK293 cells,we observedmarked increases (9.2-fold and 18.3-fold over control) inGFP

Figure 6. High-content quantification of inflammatory response by the flow cytometry. Following transduction with
NFκB reporter virus (MOI = 1) or mock transduction (background control) for 24 h, HEK293 cells were switched to
serum-free medium in the presence or absence (b) of TNFα (10 ng/mL) for additional 24 h. Response of individual cells
was imaged by fluorescence microscopy (A) and further quantified by FACS analysis (B, C). The average response was
calculated and graphed (D). The data was presented as mean � SD, n = 3.
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Figure 7. Quantification of inflammatory response by microplate reader. Three types of human cells were separately
transfected with NF-κB reporter for 24 h and then switched to serum-free complete medium in the presence or absence of
TNFα (10 ng/mL) for additional 24 h. The GFP (A–C: a, b) and phase (A–C: c, d) images were taken and the corresponding
GFP intensity was further quantified by a microplate reader and graphed (e–g). The data was presented as mean � SD,
n = 3.
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intensity in U87 (Figure 7B) and HepG2 (Figure 7C) cells, respectively. Together, our results
validated another convenient approach for signal quantificationbyusing less expensiveMicroplate
reader, which is easily amenable to laboratory automation.

4. Discussion

4.1. Features of the new genetic circuit

We report the development of a new AAV-based dual-reporter circuit for live monitoring of
cell signaling that is fundamental to both physiology and pathology. Our system combines two
functionally complementary reporters (Gluc and GFP), which enables HTP applications and
laboratory automation. The distinctive feature of this dual-reporter from our previous ones
[18, 27] is the introduction of Gluc, which is a secretary form of luciferase and can be easily
retrieved from conditioned medium for quantification [17]. Retaining the GFP reporter pre-
serves the capability of both real-time imaging and single cell analysis [34]. Through compre-
hensive examination and validation using a fluorescence microscope, flow cytometer, and
microplate reader, we demonstrated that our new system is robust and provides attractive
advantages over existing methods. These advantages include a wide detection range, low back-
ground, high sensitivity and better specificity, and multiple gene delivery options.

4.2. Genetic circuit better reports cellular response with relevant physiological and
pathophysiological significance

The successful development of a genetic circuit requires a sound strategy and an ability
to monitor molecular singling in a highly sensitive and specific manner. To study inflammation,
we chose the NFκB because it is an important transcription factor in regulating cellular responses
with a rapid-activation property [43–45]. In most types of cells, NFκB exists as a dimer in the
cytoplasm in an inactive status via interaction with IκB inhibitor proteins. NFκB can be activated
by various inflammatory molecules, including TNFα, IL-1β, or bacterial lipopolysaccharides
(LPS) [44–46]. Upon binding of these stimuli to their respective receptors, the IκB kinase becomes
activated and phosphorylates IκB proteins, which in turn are ubiquitinated and degraded by
proteasomes. Once the IκB is degraded, the NFκB complex is free to migrate into nucleus where
it binds to its response element and turns on the expression of specific genes that mediate
inflammatory responses [47, 48]. Traditionally, methods for the study of inflammation are inva-
sive in nature. Two commonly used methods are Western blot analysis for evaluating IκB
activation and RT-PCR for quantifying effector gene expression, both requiring lysis of cells.
Additionally, these methods are cumbersome and low in throughput [43, 48]. To overcome these
limitations, Lee et al. created a RFP- NFκB reporter cell line, which allows researchers to monitor
the NFκB translocation from the cytoplasm to the nucleus [49]. Although this reporter may
permit real-time monitoring, its readout is one of the early events of inflammatory signaling,
namely the NFκB translocation, rather than the biological endpoint [49]. Due to the oscillation
of NFkB, this process may not correlate well with the biological response. Differing from RFP-
NFκB reporter, our new system monitors the transcriptional activation, the final step in
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producing the biological response. Thus, our new systemwill produce biologically relevant data.
Moreover, our dual-reporter format may preserve the signaling history at both individual cell
(GFP) and population (Gluc) levels, yielding complimentary data sets as demonstrated in this
study (Figures 3–5). Most importantly, the endpoint quantification is a direct measurement of
NFκB activation in terms of GFP intensity or Gluc activity. Those measurements can be obtained
via high content FACS analysis or laboratory automotive microplate reader, in a sensitive and
specific manner.

4.3. The dual-reporter circuit is applicable to other signaling pathways

Transcriptional activation and control of gene expression is the common focal point that converges
on a variety of signaling pathways. Here, we demonstrate that our dual-reporter system can be
used to monitor two critical signaling pathways mediated by either by NFκB (inflammation) or
AP-1 (cell proliferation and/or differentiation). By the same token, our genetic circuit can be easily
modified to report other critical signaling processes such as cancer (P53 or Myc), dyslipidemia
(SREBP1 or PPAR), brain development (OCT4 or PAX6) and endocrine function (ER or AR).
Hence, this new genetic circuit will have wide applicability and represents a promising platform
for studying cell signaling in live cell or animal models.

5. Conclusions

We developed and validated a new dual-reporter circuit for real-time monitoring and quanti-
fication of inflammatory signaling in various mammalian cells. The new system is readily
amenable to noninvasive manipulations allowing high throughput applications and labora-
tory automation.
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Abstract

Identification of the hypoxia-inducible factors (HIFs) as core players of the transcriptional 
response to hypoxia transformed our understanding of the mechanism underpinning the 
hypoxic response at the molecular level and led to discoveries on the role of metabolism 
in cell signaling alike. It has now become clear that HIFs act in the heart of a pathway 
where oxygen may be considered as a signaling entity recognized by molecular sensors 
conveying the oxygen signal to the transcriptional regulator HIFs as distal effectors. The 
pathway is under multiple levels of regulatory control shaping the cellular response to 
hypoxia and gives hypoxia signaling an intricate and dynamic activity profile. These 
include regulatory mechanisms within the HIF pathway as well as diverse interplay 
with other metabolic and signaling pathways of critical cellular functions. The emerging 
model reflects a multi-level regulatory network that apparently affects all aspects of cell 
physiology.

Keywords: hypoxia, hypoxia-inducible factors, prolyl hydroxylases

1. Introduction

The development of molecular machineries capable of utilizing atmospheric oxygen for bioener-
getic purposes was a key event in the evolution of life on Earth. This, along with other processes 
like compartmentalization, allowed eukaryotic organisms to substantially enhance metabolic 
efficiency. The accompanying development of a range of biochemical processes provided the 
bioenergetic capacity to permit the evolution of more complex life forms of metazoans [1]. In 
parallel, the high degree of dependence of a constant oxygen supply to maintain metabolic 
homeostasis provoked the evolution of counter measures termed the hypoxia pathway [2].
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2. The hypoxia pathway

The critical dependence on oxygen for metabolic homeostasis and survival led to the early 
evolution of a molecular mechanism that enabled cells, tissues, and organisms to adapt to 
hypoxia. This adaptive response is primarily orchestrated by a family of transcription factors 
termed hypoxia-inducible factors (HIFs) [3]. In mammals, three members of the helix-loop-
helix-type HIF family have been identified to date (HIF-1, HIF-2, and HIF-3) of which the pro-
totype is HIF-1 (Figure 1). The active HIF-1 is composed of discrete alpha and beta subunits 
(HIF-1α and HIF-1β, respectively) both of which are ubiquitously expressed in human tissues, 
whereas HIF-2α and HIF-3α are selectively expressed in certain cell types [4, 5]. Unlike HIF-β 
that is stably expressed in the cells, HIF-α subunits are continuously degraded by the 26S 
proteasome under normoxic conditions. This mechanism prevents the formation and activity 
of HIF heterodimers in sufficiently oxygenized cells and the launch of their hypoxia-adaptive 
genetic program. In hypoxia, however, HIF-α subunits escape from the constitutive degrada-
tion, become stabilized in the cytoplasm, dimerize with HIF-1β and the nuclear heterodimers 
rearrange gene expression pattern of the hypoxic cell. This primarily, but not exclusively, 
includes induction of genes that mediate the switch from oxygen-dependent to anaerobic 
metabolism.

