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Platelet-derived growth factor receptor oo (PDGFRo) is an isoform of the PDGFR family of tyrosine kinase
receptors involved in cell proliferation, survival, differentiation, and growth. In this review, we highlight the role
of PDGFRa and the current evidence of its expression and activities in liver development, regeneration, and
pathology—including fibrosis, cirrhosis, and liver cancer. Studies elucidating PDGFRa. signaling in processes
ranging from profibrotic signaling, angiogenesis, and oxidative stress to epithelial-to-mesenchymal transition point
toward PDGFRo as a potential therapeutic target in various hepatic pathologies, including hepatic fibrosis and liver
cancer. Furthermore, PDGFRa. localization and modulation during liver development and regeneration may lend
insight into its potential roles in various pathologic states. We will also briefly discuss some of the current targeted
treatments for PDGFRa, including multireceptor tyrosine kinase inhibitors and PDGFRa-specific inhibitors.
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INTRODUCTION

Chronic liver disease is a significant cause of mor-
bidity worldwide. In the US alone, around 5.5 million
Americans suffer from hepatic fibrosis and cirrhosis (1).
Hepeatic fibrosis, a manifestation of chronic liver disease,
is a wound-healing response that results in excessive, dys-
regulated collagen deposition from activation of hepatic
stellate cells (HSCs). This could be a result of inflam-
mation and the release of numerous paracrine and auto-
crine growth factors and inflammatory chemokines from
injured hepatocytes, resident macrophages, infiltrating
inflammatory cells, and HSCs themselves. Hepatic fibro-
sis can result from a variety of injurious stimuli to the
liver, including chronic hepatitis B virus or hepatitis C
virus infection, chronic alcohol exposure, nonalcoholic
steatohepatitis, primary biliary cirrhosis, or autoimmune
hepatitis (2). The convergence of each of these injurious
stimuli on a similar fibrotic injury response has made the
identification of therapeutic targets to prevent or reverse
fibrosis a priority. Importantly, early fibrosis is poten-
tially reversible if hepatic injury can be curbed or repair

enhanced (3-5). However, failure to curb hepatic injury
in the setting of fibrosis may eventually lead to the devel-
opment of cirrhosis, setting the stage for liver failure or
(in a subset of patients) liver cancer.

Hepatocellular carcinoma (HCC) is the most common
type of liver cancer (83% of all cases) and is the fifth most
common neoplasm worldwide (6). It is a disease of grim
prognosis with a 5-year survival rate of only 8.9% in the
US (6). Currently nonpalliative treatments for cirrhosis
and HCC are limited to radiofrequency ablation, transar-
terial chemoembolization, resection, and liver transplan-
tation (7). The latter is the most effective but is associated
with high morbidity, high cost, lifelong immunosuppres-
sive therapy, and a shortage of donor organs. Thus, there
is a strong need for the identification of new therapeutic
targets associated with the pathogenesis of these condi-
tions as well as effective methods of inhibition.

The development of tyrosine kinase inhibitors (TKIs)
has been an important avenue for the research of new
treatments for fibrosis and advanced liver disease. Many
of the most successful inhibitors to date have cotargeted
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the components of the platelet-derived growth factor
(PDGF) family of ligands and their receptors. While the
B isoform of this receptor, platelet-derived growth fac-
tor receptor  (PDGFR), has been at the forefront of
PDGF signaling in the liver due to its important roles in
nonparenchymal cells (NPCs), especially myofibroblast
activation during fibrosis (8,9), several new studies have
shown an emerging role of platelet-derived growth fac-
tor receptor o (PDGFR0) in liver pathophysiology that
may identify this receptor as an important therapeutic
target.

In the current review, we highlight the role of PDGFRa.
and the current evidence of its expression and activities
in various aspects of liver pathobiology, including liver
development, regeneration, fibrosis, cirrhosis, and liver
cancer. Finally, we briefly discuss some of the current
targeted treatments for PDGFRo., including multirecep-
tor TKIs and PDGFRo-specific inhibitors, which may
eventually have translational applications in a number of
liver diseases.

KIKUCHI AND MONGA

PDGF SIGNAL TRANSDUCTION

PDGFs are cysteine-knot-type growth factors that
have been identified as four different disulfide-bonded
polypeptide chains (A, B, C, D), which form five known
dimer configurations: AA, AB, BB, CC, DD (see Fig. 1)
(10-13). Each of these ligand dimers binds differentially
to PDGFRs: type III receptor tyrosine kinases (RTKs) that
possess five extracellular IgG domains and an intracel-
lular kinase domain separated by a transmembrane helix
(14). PDGFRs exist as o or B monomers in the plasma
membrane, which are bound by dimeric PDGF ligands
simultaneously to form ao, af, and BP receptor dimers
and, upon binding, trigger reciprocal tyrosine phospho-
rylation of specific residues of each receptor (15,16).
Phosphorylation of tyrosine residues in the kinase domain
increases catalytic efficiency and serves as binding sites
for signaling molecules, including other kinases as well
as nonenzymatic adaptor molecules.

PDGFRo and PDGFRp have distinct but overlap-
ping sets of ligands and downstream effectors. While the
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Figure 1. PDGFRo signaling. Differential binding of PDGF ligands to PDGFRs highlighting key tyrosine phosphorylation residues
of the intracellular kinase domain of PDGFRo homodimer and their downstream effectors (boxed insert). Red arrows: known in vivo
ligand binding. Black arrows: documented in vitro ligand binding only. Red bracket: autoinhibitory activity (SHP2). Not included are

Tyr754 and Tyr849, which are also signaling tyrosine residues.
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differences between PDGFRo. and PDGFRp function in
various cell types are likely primarily due to their spa-
tiotemporal pattern of expression, there are some discrete
differences between o and P forms as Crk binding is
specific to PDGFRa, and PDGFRo heterodimers con-
fer increased mitogenicity compared to o and B homodi-
mers due to sustained activation of Ras and Erk2 (17).
However, the physiologic roles of PDGFRo} dimers are
not yet clear. Downstream effectors of PDGFRa. signal-
ing include enzymes such as PI3K, MAPK, PLCy, Src,
and Shp-2, as well as nonenzymatic adaptor molecules
such as Crk, Shc, and Grbs. These downstream mediators
are important for a variety of cell processes including pro-
liferation, cell survival, cell growth, and differentiation
(see Fig. 1). Specific downstream mediators and tyrosine
residue phosphorylation sites involved in PDGFR signal-
ing have been previously reviewed (11,16).

PDGFRo IN LIVER PHYSIOLOGY
PDGFRo in Liver Development

Studies of both PDGFRa, and PDGFRf have demon-
strated that they are essential in embryonic development.
Mice lacking either PDGFRo. or PDGFRf} are embryonic
lethal (18,19), with PDGFRo. homozygous null mutant
embryos showing incomplete cephalic closure and apo-
ptosis of migrating neural crest cells, as well as skeletal
and vascular abnormalities. Within embryonic livers,
PDGFRa is present in important mesenchymal and meso-
thelial subpopulations that modify the microenviron-
ment to support developmental processes. For example,
PDGFRo may mark an important population of mesen-
chymal progenitor cells that promote hepatoblast dif-
ferentiation through direct contact and growth factor
secretion. These cells, isolated by expression of DIk-1
and PDGFRo from embryonic day 13.5 (E13.5) murine
livers, show direct and indirect effects on hepatoblast
maturation through direct contact and Transwell cocul-
ture experiments, respectively (20). This study is consis-
tent with previous evidence of mesenchymal stem cell
isolation using PDGFRo (21), as well as mesenchymal-
supported hepatoblast maturation (22). Thus, PDGFRo
may mark a small, but active, subpopulation of mesen-
chymal stem/progenitor cells that indirectly influence the
development of hepatoblasts in fetal liver development.

Consistent with a supportive role of PDGFRa* cells
in hepatoblast development, PDGFRa" stromal cells in
murine fetal liver were also found to be necessary for
erythropoiesis (23). In this study, it was shown that the
PDGFRa" fraction of murine fetal liver is necessary for
the expansion of erythrocyte progenitor colonies in vitro,
while maternal injection of anti-PDGFRa monoclonal
antibody led to inhibition of erythropoiesis. In addition,
exogenous PDGF-AA and PDGF-BB stimulated erythro-
poietin (EPO) production in fetal liver cells. These studies
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demonstrate an important role of PDGFRa signaling in
EPO production and hematopoiesis in the liver, though
a specific relationship between PDGFRa signaling and
EPO production was not elucidated in this study.

While traditionally considered a receptor of mes-
enchymal cells, we observed both cytoplasmic and peri-
nuclear expression of PDGFRo in a subset of epithelial
cells during mouse embryonic liver development with
peak expression from E10 to E12 (24,25). In contrast to
the mesenchymal cell profiles from isolated PDGFRo*
cells reported by others (20), we show that a subset of
HNF40* hepatoblasts from embryonic liver tissue
expresses PDGFRa and that inhibition of PDGFRo. sig-
naling in embryonic liver cultures results in decreased
survival and proliferation of these cells. This could be
a cumulative effect of PDGFRo suppression in various
aforementioned cell types. Following this midgestational
period, PDGFRo expression dramatically decreases
throughout murine fetal liver development and remains
low in adult murine liver.

In combination with previous findings that PDGFRa
marks a population expressing mesenchymal markers, the
finding of PDGFRa in a subset of hepatoblasts brings to
light the possibility that this receptor may be expressed in
epithelia developing from a mesenchymal subpopulation—
a process known as mesenchymal-to-epithelial transi-
tion. Such an occurrence has been previously reported in
mouse hepatic stem cells in vivo, which coexpress mark-
ers of both epithelial (CK8/18) and mesenchymal (vimen-
tin) markers at similar embryonic time points (26). In fact,
the mesenchymal population characterized in this study
was isolated based on intermediate expression of DIk-1, a
known marker of hepatoblasts and (at low expression) also
a marker of mesothelial precursors (27). The contribution
of mesenchyme to a subset of hepatoblasts and eventu-
ally to hepatocytes was also supported more recently by
the fact that vascular endothelial growth factor receptor
2 (VEGFR2)—a known mesodermal marker—was also
expressed in hepatic progenitors capable of contributing
to a substantial portion of adult parenchyma shown by
lineage-tracing studies (28).

PDGFRa expression was also identified in mesothelial
and submesothelial cells of E12.5 murine livers, which
are proposed to be precursors of HSCs (29). As with the
abovementioned studies, PDGFRo was used primarily as
an identifying marker, and a specific role of PDGFRo.
signaling was not elucidated. In the case of PDGFRa.
expression in mesothelial and submesothelial cells of the
liver, it can be speculated that PDGFRa plays a proprolif-
erative response, which may be important for expansion
of this HSC precursor population during development.

The presence of PDGFRa in mesenchymal, mesothe-
lial, and epithelial cells of the developing liver may provide
insight on its importance in adult liver pathophysiology.



112

For example, the expression of PDGFRa in mesothelial
precursors of HSCs, including “submesothelial cells”
and their transitional cell counterparts (29), as well as its
potential expression in a subset of hepatoblasts, may sig-
nify that PDGFRa is serving as part of a modulatory pro-
liferative transcription program, which is upregulated in
liver development and pathology, while being suppressed
in quiescent, nonproliferative states. Further investiga-
tion of the effects of PDGFRo inhibition in an in vivo
or ex vivo developmental context will help to shed light
on the function of this receptor in supporting hepatoblast
maturation, erthyropoiesis, or mesothelial/submesothelial
migration and HSC formation. Eventually, since tum-
origenesis often represents reawakening of the devel-
opmental programs that may contextually encompass
epithelial-to-mesenchymal transition (EMT), PDGFRo
modulation may provide novel therapeutic opportunities
in HCC.

PDGFRo in Liver Regeneration

Our lab has previously investigated the role of PDGFRo
in liver regeneration using the well-known two thirds
partial hepatectomy (PH) model in which two thirds of
the liver mass is surgically removed and compensatory
regeneration is subsequently studied at discrete, well-
characterized time points (30). In control mice, PDGFRo
activation was evident at 3 h, although its total levels
were unequivocally elevated at 24 h. For further studies,
we first generated mice lacking PDGFRo in hepatocytes
(albumin-cre excision of floxed Pdgfra). These mice were
indistinguishable from their littermates at baseline. When
subjected to PH, PDGFRa knockout (KO) mice showed
initial delay in Akt signaling by 3 h post-PH that was soon
offset by upregulation of epidermal growth factor recep-
tor (EGFR) and hepatocyte growth factor (HGF) receptor
Met. Both EGFR and Met have been shown to be crucial
mediators of normal liver regeneration (31). In combina-
tion with previous findings of Pdgfra and Pdgfa upregula-
tion in rats during shRNA-mediated inhibition of EGFR
following 24-h PH, our results suggest a potential recipro-
cal regulation between PDGFRo. and EGFR (32). These
studies exemplify the well-known phenomenon of growth
factor signaling compensation in liver regeneration (30).
Rather than diminish the importance of the PDGFRa. sig-
naling axis in hepatocyte regeneration in this model, these
results attest to the signaling “flexibility” that is a well-
recognized theme in PH. Similar to most growth factors
in liver regeneration following PH, ligands of PDGFRa
appear to play a significant, but replaceable, role.

PDGEF ligands, including ligands for PDGFRa, are gen-
erally known for their mitogenic effects in mesenchymal-
derived stromal cells of the liver. However, there is impor-
tant evidence that hepatocytes themselves may respond
to PDGFs. A recent study that examines the effect of
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growth factors on murine hepatocytes reveals a modest
but significant and direct mitogenic effect of PDGF-AB
on primary murine hepatocytes (33). The importance of
this finding is underscored by the fact that prior to this
study, only HGF and ligands of EGFR were identified
as direct mitogens on primary hepatocytes in chemically
defined medium (30). Evidence of PDGF-induced mito-
genesis of hepatocytes in vitro or in vivo in the context
of liver regeneration is sparse at this time. However, due
to the increasing emergence of PDGFRa signaling as a
therapeutic target in pathologic liver states (see below),
the elucidation of regenerative hepatocyte PDGFRa. sig-
naling may be important to fully interpret the effects of
therapeutic PDGFRo inhibition. Together, these studies
suggest that PDGFRa signaling may occur in the hepatic
parenchyma during liver regeneration—possibly con-
tributing to mitogenesis. This is in contrast to models of
chronic liver injury (discussed below) where PDGFRa
seems to be located primarily in the NPCs.

PDGFRao IN LIVER PATHOLOGY
PDGFRo in Hepatic Fibrosis

Hepatic fibrosis is a complex process that involves
many cell types within the liver (3). In many scenarios,
it is initiated by apoptosis and necrosis of hepatocytes in
the setting of chronic liver injury, which activates quies-
cent HSCs through the release of apoptotic bodies, reac-
tive oxygen species (ROS), and the activation of Kupffer
cells (34). The main mediators of fibrosis are activated
myofibroblasts—the source of collagen and fibrous scar
formation—arising from activated HSCs in the space of
Disse (35). While myofibroblasts are the primary mediators
of fibrosis (36), hepatocytes continue to play an important
role through apoptosis, release of cytokines and growth
factors to influence myofibroblast activation (37,38), and
altered proliferation (39,40).