Figure 1. Domain structure of HIF polypeptides A: DNA-binding domain; B: basic helix-loop-helix domain; C: Per/
Arnt/Sim (PAS) A domain; D: PAS B domain; E: PAC motif; F: oxygen-dependent degradation domain; F1: N-terminal 
transactivation domain; G: ERK target domain; H: C-terminal transactivation domain. Amino acid positions indicated 
are based on current Uniprot.
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The molecular background of normoxic degradation of HIF-α was first elucidated in 2001 [6, 7] 
(Figure 2). It turned out that its continuous proteasomal elimination is triggered by the oxygen-
dependent hydroxylation mediated by a family of prolyl-4-hydroxylases reminiscent of procol-
lagen prolyl hydroxylases that had long been known at the time. To date, three HIF-regulating 
prolyl-4-hydroxylases (also known as PHD1, PHD2, and PHD3) have been identified in mam-
malian cells [8]. They utilize molecular oxygen, ascorbic acid, iron, and the tricarboxylic acid 
(TCA) cycle intermediate α-ketoglutarate as co-factors and co-substrates to hydroxylate the 
HIF-α subunits at conserved prolyl residues [6, 9]. In HIF-1α, these are proline 402 and 564 
and their hydroxylation increases the affinity of the polypeptide to the von Hippel-Lindau 
protein (pVHL), the substrate recognition component of the E3 ubiquitin ligase complex of 
Elongin-B and -C, Cul2, and Rbx1 [10]. This leads to pVHL-mediated ubiquitylation of lysine 
residues (lysine 532, 538, and 547 in case of HIF-1α) within the so-called oxygen-dependent 
degradation domain that renders the polypeptide for constitutive proteasomal degradation. 
In hypoxia, this hydroxylation activity is reduced due to the lack of available oxygen, result-
ing in stabilization of the HIF-α subunits. In addition to the PHD-mediated post-translational 
modifications, a second level of hydroxylation-dependent regulation of HIF-α has also been 

Figure 2. Oxygen sensing by hydroxylases. Abbreviations: FIH: factor inhibiting HIF; PHDs: prolyl-4-hydroxylases; HIF: 
hypoxia-inducible factor; ARNT: aryl hydrocarbon receptor nuclear translocator; pVHL: von Hippel-Lindau ubiquitin 
ligase; OH: hydroxylation; U: ubiquitylation; p300/CBP: transcriptional co-activators of HIF heterodimers.
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discovered. This post-translational modification is mediated by the asparagine hydroxylase 
termed factor inhibiting HIF (FIH). Unlike PHDs, however, the FIH-mediated hydroxylation is 
believed to primarily prevent HIF’s interaction with transcriptional co-activators like the p300/
CBP (Figure 2) [11–13].

In the hypoxia pathway, oxygen may be considered the “ligand” for oxygen sensor prolyl-
4-hydroxylases that principally govern HIF activity. This, eventually, culminates in the launch 
of a complex adaptive program that fundamentally affects cellular homeostasis via metabolic 
switch from the oxygen-dependent oxidative phosphorylation to glycolysis, increased angio-
genesis and enhanced erythropoiesis. Thus, it is not surprising that a range of additional 
inputs, including feedback loops and multiple cross talks with other signaling pathways, 
shape the spatial and temporal nature of the ultimate response to oxygen depletion. These 
interactions form a metabolic signaling network that confers a dynamic profile and a high 
degree of complexity upon the hypoxic response.

3. Regulatory measures in hypoxia signaling

3.1. Supracellular signaling

In principle, adaptation to hypoxia may involve two directions of counter measures; reduction 
of oxygen consumption and increase of oxygen supply. In multicellular organisms, the latter 
one requires coordinated supracellular, multi-organ measures governed by HIF-inducible 
genes including elevated erythropoiesis and angiogenesis. At a systemic level, hypoxia-acti-
vated HIFs induce erythropoietin (EPO) expression in liver and interstitial kidney cells that, 
subsequently, triggers erythropoiesis in the bone marrow [14, 15]. This elevated red blood cell 
production, however, requires increased iron supply of bone marrow erythroblasts regulated 
by, at least in part, the hepatocyte-specific iron homeostasis regulator hepcidin. This short 
peptide is believed to be responsible for inhibiting the iron release and absorption from mac-
rophages and intestinal epithelial cells, respectively, by binding the only known cellular iron 
exporter ferroportin [16]. Upregulated HIF-driven erythropoiesis provokes repression of the 
hepatic hepcidin-encoding gene, although the identity of the soluble mediator of this effect is 
yet to be confirmed [17–20]. The drop of serum hepcidin upon hypoxia, eventually, results in 
elevated iron release from the intestinal epithelium supplying the increased iron demand of 
expanded erythropoiesis [21].

When hypoxia develops locally, sheer increase of the oxygen transport capacity may not be 
sufficient to elevate the oxygen supply of hypoxic tissues. In these conditions, hypoxia is 
accompanied by angiogenesis representing another tissue-level negative feedback loop of 
hypoxia signaling. This arm of the regulation is mediated by the key angiogenesis-regulating 
growth factor termed vascular endothelial growth factor A (VEGF-A). Similar to EPO, VEGFA, 
the key determinant of survival and proliferation of endothelial cells upon embryonic vas-
culogenesis, is another common target of HIF-1 and -2 [22, 23]. In addition, high levels of 
VEGF-A expressed by hypoxic stromal or tumor cells regulate endothelial cells metabolism 
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by biasing it toward glycolysis via induction of isoform 3 of 6-phospho-fructo-2-kinase/ 
fructose-2,6-biphosphatase [24]. Increased glycolysis not only supports endothelial cell sur-
vival under hypoxic conditions but also triggers vessel sprouting, further representing a 
complementary mechanism of VEGF-mediated angiogenesis [25]. Elevated oxygen and iron 
levels, consequently, provide prolyl-4-hydroxylases increased supply of their co-substrates 
completing the supracellular regulatory loop of hypoxia signaling [26].