The role of PDGFRa signaling in the setting of fibro-
sis is still a matter of debate, as many studies present
compelling data leading to differing conclusions on its
contributions and relative importance compared to its
related isoform PDGFR in HSC activation and prolif-
eration. In the following sections, we discuss some of the
evidence for the localization and function of PDGFRo
in the fibrotic liver, highlighting conflicting results and
interpretations in the literature.

Relative Contributions of PDGFRa Versus PDGFR[3
in HSC Activation: Reconciling the Evidence. Though
PDGFRS has long been established as a functional marker
of activated HSCs (9), PDGFRo has only recently emerged
as a potential mediator of HSC activation in hepatic fibro-
sis. Early studies of PDGFR isoforms in HSC emphasized
the importance of PDGFRP due to the upregulation of
this isoform at mRNA and protein level in contrast to the
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constant levels of PDGFRa observed following carbon
tetrachloride (CCl,) or bile duct ligation (BDL)-mediated
injury in rats (8). Over the next couple of decades,
PDGFRa expression in HSCs of fibrotic livers became
increasingly clear. PDGFRo mRNA is highly expressed
in o-smooth muscle actin (o--SMA)-positive NPCs of cir-
rhotic human livers localized in the perisinusoidal region
(41). This study also showed that PDGFRa is upregu-
lated in stromal and sinusoidal cells in human livers dur-
ing cirrhosis and reported a strong correlation between
expression of PDGFRa and PDGFRJ in human livers to
the histology activity index (Knodell’s score) and type
IIT collagen deposition (41). These findings were subse-
quently affirmed when PDGFRo upregulation was also
observed in whole cell lysates of rat livers treated with
CCl, (42) and has most recently been confirmed in the
murine BDL (43) and CCl, models (44). The exception
of this trend is a study in BDL rats indicating a potential
difference in PDGFRo signaling role in toxic and chole-
static fibrosis models (discussed further below) (45).

Findings from studies of PDGF signaling in isolated rat
HSCs and culture-activated myofibroblasts indicate that
the PDGFRooc homodimer is not likely to be the primary
PDGEFR isoform involved in HSC activation/proliferation
as evident from studies showing that culture-activated
HSCs showed selective proliferative response to PDGF-B
and PDGF-D isoforms and lacked mitogenic response to
PDGF-AA (specific for oot homodimer, see Fig. 1) (45).
There is however some discrepancy between findings in
this model system, as an earlier study showed a small,
but significant (two- to threefold), proliferative effect of
PDGF-AA on culture-activated HSCs (46). Of particular
importance is a study that noted a comparable level of
PDGF-AA-induced mitogenicity in HSC lines isolated
from patients (47). This study also showed that PDGF-AA
may help activated HSCs overcome proliferative inhibi-
tion from ECM molecules such as collagen 1. It is worth
mentioning that part of the discrepancy between the mito-
genic responses of HSCs to PDGF-AA between studies
may be related to the specific concentration of ligand
used. The studies showing mitogenicity of PDGF-AA
in rat- (46) and human-derived HSCs (47) both showed
maximal proliferative stimulation of HSCs at 10 ng/ml
PDGF-AA. In contrast, the study of rat culture-activated
HSCs, which showed no effect of PDGF-AA only utilized
a single and higher concentration (50 ng/ml).

Despite the relatively minor role of PDGFRa in pro-
liferation of culture-activated HSCs, Hayes et al. recently
showed that PDGFRa is upregulated in HSCs follow-
ing CCl -mediated fibrosis in mice and that activation of
PDGFRa may contribute to hepatic fibrosis, since fibro-
sis was reduced following CCl -mediated injury in mice
heterozygous for PDGFRo (44). While previous studies
have reported PDGFRo expression in HSC from animals
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(8,42) and patients (41), the study from Hayes et al. is the
first report indicating that genetic reduction of PDGFRo
signaling in vivo reduces hepatic fibrosis in chronic liver
injury, thus paving the way forward for possible thera-
peutic inhibition.

What are possible explanations for the seeming dis-
crepancies of the profibrotic contribution of PDGFRo
signaling between culture-activated HSCs and murine
PDGFRa heterozygotes? The answer is unclear at the
moment but may involve one or more factors, including
(i) an effect on PDGFRo heterodimer expression, (ii) a
lesser role of PDGFRoow signaling in HSC activation/
proliferation, and (iii) differences in receptor isoform sig-
naling function. With regard to (i), PDGFRo heterodi-
mer is not known to interact with PDGF-AA (Fig. 1)
but still requires PDGFRa expression. If PDGFRo is
playing an active role in HSC activation, PDGFRo might
only contribute to HSC proliferation and myofibroblast
activation through its ability to complex with the [ recep-
tor. This explanation is consistent with the findings of
close PDGFRo and PDGFRJ colocalization in fibrotic
livers (41,44), as well as the presence of PDGFRa. phos-
phorylation in chronic liver injury [(43), unpublished
observations].

While PDGFRof heterodimer function is a plausible
explanation for these studies, PDGFRa« is still likely to
contribute to HSC activation through (ii) its homodi-
mer form as PDGF-AA (a ligand specific to PDGFRo
homodimer) did show a significant, albeit lesser, effect
on proliferation/intracellular calcium in culture-activated
HSCs. Furthermore, transgenic mice overexpressing
PDGF-A in hepatocytes spontaneously develop fibrosis
(48). This study lends strong support to the notion that
PDGF-AA/PDGFRo signaling alone is at least suffi-
cient to initiate hepatic fibrosis in mice—though whether
hepatic fibrosis is propagated by active PDGFRoo signal-
ing or is reliant on the subsequent autocrine or paracrine
release of other factors (such as other PDGF isoforms) is
not assessed in this study.

Finally, future investigations should consider that
(iii) downstream signaling functions of PDGFRs in
HSCs might be isoform specific. Studies of chemically
defined mouse embryonic fibroblasts have shown that
PDGFRoo, off, and BB activate distinct downstream
signaling pathways (49). Primary cell culture studies to
determine differences of PDGFRo and PDGFR signal-
ing in genetically PDGFR-defined HSCs or myofibro-
blasts may ultimately be necessary to fully understand
the specific roles of PDGF/PDGFR in HSC activation,
survival, or proliferation.

The development of several transgenic murine models
overexpressing specific forms of PDGF in hepatocytes
under albumin promoter-controlled cre recombinase sup-
port a potential role of PDGFRa in the development of
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fibrotic changes in the liver. In addition to transgenic
overexpression of PDGF-A (described above), PDGF-B
overexpression in hepatocytes leads to development of
spontaneous fibrosis in mice (48,50). Similarly, the over-
expression of PDGF-C, a known ligand of both PDGFRa
and PDGFR in transgenic mice leads to the spontaneous
development of liver fibrosis, steatosis, and HCC (51).
Both PDGFRp and PDGFRa. were upregulated in whole
liver lysates in this model. In addition, PDGF-C overex-
pression in hepatocytes causes expansion of NPC popula-
tions including sinusoidal endothelial cells and activated
HSCs (52), supporting potential PDGFRo expression in
both of these populations. It should be noted, however,
that neutralization of PDGF-C in other murine strains
by genetic knockout or neutralizing antiserum does not
confer protection to BDL-induced liver injury (43). Data
from this study indicate that PDGF-C may primarily
mediate its fibrotic effects through PDGFRJ rather than
PDGFRa., as PDGFRPB mRNA and total/phosphorylated
protein level—not PDGFRa—is exclusively upregulated
in response to PDGF-C neutralization. These authors con-
firm that this is not due to differential expression of other
PDGEF isoforms. Thus, at least in the context of murine
experimental biliary fibrosis, it appears that PDGFRJ3, not
PDGFRa, is the primary activated receptor in response to
PDGF-C in a pathophysiological (non-overexpressed) set-
ting. Nevertheless, PDGFRa is still substantially upregu-
lated and phosphorylated in these settings, indicating
activation of this receptor in biliary fibrosis.