3.2. Intracellular metabolic signaling in hypoxia

At the cellular level, HIFs reprogram metabolism directly targeting a cluster of metabolic 
enzyme-coding genes [27]. Their prototype is pyruvate dehydrogenase kinase-1 (PDK-1) 
which phosphorylates pyruvate dehydrogenase (PDH), the enzyme that supplies TCA cycle 
with acetyl-coenzyme A [28]. PDK-1 mediates inactivating phosphorylation of PDH that shuts 
down the TCA cycle due to shortage of acetyl-coenzyme A. This leads to fundamental changes 
in mitochondrial functions including the accumulation of TCA cycle intermediates [29]. Since 
HIF-regulating prolyl-4-hydroxylases utilize α-ketoglutarate and produce succinate during 
their catalytic activity, one can speculate that accumulation of the latter one blocks catalytic 
activity of prolyl-4-hydroxylases [30]. Indeed, it was found that loss-of-function mutations of 
succinate dehydrogenase, the TCA cycle enzyme that converts succinate into fumarate, block 
PHDs and, consequently, stabilize HIF-α subunits [31]. In addition, it has also been demon-
strated that this effect is, primarily, mediated by the accumulation of succinate (Figure 3) [32].

Besides their direct metabolic target genes, HIFs also regulate the hypoxia pathway sensor 
PHDs indirectly through the HIF-inducible microRNA-210 (miR-210)-mediated silencing 
of the glycerol-3-phosphate dehydrogenase 1 like protein (GPD1-L). GPD1-L has a simi-
lar enzymatic activity to that of the mitochondrial glycerol-3-phosphate dehydrogenase 
and catalyzes the redox conversion of glycerol-3-phosphate (G3P) to dihydroxyacetone-
phosphate [33]. Although the mechanism behind the connection is still not clear, the miR-
210-mediated downregulation of GPD1-L is accompanied by increased PHD-mediated 
HIF-1α degradation [34]. Since decreased enzymatic GPD1-L activity results in increased 
G3P levels, upregulated glycolysis may contribute to the redistribution of available oxy-
gen from mitochondria to PHDs and, thus, represents the link between miR-210 and the 
restoration of PHD activity. This hypothesis is further supported by the observation that 
inhibition of the mitochondrial respiration by nitric oxide is followed by redistribution of O2 
and inactivation of HIFs [35].

The concept of metabolite-mediated regulation of PHDs is further supported by the obser-
vation that, in hypoxia, another microRNA, miR-183, targets isocitrate dehydrogenase, the 
TCA cycle mediator that produces α-ketoglutarate from isocitrate. Although the mecha-
nism of its hypoxic upregulation is yet to be determined, the miR-183-mediated blockade of 
α-ketoglutarate production exploits the α-ketoglutarate-dependent nature of prolyl-4-hydrox-
ylases and promotes stabilization of HIF-α via inhibition of PHDs [36]. Thus, PHDs not only 
act as oxygen sensors but can also integrate metabolic stimuli forming synergistic metabolic 
positive feedback loops within hypoxia signaling [37].
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3.3. Transcriptional feedbacks

HIFs directly induce genes with wide range of functions including both PHD2 and PHD3 
(Figure 4). Although HIF-mediated transactivation of PHDs resembles a canonical, direct nega-
tive feedback arm within the PHD-HIF axis, it may have more complex functions [38, 39]. HIFs 
can only transactivate their targets upon oxygen depletion so one can speculate that, induction 
of the oxygen-dependent PHDs is useless under hypoxia. In fact, however, despite their oxygen 
dependency, which prevents them from functioning under hypoxic conditions, experimental 
data indicate that enzymatic activity of both PHD2 and PHD3 remains detectable in hypoxic 

Figure 3. Interplay of the hypoxia and metabolic signaling. Abbreviations: TCA cycle: tricarboxylic acid cycle; C4, 
C5, and C6 represent the 4, 5, and 6 carbon metabolites of the TCA cycle, respectively; IKKα, IKKβ, and IKKγ are the 
Inhibitory kappa-B kinase alpha, beta, and gamma subunits, respectively; PDH: pyruvate dehydrogenase; PDK1: PDH 
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cells maintaining reactivity of the HIF system for further hypoxic insults [39]. Thus, HIF-
mediated induction of PHDs in conjunction with their metabolic effects, possibly, functions as 
a mechanism responsible for resetting hypoxia signaling to a new steady state at lower oxygen 
levels.

The HIF-target miR-210 also plays multiple, apparently opposing, roles in the regulation of 
the hypoxia pathway. It not only indirectly facilitates HIF activity by targeting GPD1-L but 
also silences MYC antagonist MNT, a member of the MYC/MAD/MYX transcription factor 
family [40]. This downregulation deliberates MYC-mediated induction of genes like those 
involved in the resolution of HIF-induced cell cycle arrest or metabolic switch via PDK1 
illustrating the complexity of the HIF-provoked signaling responses. While, through the 
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3.3. Transcriptional feedbacks
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of the oxygen-dependent PHDs is useless under hypoxia. In fact, however, despite their oxygen 
dependency, which prevents them from functioning under hypoxic conditions, experimental 
data indicate that enzymatic activity of both PHD2 and PHD3 remains detectable in hypoxic 
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former action, MYC counteracts hypoxia signaling, MYC-mediated induction of PDK1 syn-
ergizes with HIF activity [41]. Since MYC has also been reported to support HIF-1α directly 
by interfering with the VHL-dependent degradation of HIF-1α, data strongly suggest the 
existence of a MYC-mediated feedforward loop in the HIF pathway [42]. In return, HIF coun-
teracts MYC by various underlying mechanisms including the induction of MXI1, another 
MYC antagonist, competition with MYC for promoter binding or promoting its proteasomal 
degradation [43, 44]. Since the opposing effects of the HIF/MYC interaction in the regulation 
of cell cycle and metabolism may reflect differences of the experimental models used, the 
biological relevance of the hypoxia-inducible miR-210-promoted MYC functions requires 
further investigations. Additional targets of miR-210 like the mitochondrial iron-sulfur clus-
ter scaffold protein or transferrin suggest the potential signal integration role of miR-210 in 
hypoxia signaling [45, 46].

Besides miR-210, the HIF-inducible miR-155 represents another level of microRNA-mediated 
transcriptional regulation of the hypoxia pathway. Upon a hypoxic insult, it shapes dynamics 
of the HIF-response by facilitating the RISC-mediated degradation of the HIF-1α transcript 
[47]. Intriguingly, the miR-155-mediated direct silencing of HIF-α expression not only illus-
trates an isoform-specific resolution of hypoxia signaling upon prolonged hypoxia but also 
resembles the HIF-mediated induction of PHDs and might ensure the cellular reactivity to 
hypoxia at lower pO2 levels.

An additional form of the transcriptional regulation of hypoxia signaling is mediated by the 
HIF3A-encoded isoform termed inhibitory PAS domain protein (IPAS). IPAS is an alternative 
splicing product of the HIF3A locus and generates a polypeptide that lacks the C-terminal 
transactivation domains of HIF-1 and -2α (Figure 1) [48]. As such, it functions as a dominant 
negative regulator of HIFs by competing with HIF-1β [49]. The IPAS-specific splicing product 
is hypoxia-inducible and, at last in part, is under the control of a HIF-1-specific hypoxia-
response element representing one of the classic negative feedback loops of the hypoxia path-
way [48, 50]. Interestingly, the IPAS-specific mRNA splicing also takes place in the absence 
of the HIF-1-binding site of the IPAS promoter suggesting the existence of HIF-independent 
factors involved in the expression of IPAS [50]. The uncoupled nature of IPAS expression 
and IPAS mRNA splicing underpins the presence of an additional control layer in the IPAS-
mediated HIF regulation. Indeed, since normoxic expression of IPAS is, apparently, restricted 
to corneal epithelial cells and some neuronal elements in mice, the HIF-independent control 
mechanisms may contribute to the tissue-specific nature of the IPAS-mediated regulation of 
hypoxia signaling.