Evidence suggesting the presence of PDGFRo in
HSCs and activated myofibroblasts sheds new light on
much of the current literature regarding PDGFR signaling
in HSCs and activated myofibroblasts in hepatic fibrosis/
cirrthosis—the majority of which focus exclusively on
assessment of PDGF-BB/PDGFRp signaling. In light
of the fact that PDGF-BB activates both PDGFRo and
PDGFR, much of the data can be reinterpreted to con-
sider a potential contribution of PDGFRa isoform.

TGF-B/PDGFRo Cross Talk in HSCs. Thus far, we have
primarily considered only ligand-dependent mechanisms
of PDGFR activation in hepatic fibrosis. However, a recent
study sheds new light on a potential ligand-independent
role of PDGFRo in HSCs. Liu et al. show compelling
evidence that PDGFRa appears to be necessary for
SMAD?2 signaling downstream of transforming growth
factor- (TGF-P) receptor in human HSCs in vitro (53).
This was demonstrated through the shRNA knockdown of
PDGFRo in human HSCs and HSC cell line LX-2, which
led to a decreased RNA expression of TGF-f receptor I
(TBRI) and SMAD?2 phosphorylation activity of TGF-f3
receptor II (TBRID). SMAD-2 is a key mediator of fibrosis
in myofibroblasts in the setting of acute and chronic liver
injury (54), indicating a potential role of PDGFRa. in this
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important arm of TGF-B signaling. This study brings to
light a novel mechanism of indirect PDGFRa activation
triggered by interaction of PDGFRo with TBRII (sum-
marized in Fig. 2). The modulation of PDGFRo expres-
sion in response to TGF-B is consistent with previous
findings in other fibroblast populations including sclero-
derma skin fibroblasts (55). Though PDGFRa. activation
in the absence of direct ligand binding has been previ-
ously reported (56), this is the first report indicating that
PDGFRa is necessary for a major fibrotic signaling path-
way in the liver. Combined with previous studies showing
TGF-B-induced PDGFRa in a Ras-mutant murine hepa-
tocyte model of EMT (see “PDGFRa in EMT” below),
there may be a reciprocal regulation between TGF-§ and
PDGF signaling.

Experimental RTK inhibitors often function by prevent-
ing the activating interaction of ligands and their recep-
tors, either by binding ligands or receptors themselves to
prevent phosphorylation. The findings by Liu et al. sug-
gest that PDGFR o may function in chronic liver injury not
only through RTK autophosphorylation following ligand
binding but also through a ligand-independent mechanism
involving monomeric PDGFRo.. Further investigation of
the extent of the latter form of PDGFRo signaling in vivo
will be particularly relevant to predict the effectiveness
of targeted PDGFR0. inhibitors, which may only prevent
ligand binding. Ligand-independent PDGFRo activation
has been shown previously in the setting of prolifera-
tive vitreal retinopathy in which mitochondrial ROS trig-
gers the activation of Src family kinases (SFKs) leading to
phosphorylation of monomeric PDGFRa. (57). In another
example, the PDGFRa-specific inhibitor IMC-3G3 (dis-
cussed further below) failed to inhibit bone marrow-
induced Akt activation in metastatic prostate cells in vitro
and in vivo as a result of ligand-independent transacti-
vation of PDGFRa (58,59). Despite these examples,
exclusive monomeric activation of PDGFRa during liver
injury is unlikely due to the overwhelming evidence that
PDGEF ligands play a central role in the initiation and pro-
gression of fibrosis (25,48,50,51,60). Thus, it is likely that
ligand-independent PDGFRa. activation through TGF-f3
signaling arm is only one mode of activation of down-
stream PDGFRo signaling.

While the full nature of PDGFRa signaling in this
model is not elucidated in this study, previous studies
suggesting PDGF-induced activation of SMADs may
offer insight. Treatment of rat primary HSC in culture
with TGF-B results in a selective increase of PDGF-A
mRNA expression (61), which may implicate an auto-
crine activation of PDGFRa in HSC (see Fig. 2). It has
previously been shown that cotreatment of cultured HSC
with TGF-B and PDGF (unspecified isoform) leads to
c-Jun N-terminal kinase (JNK)-mediated activation of
SMAD?2/3(62). In vitro, high TGF-B1 concentrations in a
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Figure 2. TGF-BR/PDGFRa signaling cross talk in HSC. Ligand-dependent and -independent signaling pathways are shown. During
ligand-independent signaling, PDGFRa is recruited to TBRI/TRRII complexes by TGF-B stimulation. Through interaction with TRRII,
PDGFRa promotes internalization and trafficking of TGF-B receptors into the early endosomes, where phosphorylation of SMADs
occurs and TGF- signaling is activated. Knockdown of PDGFRa. blocks endocytosis of TGF-f3 receptors, thereby inhibiting phospho-

rylation of SMADs. Activation of SMAD2/3 has been shown to lead

autocrine mechanism of PDGFRo activation in HSCs. Abbreviations:

study of aortic smooth muscle cells and fibroblasts were
shown to cause differential modulation of PDGF-AA
(increased) and PDGFRo. (decreased) (63) responsible
for an inhibition of PDGF-AA-mediated growth. In light
of the study by Liu et al., it is interesting to speculate that
in addition to transcriptional regulation of PDGF-A and
PDGFRo. by TGF-B, posttranscriptional regulation may
also be occurring via direct binding and internalization
of PDGFRa. by ligand-activated TPRs as in aortic smooth
muscle cells and fibroblasts of the aforementioned study.

to the upregulation of PDGF-A mRNA, which may indicate an
TGF-B receptor II (TBRID). Adapted from Liu et al. (53).

PDGFRo Inportal Myofibroblast Activation During
Cholestatic Liver Injury. PDGFRo expression in chole-
static liver injury was initially reported in myofibroblasts
isolated from mice subjected to BDL at various time points
(8). However, in contrast to PDGFRf}, PDGFRo. mRNA
was not upregulated following BDL. Similarly, a more
recent study of PDGFR and PDGF expression follow-
ing BDL in rats shows that PDGFRa protein expression
remains relatively unchanged, or only slightly elevated
(45), in contrast to increased PDGFRJ expression.
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Portal fibroblasts (PFs) are thought to play an impor-
tant role in the initiation of fibrosis following cholesta-
sis, particularly in early response to biliary injury (64).
The question of whether PFs possess PDGFRs and are
responsive to PDGF signaling is unclear at this time due
to contradictory reports. PDGF-BB-mediated expansion
of isolated peribiliary fibroblasts from rats that have
undergone BDL express functional PDGFRp that con-
tributes to myofibroblastic differentiation as measured by
0-SMA expression (65). In addition, peribiliary myofi-
broblast conversion as measured by o.-SMA was reduced
upon treatment with PDGFR inhibitor STIS71 (Gleevec).
On the other hand, primary rat PFs isolated by Wells et
al. show no mitogenic activity in response to PDGF-BB
stimulation in vitro (66). Li et al. demonstrate an interest-
ing dichotomous effect of PDGF-BB on isolated rat PFs:
exposure to PDGF-BB inhibited differentiation of PFs as
measured by o.-SMA but promoted proliferation (67) on
collagen I-coated polyacrylamide gel supports. Finally,
a study of murine BDL-derived activated PFs demon-
strated that these fibroblasts were unresponsive to PDGF
in contrast to HSCs (64).