4. Cross talks

4.1. Cross talk through HIF-1β

Due to the fundamental role of oxygen in the cellular homeostasis, the hypoxic insult requires 
counter measures that rely on tight coordination of the full spectrum of cellular functions. As 
part of this, extensive interplays exist between the primary hypoxia sensing PHD-HIF axis 
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and distinct molecular machineries involved in cellular functions like catabolism, cell cycle, 
or cellular defense mechanisms. One of the mediators of these interactions is the β subunit of 
HIF heterodimers also known as the aryl hydrocarbon nuclear translocator (ARNT).

Besides its critical role in the formation of active HIFs, the constitutively expressed HIF-1β, 
as its alias indicates, is also the partner of the aryl hydrocarbon receptor (AhR), a transcrip-
tion factor that targets genes involved in the biotransformation of xenobiotics [51, 52]. The 
class I bHLH/PAS protein family member AhR is ubiquitously expressed and activated by 
various endo- and exogenous ligands. In its inactive state, it forms heterodimers with repres-
sor proteins, like the heat shock protein 90, in the cytoplasm [53]. Upon ligand binding, its 
nuclear localization signal becomes exposed and, following the consequent nuclear translo-
cation, AhR dimerizes with HIF-1β [54]. The class II bHLH/PAS HIF-1β is essential for the 
AhR-mediated induction of genes with 5′-TNGCGTG-3′ sequences (also known as xenobiotic 
response element [XRE]) present in their promoters [55–57]. These include phase I and II 
detoxifying enzymes like the cytochrome P450 (CYP1A1) and UDP-glucuronosyltransferase 
1 isoforms, respectively [58].

Due to their shared partner, it was proposed that activation of hypoxia signaling affects AhR-
mediated responses and vice versa, AhR-mediated engagement of HIF-1β attenuates hypoxia 
responses. Indeed, in hypoxic cells exposed to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), 
the prototype ligand for AhR, the AhR-mediated CYP1A1 expression was found reduced. In 
contrast, TCDD treatment of cells inhibited HIF-mediated transcriptional responses indicat-
ing the cross talk between the AhR and hypoxia signaling [59]. Compromised formation of 
the AhR/HIF-1β or HIF-1α/HIF-1β heterodimers, in the presence of hypoxia or AhR ligands, 
respectively, indicates that, in human cells, HIF-1β acts as the limiting factor of the dimer 
formation [60]. Experimental data also indicates that HIF-1α has higher affinity to HIF-1β 
than that of the AhR, suggesting that human cells experience the oxygen depleted milieu as 
a potentially more harmful environmental stimulus than that of the presence of xenobiotics 
[61]. In the case of genes under the regulation of both HRE and XRE sequences, cross talk 
between the hypoxia and AhR pathways is even more complex as simultaneous presence of 
AhR ligands and hypoxia was found to be rather additive, reflecting the cell-type or stimulus-
dependent nature of these responses [62].

4.2. Cross talk between the hypoxic and anabolic signaling

Hypoxia is one of the strongest stimuli of autophagy that is considered as an indicator of 
depleted ATP pools of hypoxic cells. In concert, the HIF-orchestrated adaptive program 
involves downregulation of catabolic pathways like the one regulated by the mammalian tar-
get of rapamycin (mTOR) (Figure 4). The involvement of mTOR in the regulation of HIF-1 was 
first suggested by independent studies on the oncogene-related activation of VEGF [63–66]. 
Unlike PHDs, mTOR enhances HIF-1-mediated transcriptional activity without affecting its 
degradation rate [64, 67]. mTOR alters the protein expression pattern of hypoxic cells, at least 
in part, via phosphorylation of the eukaryotic initiation factor 4E-binding protein 1 (eIF4E-
BP1), a suppressor of the 5′ CAP-dependent translation [68]. These observations together with 
findings on the negative effects of rapamycin on HIF-1 suggest that mTOR enhances HIF-α 
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hypoxia at lower pO2 levels.
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transactivation domains of HIF-1 and -2α (Figure 1) [48]. As such, it functions as a dominant 
negative regulator of HIFs by competing with HIF-1β [49]. The IPAS-specific splicing product 
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factors involved in the expression of IPAS [50]. The uncoupled nature of IPAS expression 
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hypoxia signaling.
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and distinct molecular machineries involved in cellular functions like catabolism, cell cycle, 
or cellular defense mechanisms. One of the mediators of these interactions is the β subunit of 
HIF heterodimers also known as the aryl hydrocarbon nuclear translocator (ARNT).

Besides its critical role in the formation of active HIFs, the constitutively expressed HIF-1β, 
as its alias indicates, is also the partner of the aryl hydrocarbon receptor (AhR), a transcrip-
tion factor that targets genes involved in the biotransformation of xenobiotics [51, 52]. The 
class I bHLH/PAS protein family member AhR is ubiquitously expressed and activated by 
various endo- and exogenous ligands. In its inactive state, it forms heterodimers with repres-
sor proteins, like the heat shock protein 90, in the cytoplasm [53]. Upon ligand binding, its 
nuclear localization signal becomes exposed and, following the consequent nuclear translo-
cation, AhR dimerizes with HIF-1β [54]. The class II bHLH/PAS HIF-1β is essential for the 
AhR-mediated induction of genes with 5′-TNGCGTG-3′ sequences (also known as xenobiotic 
response element [XRE]) present in their promoters [55–57]. These include phase I and II 
detoxifying enzymes like the cytochrome P450 (CYP1A1) and UDP-glucuronosyltransferase 
1 isoforms, respectively [58].

Due to their shared partner, it was proposed that activation of hypoxia signaling affects AhR-
mediated responses and vice versa, AhR-mediated engagement of HIF-1β attenuates hypoxia 
responses. Indeed, in hypoxic cells exposed to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), 
the prototype ligand for AhR, the AhR-mediated CYP1A1 expression was found reduced. In 
contrast, TCDD treatment of cells inhibited HIF-mediated transcriptional responses indicat-
ing the cross talk between the AhR and hypoxia signaling [59]. Compromised formation of 
the AhR/HIF-1β or HIF-1α/HIF-1β heterodimers, in the presence of hypoxia or AhR ligands, 
respectively, indicates that, in human cells, HIF-1β acts as the limiting factor of the dimer 
formation [60]. Experimental data also indicates that HIF-1α has higher affinity to HIF-1β 
than that of the AhR, suggesting that human cells experience the oxygen depleted milieu as 
a potentially more harmful environmental stimulus than that of the presence of xenobiotics 
[61]. In the case of genes under the regulation of both HRE and XRE sequences, cross talk 
between the hypoxia and AhR pathways is even more complex as simultaneous presence of 
AhR ligands and hypoxia was found to be rather additive, reflecting the cell-type or stimulus-
dependent nature of these responses [62].

4.2. Cross talk between the hypoxic and anabolic signaling

Hypoxia is one of the strongest stimuli of autophagy that is considered as an indicator of 
depleted ATP pools of hypoxic cells. In concert, the HIF-orchestrated adaptive program 
involves downregulation of catabolic pathways like the one regulated by the mammalian tar-
get of rapamycin (mTOR) (Figure 4). The involvement of mTOR in the regulation of HIF-1 was 
first suggested by independent studies on the oncogene-related activation of VEGF [63–66]. 
Unlike PHDs, mTOR enhances HIF-1-mediated transcriptional activity without affecting its 
degradation rate [64, 67]. mTOR alters the protein expression pattern of hypoxic cells, at least 
in part, via phosphorylation of the eukaryotic initiation factor 4E-binding protein 1 (eIF4E-
BP1), a suppressor of the 5′ CAP-dependent translation [68]. These observations together with 
findings on the negative effects of rapamycin on HIF-1 suggest that mTOR enhances HIF-α 
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mRNA translation [69]. This concept is also supported by the observation that downregula-
tion of the mTOR complex 2 (mTORC2), a redox-sensitive activator of the PKB/AKT path-
way, leads to decreased abundance of the HIF-2α transcripts in the polysomal fractions [70]. 
Current data indicate that the dominant upstream regulator of the hypoxia-related mTOR 
activity is protein kinase B (PKB/AKT) [67]. Hypoxic activation of PKB/AKT that, at least in 
part, depends on reactive oxygen species (ROS), was shown to regulate PHD activity and 
promote stabilization of HIFs [71–73]. Intriguingly, HIF is actively involved in the generation 
of ROS under hypoxia by inducing lysyl oxidase (LOX) [67]. LOX encodes a copper-depen-
dent amine oxidase that catalyzes cross-linking of collagen and elastin in the extracellular 
matrix while producing hydrogen peroxide (H2O2). Current data indicate that, following its 
HIF-dependent upregulation in hypoxia, LOX-generated H2O2 activates the PKB/AKT-mTOR 
axis resulting in the upregulation of HIF-1α translation illustrating a positive feedback loop 
between mTOR and HIF [67]. It is noteworthy that HIF-mediated induction of PHDs, thus, 
may not only play a role in resetting the hypoxia pathway at a lower oxygen tension but also 
represents a limiting step of the mTOR-mediated enhancement of HIF-1α translation [74].

PKB/AKT has also been shown to affect the proteasomal degradation of HIF-1α through gly-
cogen synthase kinase 3β (GSK3β) [75]. GSK3β-mediated phosphorylation of HIF-1α facilitates 
its binding to FBW7, an E3 ubiquitin ligase, which recognizes GSK3β-phosphorylated pro-
teins and targets them for proteasomal degradation [76]. Since inactivating phosphorylation 
of GSK3β is primarily mediated by PKB/AKT, activation of the PKB/AKT pathway not only 
influences the translational rate of HIF-1α via mTOR but also mimics the effect of hypoxia via 
inhibition of proteasomal degradation of the HIF-1α polypeptide.

To make the picture even more colorful, mTOR also phosphorylates MINT3, a membrane-type 
matrix metalloproteinase (MT-MMPs) regulator, at its threonine 5/serine 7 residues [77]. This 
modification promotes binding of MINT3 to FIH-1 leading to the inactivation of the latter [78]. 
By sequestering the HIF-1 suppressor FIH-1 to the Golgi membrane in cooperation with the 
MT1-MMP, the mTOR/MINT3/MT1-MMP axis can also support transcriptional activity of HIF-1 
independently of its translational rate. Interestingly, in renal cell carcinoma, MT1-MMP has been 
found to be a target gene for HIF-2 raising the question if the mTOR-regulated MINT3/MT1-
MMP/FIH-1-mediated positive feedback loop is a general mechanism in the regulation of HIFs 
[79]. Although its biological relevance is yet to be determined, it is noteworthy that mTOR has 
also been reported to associate with HIF-1α via the mTOR complex 1 member RAPTOR and a 
putative TOR motif within the HIF-1α polypeptide [66]. Since mTOR is a serine/threonine kinase 
and one of the known posttranslational modifications that favors HIF-1α transcriptional activity 
is phosphorylation, the possibility that this co-localization also supports the effect of mTOR on 
HIF-1 via direct phosphorylation cannot be excluded but is yet to be confirmed [66, 80].

Eventually, rapamycin-sensitive upregulation of HIF-1 supports the induction of a wide range 
of HIF-1 targets, of which many have been found to form feedback loops via regulation of the 
hypoxia-related activity of mTOR. These include REDD1 that activates the tuberous sclerosis 
complex 1/2 (TSC1/2) [81]. The TSC1/2 possesses GTPase-activating function that renders the 
mTOR activator RHEB inactive [82]. BNIP3, another known HIF-1 target, also facilitates the 
accumulation of the GDP-bound form of RHEB and the consequent downregulation of mTOR 
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in hypoxia [83]. In addition, the HIF-1-inducible miR-155 also targets elements of the mTOR 
pathway including RHEB, the mTORC2 member RICTOR and the mTOR effector ribosomal 
protein S6KB2 [84]. Downregulation of these targets, seemingly, complements the effect of 
REDD1 and BNIP3 and may contribute to the limitation of mTOR signaling in hypoxia.

4.3. Interplay with the imflammatory and mitogen signaling pathways

Besides its role in the mTOR-mediated HIF regulation discussed above, hypoxia-inducible miR-
155 is one of the identified measures directly targeting HIF-1α mRNA, indicating its pivotal role 
in the regulation of the HIF pathway. Sequence analyses revealed that, besides the HIF respon-
sive element, NF-κB consensus sequences are also present in the miR-155 promoter indicating the 
capacity of NF-κB-mediated stimuli to influence the HIF pathway via miR-155 [47]. Studies on the 
proposed link between hypoxia and inflammation revealed that NF-κB can also induce HIF1A via 
evolutionary conserved consensus binding sites identified in the HIF1A promoter [72, 85–87]. Since 
this induction is not sufficient for the accumulation of HIF-1α in the absence of hypoxia, current 
data suggest that the canonical NF-κB pathway is rather for pre-setting the HIF-1α mRNA level 
according to the redox state and inflammatory cytokine composition of the extracellular milieu [88]. 
This concept is further supported by the observation that NF-κB activity can be both up- and down-
regulated upon inhibition of prolyl-4-hydroxylases depending on the NF-κB stimulus received [89].

Intriguingly, besides HIF1A, NF-κB transactivates ARNT as well, leading to enhanced formation 
of HIF-1β:HIF-2α that attenuates the proteasomal degradation of the latter. Considering the cell-
type specific expression pattern of HIF-2α, the NF-κB-mediated induction of ARNT may represent 
a tissue-specific arm of the NF-κB-governed regulation of hypoxia signaling [90]. The interplay, 
however, is apparently bidirectional and the hypoxic signal can also be conveyed to the inflam-
matory pathway. Under normoxic conditions, PHDs inhibit the I kappa B kinase (IKK) complex 
attenuating the dissociation of inhibitory kappa B (IκB) from NF-κB [85, 88, 91]. In the absence 
of oxygen, however, the PHD-mediated blockade of IKK is resolved, the IKK complex becomes 
active leading to the phosphorylation of IκB and release of sequestered NF-κB subunits. The con-
sequent formation of active NF-κB heterodimers culminates in moderate upregulation of the basal 
NF-κB activity that is believed to potentiate NF-κB responsiveness to cytokines like the tumor 
necrosis factor-alpha (TNF-α) or reactive oxygen species, stimuli typically accompanying inflam-
matory conditions [72, 92–95]. Thus, the interaction between the NF-κB and HIF pathways well 
illustrates the close pathophysiologic connection between hypoxia and inflammation and allows 
the cell to integrate inflammatory stimuli in the adaptive response under hypoxic conditions.