Thus, the range of PDGFs and their receptors expressed
in PFs during biliary fibrosis will require further inves-
tigation in order to elucidate the potential autocrine or
paracrine mechanisms of PDGF signaling in this popu-
lation. While PDGFRo. and PDGFRP have been previ-
ously reported in isolated HSCs during cholestatic liver
injury (8), the absence or presence of PDGFRo in PFs
prior to myofibroblastic changes remains unknown, as
(to our knowledge) only PDGFRJ has been confirmed in
isolated PFs (65). This will be an interesting question to
address in future studies, since PFs actively contribute to
the myofibroblast population in early cholestatic injury
(64) and biliary fibrosis and can be attenuated by targeted
inhibition of PDGF signaling (68).

PDGFRo Cellular Localization: Expression Patterns
in Chronic Liver Injury. As an autocrine and paracrine sig-
nal receptor, insight on the actions of PDGFRa. signaling
may be elucidated by its cellular localization in normal
and pathogenic liver states. Localization of PDGFRa is
most clearly demonstrated in NPCs of the liver includ-
ing HSC and EC. Early reports of PDGFRa localization
in normal and cirrhotic human livers identify PDGFRa.
expression in stromal cells of portal tracts as well as
some sinusoidal EC and EC of the centrilobular veins
(8,41). Another group reported that mice with thioacet-
amide (TAA)-induced liver injury showed upregulated
PDGFRo localizing in a sinusoidal pattern and in NPC
(60). Consistent with a sinusoidal pattern of expression in
cirrhosis, PDGFRa. is overexpressed in EC of HCC asso-
ciated with high metastatic potential (69) and increased
recurrence in patients. This is in line with evidence that
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tumor fibroblasts may become resistant to anti-VEGF
therapy through the expression of PDGF-C (70). While
one recent study denied the expression of PDGFRa in
EC during CCl,-mediated liver injury in mice (44), it
should be noted that this conclusion was based on lack
of colocalization with CD31 (PECAM), whose expres-
sion is low in liver sinusoidal EC (LSEC) following CCl,
treatment and thus may not be a sensitive marker in this
model (71).

Currently, the cellular localization of PDGFRa in
hepatocytes during chronic liver injury is unclear. In
situ immunostaining of human normal and cirrhotic
liver shows no PDGFRo expression in hepatocytes
(41). A recent study also reported an absence of hepa-
tocyte PDGFRa in a murine CCl, model (44). In con-
trast, PDGFRa is reportedly upregulated in regenerating
rat hepatocytes following CCl,-mediated fibrosis (42),
and contrary to the reported findings of other labs, we
have found a low level expression of PDGFRa. in hepa-
tocytes of human and murine liver (25). Further support
for the presence of PDGFRa in hepatocytes stems from
the finding that isolated murine hepatocytes proliferate
in response to PDGF-AB in a chemically defined serum-
free growth media, and PDGF-AA or PDGF-BB exposure
increases bromodeoxyuridine staining in these hepato-
cyte cultures (33). In contrast, another group has reported
that primary hepatocytes in culture do not respond to
PDGF-CC (51). It should be noted that hepatocytes are
heterogenous and different subpopulations (e.g., peripor-
tal vs. pericentral) may express different receptors due
to their differing metabolic roles or depending on the
zonality of liver injury. Therefore some subpopulations
of hepatocytes may specifically upregulate PDGFRo/
PDGF-A signaling over others, as was evidenced in rat
livers subjected to CCl, in which pericentral hepatocytes
selectively expressed PDGF-A (42).

It remains undetermined whether a potential upregula-
tion of PDGFRo in hepatocytes would be a reparative or
pathologic response in chronic liver injury. Considering
that hepatocyte survival and proliferation play crucial
roles in liver regeneration and fibrosis, and detrimental
roles in injury sequelae such as liver cancer, these find-
ings warrant further investigation of PDGFRo signaling
in hepatocytes. Elucidating the contribution of hepatocyte
PDGFRa activation in disease pathogenesis, the signal-
ing arms activated and their downstream cellular events
will not only improve understanding of the pathobiology
of this disease process but will also be relevant in validat-
ing PDGFRo as a therapeutic target. For these studies,
hepatocyte-specific conditional knockouts of PDGFRo
may lend themselves well (24).

PDGF Sources in Injured Liver. During liver injury,
PDGFs are secreted by both resident and infiltrating cells
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of the liver including hepatocytes, Kupffer cells, cholan-
giocytes, infiltrating macrophages, and HSC themselves
(summarized in Fig. 3, Table 1). PDGFs from all of these
sources likely converge on HSCs to trigger their activa-
tion and myofibroblast conversion, as well as proliferation
and migration. PDGFs are also likely to exert autocrine
effects on cell populations that express PDGFRs in addi-
tion to PDGF ligands, such as hepatocytes and activated
HSCs. Kupffer cells and infiltrating macrophages are
considered one of the primary sources of PDGFs involved
in activating HSC. PDGF-B is expressed by infiltrating
macrophages and Kupffer cells in patients with chronic
hepatitis/cirrhosis, the expression of which correlates with
inflammation and severity of fibrosis (72). Hepatocytes
influence HSC activation via activation of Kupffer cells
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as well as directly through the secretion of PDGFs and
other signals during liver injury. Freshly isolated rat hepa-
tocytes have been reported to express mRNA for PDGF-A
and PDGF-C, while PDGF-B mRNA was present in low
amounts, and PDGF-D mRNA was absent (61).

Perhaps one of the most important sources of PDGFs
in fibrosis is from HSCs themselves. Freshly isolated rat
HSCs express PDGF-A, B, and low levels of D, while
transdifferentiated myofibroblasts (HSC plated for 8 days)
also express PDGF-C (61). Platelets are also known to
be important secretory sources of many molecules and
growth factors involved in liver regeneration including
PDGFs (73). Supporting this, freeze-dried platelets stor-
ing growth factors including PDGF are able to promote
hepatocyte proliferation in mice (74).
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Figure 3. PDGF sources and cell interactions in injured liver. Shown are known or predicted (in parentheses) sources of PDGF secre-
tion during liver injury and potential interactions between resident and infiltrating liver cell populations during toxic or cholestatic liver
injuries. Curved arrows represent potential autocrine stimulation. Green arrows represent events specific for cholestatic liver injury.
Abbreviations: damage-associated molecular patterns (DAMPs), hepatic stellate cell (HSC), platelet-derived growth factor (PDGF),
reactive oxygen species (ROS), transforming growth factor-p (TGF-f3).
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Table 1. Expression Patterns of PDGFs/PDGFRs in Normal and Pathologic Liver States

Normal Biliary Liver Toxic Liver
Cell Type Liver Injury Injury HCC CCA Ref.
Stellate cells o, B o, B o, B (0, B) NR 8,42,44,45,53,60-62
(myofibroblasts only) A, B, Dt A,B,D (D)
Portal fibroblasts NR B ®) NR NR 45,65,75
(peribiliary B.D
myofibroblasts only)
Kupfter cells NR NR B NR NR 42,72,134
Endothelial cells o, B o, B o o, B A 8,42,45,116,135
Hepatocytes - NR o* o o 25,42,60,61
A,Bt,C A,Bt,C
Bile duct epithelia - A,B,D D - A 42,75,116,136
Platelets NR NR AB, C NR NR 74
Infiltrating macrophages NR NR AB NR NR 72,134

Summary of PDGF and PDGEFR isoform expression in select liver cells in normal and pathologic states. A, B, C, and D represent various PDGF ligands;
o/p are PDGF receptors. Expression specific to activated forms (myofibroblasts) is shown in parentheses. NR, PDGF/PDGFR expression not reported
in the evaluated literature. —: of PDGF/PDGFR expression specifically reported.