Anabolic extracellular signals that activate the mTOR pathway often diverge and activate the 
ERK signaling cascade as well, raising the question if ERK and hypoxia signaling interplay. 
Experimental data indicate that the HIF-1α polypeptide can be phosphorylated by p42/44 
MAP kinases both under hypoxic conditions and in response to receptor-mediated ERK-
activating stimuli [96–98]. The ERK-mediated phosphorylation was found to enhance the 
transcriptional activity of HIF-1 in various model systems, although the exact mechanism 
is still not clear [99, 100]. On one hand, it was proposed that phosphorylation of HIF-1α at 
positions 641 and 643 supports the transcriptional activity by attenuating its nuclear export 
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mRNA translation [69]. This concept is also supported by the observation that downregula-
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and one of the known posttranslational modifications that favors HIF-1α transcriptional activity 
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in hypoxia [83]. In addition, the HIF-1-inducible miR-155 also targets elements of the mTOR 
pathway including RHEB, the mTORC2 member RICTOR and the mTOR effector ribosomal 
protein S6KB2 [84]. Downregulation of these targets, seemingly, complements the effect of 
REDD1 and BNIP3 and may contribute to the limitation of mTOR signaling in hypoxia.

4.3. Interplay with the imflammatory and mitogen signaling pathways

Besides its role in the mTOR-mediated HIF regulation discussed above, hypoxia-inducible miR-
155 is one of the identified measures directly targeting HIF-1α mRNA, indicating its pivotal role 
in the regulation of the HIF pathway. Sequence analyses revealed that, besides the HIF respon-
sive element, NF-κB consensus sequences are also present in the miR-155 promoter indicating the 
capacity of NF-κB-mediated stimuli to influence the HIF pathway via miR-155 [47]. Studies on the 
proposed link between hypoxia and inflammation revealed that NF-κB can also induce HIF1A via 
evolutionary conserved consensus binding sites identified in the HIF1A promoter [72, 85–87]. Since 
this induction is not sufficient for the accumulation of HIF-1α in the absence of hypoxia, current 
data suggest that the canonical NF-κB pathway is rather for pre-setting the HIF-1α mRNA level 
according to the redox state and inflammatory cytokine composition of the extracellular milieu [88]. 
This concept is further supported by the observation that NF-κB activity can be both up- and down-
regulated upon inhibition of prolyl-4-hydroxylases depending on the NF-κB stimulus received [89].

Intriguingly, besides HIF1A, NF-κB transactivates ARNT as well, leading to enhanced formation 
of HIF-1β:HIF-2α that attenuates the proteasomal degradation of the latter. Considering the cell-
type specific expression pattern of HIF-2α, the NF-κB-mediated induction of ARNT may represent 
a tissue-specific arm of the NF-κB-governed regulation of hypoxia signaling [90]. The interplay, 
however, is apparently bidirectional and the hypoxic signal can also be conveyed to the inflam-
matory pathway. Under normoxic conditions, PHDs inhibit the I kappa B kinase (IKK) complex 
attenuating the dissociation of inhibitory kappa B (IκB) from NF-κB [85, 88, 91]. In the absence 
of oxygen, however, the PHD-mediated blockade of IKK is resolved, the IKK complex becomes 
active leading to the phosphorylation of IκB and release of sequestered NF-κB subunits. The con-
sequent formation of active NF-κB heterodimers culminates in moderate upregulation of the basal 
NF-κB activity that is believed to potentiate NF-κB responsiveness to cytokines like the tumor 
necrosis factor-alpha (TNF-α) or reactive oxygen species, stimuli typically accompanying inflam-
matory conditions [72, 92–95]. Thus, the interaction between the NF-κB and HIF pathways well 
illustrates the close pathophysiologic connection between hypoxia and inflammation and allows 
the cell to integrate inflammatory stimuli in the adaptive response under hypoxic conditions.

Anabolic extracellular signals that activate the mTOR pathway often diverge and activate the 
ERK signaling cascade as well, raising the question if ERK and hypoxia signaling interplay. 
Experimental data indicate that the HIF-1α polypeptide can be phosphorylated by p42/44 
MAP kinases both under hypoxic conditions and in response to receptor-mediated ERK-
activating stimuli [96–98]. The ERK-mediated phosphorylation was found to enhance the 
transcriptional activity of HIF-1 in various model systems, although the exact mechanism 
is still not clear [99, 100]. On one hand, it was proposed that phosphorylation of HIF-1α at 
positions 641 and 643 supports the transcriptional activity by attenuating its nuclear export 
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[101, 102]. On the other, it was also demonstrated that ERK activity fundamentally alters the 
predicted composition of HIF-1-containing nuclear complexes suggesting multiple effects of 
ERK activity on hypoxia signaling [103]. Independently of the mechanistic details, current 
data suggest that ERK-mediated upregulation of the HIF pathway differs from the mTOR-
mediated effect and, primarily, acts on the transactivation function of HIFs, possibly, comple-
menting the mTOR-mediated effects (Figure 4).

5. Conclusion

Extensive experimental work over the past three decades deciphered the molecular back-
ground of the cellular response to oxygen depletion, one of the fundamental physiologic 
processes. To date, these efforts depictured an intricate molecular network that bridges, 
apparently, every aspect of cellular physiology. Within this network, the PHD-HIF axis 
plays an integrative role of various signals that allows the hypoxic cell to shape dynamics 
of the adaptive response according to the actual endogenous metabolic state and surround-
ing microenvironment alike. Deeper understanding of these molecular machineries gives the 
opportunity to develop more efficient medical modalities for pathologies like chronic inflam-
mation, ischemia or neoplasms.
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Abstract

Vitamin K2 binds to the intranuclear receptor SXR and results in the activation of a pleth-
ora of genes, both directly and indirectly. Among these genes are important biological 
markers of cellular characteristics or features (also known as cell phenotypes), as well as 
a set of molecules known to be involved in both hormone-induced, G-protein-mediated 
cell signalling, either directly or indirectly activating so-called sirtuins and/or histone 
deacetylaces (HDACs), known as determinants of cell types and their specific functions 
in a given tissue. Hence, vitamin K2 may be closely involved in or serving as a traditional 
molecular ‘link’ between hormonal receptors and intracellular signalling pathways. It 
has been stated that a true hormone is a product of living cells, which circulates in body 
fluids (such as blood) and elicits a specific and often stimulatory effect on the activity of 
cells situated remotely from its point of origin. A large bulk of evidence published over 
the past 10 years establishes vitamin K2 in this category of substances. Hence, vitamin K2 
should be considered and consequently classified as a hormone.

Keywords: vitamin K2, SXR, G-proteins, vitamin A-D-K2 cascade, bioinformatics,  
in vitro model systems

1. Introduction

Vitamin K has since more than 25 years been known to serve as a powerful nutrient factor 
in the preservation of homeostatic bone turnover, along with blood clotting biochemistry. In 
addition, vitamin K has been used as a therapeutic remedy in the clinic to treat and prevent 
bone brittleness (osteoporosis) in Japan and many other countries around the world. Moreover, 
beyond its enzymatic character as a cofactor for the vitamin K-dependent GGCX (gamma-
glutamyl carboxylase), Professor Inoue and his co-workers have shown that the K2 variant is, 
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in fact, a transcriptional modulator of osseous marker genes, also serving as an extracellular 
matrix-related molecule, via the stimulation of the ‘steroid and xenobiotic receptor’ SXR [1]. A 
microarray-based revelation of the present action of vitamin K2 in bone-derived osteoblastic cell 
genes corroborated the notion that the K2 variant menaquinone-4 (MK-4), in fact, is a hormone. 
Among the significantly upregulated genes, both growth differentiation factor 15 (GDF15) and 
stanniocalcin 2 (STC2) were concluded to serve as novel target genes, which both circumvented 
the traditional GGCX- and SXR-mediated pathways found in osteoblast-like cells.

2. Vitamin K2: vitamin and hormone

The induction of both GDF15 and STC2 genes is construed as specific to MK-4, since it was 
shown not to be brought about by another vitamin K(2) isoform MK-7, vitamin K(1) or the 
MK-4 side chain containing the geranylgeraniol group. A survey into the signalling pathways 
in question indicated that MK-4 sustained phosphorylation of protein kinase A (PKA) and 
that MK-4 mediated upregulation of genes, such as GDF15 and STC2, was diminished by the 
exposure to a PKA inhibitor or by siRNA constructs against PKA. These observations were 
in line with the concept that vitamin K(2) was capable of modulating its own target gene 
expression in bone-derived (osteoblastic) cell entities through a PKA-driven pathway, which 
in essence was different from the traditional vitamin K-dependent signalling pathways [2].

Vitamin K2 has been included as a member in a group of molecules, constituting the ‘require-
ment’ for blood to coagulate; however, it has been demonstrated to function or serve as a key in 
the homeostasis of osseous tissue, thus showing effectiveness as one therapeutic agent, among 
others, in the curative treatment portfolio of bone ailments and diseases, i.e. like bone loss or 
brittleness (osteomalacia and osteoporosis). Furthermore, it has, since several decades, been 
acknowledged that vitamin K2 mediates transcriptional modulation of marker genes in osteo-
blastic cells, as well as reinforcing bone formation via the nuclear steroid and xenobiotic recep-
tor, SXR. In this context, Dr. Satoshi Inoue and his research team identified several genes, which 
were upregulated by vitamin K2 (and a prototypical SXR like ligand, rifampicin) in osteoblastic 
cells, through microarray analysis and PCR. A plethora of genes was upregulated, among which 
collagen synthesis and accumulation in osteoblast-like MG63 cells were enhanced several times 
over by vitamin K2 treatment. Therefore, the results of Dr. Inoue and his research group more 
than suggested a novel function for vitamin K2 in the formation of osseous tissues, i.e. that K2 
was a true transcriptional regulator of extracellular matrix-related genes, being involved in the 
assembly of collagen. At present, we know that vitamin K2 (or menaquinone-7 = MK-7, among 
other vitamin K2 metabolites) works through this nuclear receptor and consequently should be 
classified as a hormone and not solely be construed as ‘a vitamin’.

Arterial stiffness is always associated with an enhanced cardiovascular risk, morbidity and 
mortality [3]. The present article reviews the main vitamins being involved in arterial stiff-
ness and enabling destiffening; their mechanism of action, providing a brief description of 
the latest studies in the area; and their implications for primary cardiovascular prevention, 
clinical practice and therapy. Despite inconsistent proof for ‘softening’ brought about by 
vitamin supplementation in a plethora of clinical trials, promising results were observed in 
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selected populations. The chief mechanisms pertain to anti-atherogenic potential, substantial 
augmentation of endothelial functionality (pertaining to vitamins A, C, D and E, respectively) 
and general metabolic profiling (pertaining to vitamins A, B12, C, D and K, respectively), sup-
pression of the renin-angiotensin-aldosterone (R-R-A) system (vitamin D), anti-inflammatory 
(vitamins A-D-E-K) and antioxidant effects (vitamins A-C-E), diminished homocysteine lev-
els (vitamin B12) and a reversal of the calcification of arteries (vitamin K). Vitamins A, B12, 
C, D and E, as well as vitamin K status, are important in evaluating the risk of cardiovascular 
events, and, finally, supplementation with vitamins may serve as an efficient, individually 
based and less costly ‘destiffening’ therapeutic mode.

Vitamin K is renowned for being an important (vital) nutrient, sustaining both bone homeo-
stasis and blood coagulation. Therefore, it is both clinically and ubiquitously used as a thera-
peutic agent or treatment for osteoporosis in Japan and western countries. Besides its powerful 
enzymatic, cofactor role of the vitamin K-dependent g-glutamyl carboxylase (GGCX), it has 
since long been known that vitamin K2 may serve as a transcriptional regulator of marker 
osteoblastic genes, as well as in matrix-related, extracellular genes. In this context the activa-
tion of the so-called steroid and xenobiotic receptor (known as SXR) is mandatory.

Hence, genes known to be upregulated by vitamin K2 isoforms like menaquinone-4 (MK-4) 
were applied using oligonucleotide-based microarray analyses. Among the MK-4 upregu-
lated gene species, the growth differentiation factor 15 (GDF15) and stanniocalcin 2 (STC2) 
were discovered as new MK-4 target genes, being independent of the GGCX and SXR path-
ways in osteoblastic cells. The observed induction of GDF15 and STC2 was construed as 
specific to MK-4, since it was not seen with exposure to MK-7 or vitamin K1. Surprisingly, a 
scrutiny of the main signalling pathways showed that MK-4 stimulated PKA (protein kinase 
A) phosphorylation. Furthermore, the MK-4-dependent induction of both GDF15 and STC2 
genes was obliterated subsequent to the treatment with PKA inhibitors or siRNAs against 
PKA. Therefore, it was postulated that vitamin K2 (MK-7) could modulate target gene expres-
sion in osteoblastic cells via PKA-dependent mechanisms, which were distinct from any pre-
viously known vitamin K-mediated signalling pathway.

The paper found that vitamin K2 is recognised, along with calcium, vitamin D and magne-
sium, as essential in supporting strong bones and healthy arteries. In the paper, Nutritional 
strategies for skeletal and cardiovascular health: hard bones, soft arteries, rather than vice versa, the 
authors cite a US Surgeon General’s Report that states that one in two Americans over 50 is 
expected to have or to be at risk of developing osteoporosis, which causes 8.9 million fractures 
annually, with an estimated cumulative cost of incident fractures predicted at $474 billion 
during the next 20 years in the USA.

Furthermore, a study conducted by the Mayo Clinic [4, 5] reported that ‘compared with 30 
years ago, forearm fractures have risen more than 32% in boys and 56% in girls’. Meanwhile, 
strong epidemiological associations exist between decreased bone mineral density (BMD) 
and increased risk of cardiovascular (CV) disease. For example, individuals with osteoporosis 
have a higher risk of coronary artery disease and vice versa. This problem will be magnified, 
according to the paper, if the therapies for osteoporosis (calcium supplements) independently 
increase risk of myocardial infarction. To that end, the authors conducted a comprehensive and 
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systematic review of the scientific literature to determine the optimal dietary strategies and 
nutritional supplements for long-term skeletal health and cardiovascular health. They sum-
marised what is helpful for building strong bones while maintaining soft and supple arteries:

• Obtain calcium from dietary sources (the best choice is a calcium hydroxyapatite) with the 
adequate animal protein, fruit and vegetable intake.