*Discrepancy between studies.
tPredicted expression only.

The sources of PDGFs are most likely determined
by the origin of the liver injury. In contrast to the lack
of cholangiocyte PDGF positivity in tissue specimens
from cirrhotic patients (41), cholangiocytes from patients
with biliary atresia do demonstrate strong expression of
PDGF-AA and PDGF-BB (75).

PDGFRoin HCC

During chronic liver injury, the persistence of hepato-
cyte cell death and fibrotic response can lead to cirrhosis
characterized by the presence of regenerative nodules
disrupting normal architecture, altered blood flow, and
portal hypertension (76). In a subset of cirrhosis patients,
hyperplastic nodules undergo increasing genomic sta-
bility as a result of unrelenting hepatocyte necrosis and
proliferation, eventually forming dysplastic nodules and
ultimately HCC (6).

Studies from our lab and others suggest a role of
PDGFRo. dysregulation in hepatocarcinogenesis [full
review in (77)]. We have previously shown that the major-
ity of human HCCs overexpress PDGFRo. and that a subset
of these tumors also upregulate PDGF-AA and PDGF-CC
expression (25). This study also demonstrates that several
human and rat cell lines of hepatoma and HCC also express
increased levels and activation of PDGFRo, and in vitro
inhibition of PDGFRo in these human cell lines using
IMC-3G3 (Olaratumab, described below)—a monoclonal
antibody inhibitor of human PDGFRo—Iled to significant
decreases in DNA synthesis and cell survival. PDGFRo
overexpression was also detected in 46/63 (73.0%) patients
who did not undergo neoadjuvant chemo/radiotherapy (78).
In this study, a significant clinical correlation was found

between vascular invasion in resected HCCs that overex-
press PDGFRo. as well as those that overexpress PDGFR[3
compared to those that did not. In addition, the coexpres-
sion of PDGFRa, PDGFR, and VEGF was identified
by multivariate analysis to be an independent prognostic
factor of disease-free and overall survival in this cohort.
Furthermore PDGFRA is upregulated in KI19-positive
HCCs from patients, which are associated with increased
tumor size, microvascular invasion, metastasis, and poor
differentiation (79). Lastly, a study found high intratumoral
expression of PDGFRo. and PDGFR in a small subset
of HCCs, which were independently associated with poor
overall survival (80). The seeming discrepancy between the
number of patients expressing “high” levels of PDGFRo in
this study compared to other studies in which the majority
of patients overexpress PDGFRa (25,78) may be explained
by the categorization of patients into “high” or “low” expres-
sion groups, in which only tissues staining with the highest
intensity on a five-tier scale were categorized as “high”—
rather than direct comparison of PDGFRo upregulation
compared to adjacent normal liver tissue.

Findings in patients are corroborated in preclinical
animal models of HCC. Mice lacking the secreted pro-
teoglycan decorin—a tumor suppressor inhibiting both
EGFR and the hepatocyte growth factor receptor Met—
have dysregulated PDGFRa signaling in TAA-induced
hepatocarcinogenesis leading to more severe cirrhosis
and HCC (60). This was possibly due to impaired seques-
tration of secreted PDGF ligands by decorin in the ECM
and increased production of PDGF.

These findings suggest that unregulated PDGFR o signal-
ing is pathogenic and may promote hepatocarcinogenesis.
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The number of studies suggesting a role of PDGFRa in
promoting hepatocarcinogenesis has been a driving impe-
tus for the further study of specific roles of PDGFRo in
liver cancer. Some of the potential modes of action and
regulation of PDGFRa in HCC are discussed in the fol-
lowing sections.

Potential Roles of PDGFRo in Tumor Biology:
Modulation of Angiogenesis and Hypoxic Response in
Chronic Liver Injury and Liver Cancer. HCC is a highly
vascularized tumor for which PDGFRs represent potential
alternative targets to supplement traditional VEGFR inhibi-
tors. While PDGFRP has been the most well-documented
PDGF receptor for angiogenic effects including vessel
stability (81) and maturation (82), there is evidence for a
role of PDGFRo in angiogenesis as well.

Studies have shown that specific PDGFRa blockade
results in the downregulation of angiogenic factors, which
may be an important mode of growth inhibition in tumors
(83). Furthermore PDGFRa. is a cotarget of several anti-
angiogenic drugs (84), some with antifibrogenic effects
(85). PDGFRa expression in endothelial cells (ECs)
(86,87) and vascular smooth muscle cells (88), as well as
liver sinusoidal ECs (8), has been reported. In addition,
the presence of PDGFRa in liver ECs in liver cancer is
strongly supported by findings in HCC (described below)
indicating its upregulation in pathologic angiogenesis.

There is substantial evidence that PDGFRo signaling
in HCC is associated with metastasis and tumor progres-
sion, mediated at least in part by pathologic angiogenesis.
PDGFRo is overexpressed in ECs of HCC associated with
high metastatic potential in a murine xenograft model
and increased recurrence of HCC in patients (69). In fact,
PDGFRa is one of the only known tumor EC markers
in HCC whose expression level roughly correlates with
metastasis. Higher tumor recurrence rate and lower survival
in human HCCs expressing high PDGFRA was reaffirmed
in a study by Zhu et al. (89). This study also employed a
murine xenograft model using an HCC cell line and trans-
fected human umbilical vein endothelial cells (HUVECsS) to
show evidence that tumor progression may be the result of
dysregulation of PDGFRA by BRCA, which is in turn reg-
ulated by microRNA 146a (MiR-146a). This study shows
a potential regulatory mechanism of PDGFRa. expression
in ECs of HCC and introduces a new potential therapeutic
target upstream of PDGFRa (MiR-146a).

While the precise role of PDGFRo/PDGF-A signaling
in HCC progression is unknown, studies indicate that this
signaling arm is likely to be an important escape pathway
for pathologic angiogenesis in the setting of HCC. One
murine HCC model showed increased PDGF-A expres-
sion in the liver following drug resistance development
to IFN-a (90), an antiviral with known antiangiogenic
effects (91). This is consistent with evidence that tumor
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fibroblasts may become resistant to anti-VEGF therapy
through the expression of PDGF-C (70). Furthermore,
it has been shown that VEGFA can activate PDGFRo
and PDGFR, likely due to the close homology between
PDGFR and VEGFR (92). Thus, PDGFRa signaling may
be an important alternative therapeutic target in addition to
VEGFRs and may explain why sorafenib (a multityrosine
kinase receptor inhibitor targeting VEGFRs and PDGFRs)
is currently the only clinically approved targeted therapy
for HCC (93,94) (discussed further below).

PDGF signaling is also important for communication
between HSCs and ECs of the liver during angiogenesis
to coordinate the formation and stabilization of neoves-
sels. Cotransplantation of Ras-transformed hepatocytes
with myofibroblasts in a murine model of HCC enhances
tumor growth in a PDGF-dependent manner (95). Studies
in rats undergoing BDL demonstrate that PDGF-BB
promotes HSC-driven vascular tube formation through
ephrinB2 signaling (96). The authors in this study hypoth-
esize that this phenomenon is responsible for a decrease
in portal pressure in BDL rats following imatinib treat-
ment. Given the known expression of PDGFRo on HSCs
(41,44), and HCC-associated ECs (69), it is possible that
PDGFRa activation by PDGF ligands may play an active
role in these processes.

Hypoxia is a well-known driver of pathologic angio-
genesis. Though the specific response of PDGFRa in
hypoxic liver tissue has not been reported, potential activ-
ity of this receptor can be gleaned from hypoxia-induced
modulation of PDGF ligands, especially PDGF-A. PDGF-A
as well as PDGF-B are downregulated in HIF-10-deficient
mice, signifying a link between hypoxia and the release of
these profibrogenic mediators (97). HIF-10/B in hepato-
cytes in vitro do not appear to significantly affect the pro-
duction of PDGF-A or PDGF-B mRNA but, rather, promote
other angiogenic factors including VEGF. Combined with
this group’s previous findings in HIF-1o.-deficient mice,
these data indicate that HIF-1 is regulating PDGF-A and
-B expression in NPCs. HIF-2q. is also shown to be a
likely mediator of this effect (98). Investigation of PDGFR
localization and activation in response to hypoxia will
be an important complement to studies of HIF-induced
ligand production in order to discern the precise effects of
PDGFRs in hypoxic response and angiogenesis.

Oxidative Stress in HCC: Role of NF-xB/PDGFRa
Signaling Axis in the Absence of [-Catenin. Chronic oxida-
tive stress through mitochondrial dysfunction and failure
to regulate reactive oxygen species (ROS) production has
been shown to be an important modulator of liver injury
and cause of DNA damage leading to HCC [for review,
see (99)] and may be a stimulus for pathologic PDGFRo
activation in HCC. This was demonstrated in our previ-
ous studies of N-nitrosodiethylamine (DEN)-induced
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hepatocarcinogenesis (100) as well as DEN treatment
followed by continuous phenobarbitol treatment (DEN/
PB) (101) in hepatic B-catenin knockout (KO) mice.
Though B-catenin signaling is generally considered to be
protumorigenic (102,103), B-catenin deficiency in hepa-
tocytes in this model resulted in a paradoxical increase in
susceptibility to DEN-induced tumor formation. Further
analysis revealed increased PDGFRo and downstream
phosphoinositide 3-kinase (PIK3CA)/Akt signaling respon-
sible for compensatory hepatocyte growth and tumori-
genesis. We showed that PDGFRo-mediated signaling
was dependent on the induction of nuclear factor k-light-
chain enhancer of activated B cells (NF-kB). In another
study, we identified the mechanism of increased NF-xB
activity in B-catenin KO mice to be due to lack of inhibi-
tory B-catenin—p65 complex in hepatocytes, which low-
ers the threshold of NF-«kB activation to the observed
oxidative stress due to DEN (104). We show that NF-kB
upregulates PDGFRo in Hep3B hepatoma cells in vitro,
contributing to cell proliferation. Based on this evidence,
we hypothesize that NF-xB upregulation of PDGFRA
serves as part of a prosurvival/proliferative response in
hepatocytes in response to chronic high levels of oxida-
tive stress (findings summarized in Fig. 4).

In the latter study, we observed major PDGFRo and
modest PDGFRp upregulation in livers from B-catenin
KO mice subjected to DEN/PB for 8 months, with
increased production of PDGF-C and PDGFRo. phos-
phorylation. In combination with in vitro data showing
B-catenin knockdown with CTNNBI1 siRNA is necessary
for PDGF-CC-induced mitogenicity in Hep3B hepatoma
cells, this study suggests an autocrine escape pathway via
activation of PDGFRo. Also, since PDGFRo upregula-
tion upon B-catenin suppression may be contributing to
resistance to anti-f-catenin therapy, there may be a ben-
efit to sequential inhibition of the two pathways.

Interestingly, other models of murine HCC have
recapitulated a pattern of B-catenin downregulation and
PDGFRa upregulation. Chen et al. show that Alb-cre-
mediated knockout of phosphatase and tensin homolog
(PTEN) and glucose-regulated protein 78 (GRP78) results
in the development of both HCC and cholangiocarcinoma
(CCA) associated with B-catenin downregulation and
PDGFRa. upregulation (105). This is most likely due to
incomplete GRP78 knockout, providing repopulating liver
progenitor cells and hepatocytes with a growth advan-
tage. It is possible therefore that PDGFRo. upregulation is
occurring in the repopulating hepatocyte population under
oxidative cell stress, similar to the findings in our previous
study (100). A potential mechanism for the downregula-
tion of B-catenin in tumor cells lacking GRP78 is the loss
of a recently reported function of GRP78 in the disruption
of E-cadherin/B-catenin junctional complexes at the cell
membrane, as well as the sequestration of adenomatous
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polyposis coli (APC), which forms part of the cytoplasmic
inhibitory complex of B-catenin (106) (see Fig. 4).

PDGFRa upregulation in response to chronic oxida-
tive stress is consistent with effects seen in other tissues
under pathologic conditions. For example, tissues from
patients with idiopathic pulmonary fibrosis (IPF) show
upregulation and colocalization of both PDGFRo. and [3
with oxidized peroxiredoxin (Prx) II and markers of oxi-
dative stress in parenchyma and hyperplastic epithelia
(107). Upstream regulation of PDGFRo by NF-xB has
also been reported in mouse interstitial lung fibroblasts
(108) and rat lung myofibroblasts (109). Generation of
ROS has also been shown to indirectly activate PDGFRo
in proliferative vitreo retinopathy (PRV) through Src family
kinase (SFK)-mediated phosphorylation of the intracel-
lular region of the receptor followed by subsequent PI3K/
Akt activation and downstream p53 suppression (110).
Therefore, it is apparent that PDGFRa is commonly
upregulated in response to oxidative stress and may serve
as a compensatory survival response to the harsh oxida-
tive microenvironment of HCCs.

PDGFRoin EMT. In the setting of chronic liver injury
and cirrhosis in which HCC arises, hepatocytes begin to
lose specific qualities of epithelial cells, including cel-
lular junctions, apical/basal polarity, and the expression
of differentiated hepatocyte markers, while acquiring
migratory and invasive capabilities and reacquiring undif-
ferentiated hepatocyte markers [reviewed in (111)]. This
process, known as EMT, is known to occur in epithelial
cells of other tumors as well. PDGFRo/PDGF-A signal-
ing is strongly implicated in EMT during the pathogen-
esis of HCC in multiple models of neoplastic murine
hepatocytes.