• Concomitantly increase potassium consumption, while reducing sodium intake should be 
taken into account.

• Maintain vitamin D levels in the normal range.

• Increase the intake of foods rich in vitamins K1 and K2.

The study notes: ‘A meta-analysis concluded that while supplementation with phytonadione 
(vitamin K1) improved bone health, vitamin K2 was even more effective in this regard. This 
large and statistically rigorous meta-analysis concluded that high vitamin K2 levels were 
associated with reduced vertebral fractures by approximately 60%, hip fractures by 77% and 
all non-vertebral fractures by approximately 81%. Supplementation with vitamin K2 as MK-7 
increased bone strength in postmenopausal women in 3-year clinical study’.

‘Additionally, increased vitamin K2 intake has been associated with decreased arterial cal-
cium deposition and the ability to reverse vascular calcification in animal models. Moreover 
clinical trial proved that vitamin K2 supplementation increases elasticity of the arteries (in 
3 years)’, the paper stated. The authors recommend increasing the intake of foods rich in 
vitamins K1 and K2 to secure skeletal and cardiovascular health. ‘The positive health poten-
tial of vitamin K2 is more effective than for vitamin K1, the paper reads. Yet, Dr. Hogne 
Vik, Chief Medical Officer with NattoPharma, world leader in vitamin K2 R&D, exclusive 
global supplier of MenaQ7 vitamin K2 as MK-7, and sponsor of the 3-year studies cited in 
the paper, explains that it is not possible to get sufficient amounts of vitamin K2 through a 
European or US diet’.

The only food that contains enough vitamin K2 is the Japanese dish Natto. ‘This means that 
if you want to get enough vitamin K2 into your body, then you have to take dietary supple-
ments or functional foods containing vitamin K2’, he said. ‘We are gratified, but not surprised, 
that our 3-year clinical studies were cited in this paper’, Dr. Vik continues. ‘NattoPharma has 
driven the clinical research that has demonstrated vitamin K2’s benefits for human health, 
and our breakthrough studies provided the first intervention data confirming the associations 
that observational studies made previously: that vitamin K2 as MK-7 is available beyond the 
liver to support bone and cardiovascular health. And it does this by activating proteins that 
help the body to properly utilise calcium – there by simultaneously supporting both skeletal 
and cardiovascular health’.

How are we going to interpret the above-described information about the mechanism of 
action of vitamin K2? Well, according to the definition given in dictionaries and scientific 
papers, vitamin K2 (as in the form or MK-4 or MK-7) fits this definition and should be classi-
fied as one.
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3. What features characterise a true hormone?

To make the picture clearer, let us start all over again. According to Figure 1, the impact of 
a hormone is one signal among differentiation signals (also called epigenator factors), which 
may be temperature variations, oxygen tension, mechano-stimulation or humoral factor/
hormones. The ‘hormone’ eventually activates a transcription factor or microRNA synthesis, 
which may impinge upon DNA in terms of a certain or given spectrum of mRNAs appearing 
in the cytosol of the cell. Of major interest here are eventually two classes of molecules utmost 
important for the acquisition of the final cell phenotype—the histones and the sirtuins (see 
Figure 5).

The response elicited by a single hormone (epigenator) may look like the network of interact-
ing factors (mostly transcription factors), such as the network representing the closely cooper-
ating network (mostly represented by transcription factor), as seen in Figure 2a and b.

The reader is recommended to look up the remainder of the genes shown above and will be 
amazed as to the plethora of biological effects being modulated (directly and/or indirectly) 
by the nuclear receptor NR1/NR2 = SXR, to which vitamin K2 binds, exerting its multitude of 
biological effects. The crucial question is then: what may be the immediate effect of vitamin 
K2 (e.g. MK-7) on cell phenotype, for example, on bone chips harbouring live osteoblastic 
cells? In Figure 3, bovine chips from young calves were incubated for 14 days in growth 
medium, which were analysed for osteocalcin, IL-10, TGFβ, OPG and RANKL (osteoblast and 
osteoclast markers), respectively. For detailed summary of results, see Figure 3.

Figure 1. The epigenator-initiator-maintainer model of hormonal impact on the phenotype of a given cell. The hormone 
(binding to a given receptor—here represented by two different transmembrane proteins) will eventually elicit a 
response determined by the joint effect of transcription factors and microRNAs determining the end-point effect of the 
epigenator, such as cell differentiation and/or efflux of secretory products.
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Figure 3. Bovine chips from young calves incubated as stated above. The chips were (a) incubated for 7 or 21 days and 
analysed for osteocalcin, IL-10, TGFβ, OPG and RANKL (all parameters’ characteristics for the osteoblast phenotype); 
(b) incubated for 7 days and thereafter for 14 days in the presence of either vitamin K2 = MK-7; siRNA against the 
vitamin K2 receptor SXR or with pre-mir-760. The final measurements of secretory products were as indicated above 
(osteocalcin, IL-10, TGFβ, OPG and RANKL).

Figure 2. (a) and (b) GeneCards-based emulation of molecules interacting with NR1/NR2 (which is identical to SXR, 
identified/described by the Japanese researcher, Professor Satoshi Inoue). Interestingly, NR1/NR2 is integrated in a 
large network of interacting molecules (genes), representing various classes of transcription factors (e.g. PPARG, RORC, 
RARA, RXR) and not to forget the thyroid receptors A and B!
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The interpretation of the experiment with ‘live’ bovine bone chips is the following: since MK-7 
(a vitamin K2 analogue) is stimulated, while SXR siRNA and pre-mir-760 markedly reduced 
the secretory profile of the bovine osteoblast, it was concluded that the effect of vitamin K2 
(MK-7) on the osteoblast profile of secretory molecules was stimulatory and that the effect of 
vitamin K2 was mediated solely through the action of the nuclear receptor SXR.

Furthermore, it was shown that one well-known and well-represented vitamin K2 ‘analogue’ 
(MK-7) was able to activate (upregulate) some of the members of the FoxA and FoxO family 
of transcription factors. In our hands, vitamin K2 analogue MK-7 (and to a lesser extent MK-4) 
was able to substitute for insulin, as well as some growth factors (like growth hormone and a 
few interleukins (not shown)) (Figure 4).

Figure 5 shows a strong relationship (network between a human osteoblast microRNA pro-
file, respectively, and a well-known plethora of marker genes) which has previously been 
listed according to their sequential appearance as the osteoblast develops from a stem cell into 
a ‘full-blown’, mature mineralizing osteoblast. By adding a plethora of transcription factors, 
sirtuins (SIRTs), histone deacetylases (HDACs) and transcription factors (with special refer-
ences to the osteoblastic phenotype), a distinct pattern of interaction appeared. By adding 
vitamin K2, i.e. MK-7 and/or SXR, to the system, a similar pattern appeared (not shown1). 
This was also the case for other tissues as well, e.g. lung, heart, brain, muscle, white/beige fat 
tissues and many others (not mentioned here2).

1Details not included—patents pending.
2Details not included—patents pending.

Figure 4. The impact of insulin and growth factors (GFs) on members of the FoxA and FoxO families of insulin and 
growth factors.
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