As mentioned above, B-catenin deficiency in albumin-
expressing cells of the liver is associated with activation
of PDGFRa signaling in DEN and DEN/PB models of
HCC (100,101). Interestingly, B-catenin activation is
implicated to be under reciprocal regulation of PDGF
signaling due to studies in Ras-mutant murine models of
hepatocyte neoplasia and EMT in which Ras- and TGF-
B-induced PDGF signaling plays a role in the nuclear
translocation of B-catenin (112). Inhibition of PDGFRa.
signaling through overexpression of dominant negative
PDGFRA in these cells resulted in a reduction in cell
motility in vitro and total tumor volume in vivo, indicat-
ing that PDGFRo may likely play a role in HCC hepa-
tocyte proliferation, likely via B-catenin. This finding is
consistent with the inhibitory activity of B-catenin from
STI-571 (Gleevec), a multi-TKI with known inhibitory
activity of PDGFRo and [3, in several cancer cell lines
(113). The relevance of this model was further sup-
ported by its use in a murine model of HCC in which
it was shown that cotransplantation of Ras-transformed
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Figure 4. Regulatory networks of B-catenin and PDGFRo modulation in malignant hepatocytes exposed to oxidative stress.
(A) B-Catenin-deficient hepatocytes suffer from increased susceptibility to oxidative stress due to the inability to upregulate regu-
latory antioxidative enzymes. As a result, DEN induced genotoxic injury sustained by hepatic inflammation. The increased injury
induces cytoprotective NF-kB signaling, which might also be complemented by the lack of B-catenin—p65 interactions that are known
to sequester NF-xB to prevent its activation. This might, in turn, play a role in PDGFRa overexpression as PDGFRA promoter is
known to contain NF-xB binding sequences. In the backdrop of injury, inflammation, and activation of NPCs, PDGF production
induces activation of PDGFRo and downstream PIK3CA signaling, which leads to tumorigenesis through increased expression of
targets such as c-Myc and COX-2. (B) Increased malignancy in hepatocytes due to downregulation of B-catenin and upregulation of
PDGFRa. was also observed in an albumin-cre-mediated PTEN/GRP78 double knockout mouse model. In this model, loss of B-catenin
activity may be mediated by loss of GRP78, which increases free pools of cytoplasmic B-catenin by disrupting E-cadherin/B-catenin
junction complexes at the cell membrane as well as sequestering APC (not shown), which normally forms part of the canonical
inhibitory complex associated with B-catenin. PTEN loss in these hepatocytes also contributes to increased susceptibility to oxida-
tive stress due to its normal role in maintaining regulatory antioxidative enzyme expression. Abbreviations: adenomatous polyposis
coli (APC), cyclooxygenase 2 (COX2), diethylnitrosamine (DEN), glucose-regulated protein 78 (GRP78), phosphatase and tensin
homolog (PTEN), phosphatidylinositol-4,5-bisphosphate 3 kinase (PIK3CA), nuclear factor x-light-chain enhancer of activated B
cells (NF-xB), nonparenchymal cells (NPCs).

hepatocytes with myofibroblasts enhances tumor growth Cholangiocarcinoma

in a PDGF-dependent manner (95). Given the potential
role of PDGFRa signaling in HCC-associated EMT,
it is interesting to speculate that the poor prognosis in
PDGFRo" HCC is due to increased metastasis second-
ary to the activation of an EMT transcriptional program,
pushing malignant hepatocytes to a poorly differentiated
mesenchymal state.

Cholangiocarcinoma (CCA) is the second most com-
mon form of liver cancer (after HCC) and is a rapidly fatal
malignant tumor of the biliary ducts (114). PDGF-A and
PDGFRa are both upregulated in livers of human patients
with CCA, and PDGF-A positivity showed prognostic sig-
nificance due to decreased survival, increased staging, and
increased metastasis (115). These patients also showed
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increased serum levels of PDGF-A. In addition, PDGFRo
inhibition via sunitinib treatment in CCA cell lines in vitro
showed reduced cell viability and migration as well as
reduced phospho-PDGFRo and phospho-AKT.

The highest incidence of CCA is found in Northeast
Thailand due to infection by liver fluke infection
Opisthorchis viverrini. PDGF-A and PDGFRA mRNA
and protein overexpression was observed in a hamster
model of O. viverrini-associated CCA as well as in eight
of 10 (PDGF-A overexpression) and four of 10 (PDGFRA
overexpression) patients from Thailand with O. viverrini-
associated CCA (116).

Therapeutic Inhibition of PDGF
Receptors in Liver Disease

RTKSs are critical pharmacologic targets. Evidence from
the development of both small molecule TKIs as well as
monoclonal antibody inhibitors support a role of PDGFRo.
and PDGFR in cancer and liver injury states, such as
fibrosis and cirrhosis (94,117). PDGFRs are cotargeted
by several small molecule pharmacologic agents, such as
imatinib, sunitinib, and sorafenib, which are multi-TKIs,
each targeting a discrete set of tyrosine kinases (118).

Many multi-TKIs that target PDGFRs appear to have
activity against both o and B isoforms (69,119,120).
As such, it is often difficult to delineate whether spe-
cific effects of these inhibitors stem from inhibition of
PDGFRo, PDGFRp, or both receptors. Nevertheless,
preclinical and clinical studies of multi-TKIs provide
important evidence that PDGFRa is a potential therapeu-
tic target in cancer. Imatinib has shown activity in gastro-
intestinal stromal tumors (GISTs), which do not express
mutations in c-KIT. This activity is likely due to demon-
strated inhibition of PDGFRo., which is mutated in many
GISTs with normal ¢-KIT (121) and shares an adjacent
chromosomal location on human chromosome 4 as well
as close amino acid homology with c-KIT. Sorafenib,
a multikinase inhibitor targeting Raf, VEGFRs, and
PDGFRo/B, is currently the only chemotherapeutic that
has been shown to be effective in the treatment of HCC
(93,94). Sorafenib has also been shown to have benefi-
cial effects in animal models of hepatic fibrosis and por-
tal hypertension. Partial portal vein ligation (PPVL) in
rats, a model of portal hypertension, showed a decrease
in portal pressure and splanchnic inflammation as well as
a decrease in TGF-B, TGF-BR1, and TIMP2, potentially
leading to reduced fibrogenesis (122). Sorafenib also
reduced intrahepatic fibrosis, inflammation, and neovas-
cularization in rats undergoing BDL.

A major impetus for the development of PDGFR inhibi-
tors stems from their role in angiogenesis, as described in
the preceding sections. Rats subjected to PPVL experienced
decreased splanchnic neovascularization, pericyte cover-
age of new vessels, portal pressure, superior mesenteric
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artery blood flow, and resistance when treated with a com-
bination of VEGFR inhibitor rapamycin and PDGFR
inhibitor Gleevec compared to treatment with either agent
alone (123). Beneficial effects of combined VEGF/PDGF
signaling inhibition in portal hypertension are supported
by subsequent studies showing improved hemodynamics
in PPVL rats treated with Sorafenib (124).

Development of PDGFRo-Targeting Monoclonal
Antibody Inhibitors: IMC-3G3. The development of spe-
cific inhibitors of PDGFR« has shown promising results
in preclinical and clinical studies. IMC-3G3 (Olaratumab,
ImClone Systems) is a humanized monoclonal antibody
therapy that exclusively targets PDGFRo and is currently
being tested in clinical trials (125). IMC-3G3 has been
shown to have antitumor properties in several preclinical
studies [full review available (125)], including lung can-
cer xenografts (126), glioblastoma and leiomyosarcoma
xenografts (127), ovarian carcinoma (128), and uterine
cancer (83).

The development of IMC-3G3 provides important
proof-of-concept evidence of the potential effectiveness
of specifically targeting PDGFRa signaling in chronic
liver diseases, including cirrhosis and HCC. We have
previously shown that IMC-3G3 decreases proliferation
of various hepatoma and HCC cell lines (25). In addi-
tion, our previous studies in -catenin KO mice suggest
that PDGFRo may be an important cotherapeutic target
in B-catenin inhibition of HCC (100). Based on the high
frequency of PDGFRo overexpression (25,78) and the
relative success of Sorafenib (a PDGFRo. coinhibitor)
in human HCCs, blockade of PDGFRo signaling may
indeed have therapeutic value. In addition to IMC-3G3,
other PDGFRo-specific inhibitors are available for use in
preclinical models, such as the murine PDGFR. inhibitor
APAS (129-132). Combined with the potential for genetic
modulation of PDGFRo demonstrated in recent studies
(24,44), an abundance of potential preclinical models
for PDGFRo modulation are available and await future
investigation in liver regeneration, injury, and cancer.

CONCLUSION

In this review, we have aimed to evaluate the evidence
of an active signaling role of PDGFRo in various aspects
of liver physiology and pathology. While the specific
contributions of PDGFRa continue to be investigated
further, we conclude that PDGFRao inhibition may be a
viable therapeutic strategy for specific hepatic patholo-
gies, including hepatic fibrosis and HCC, which should
be tested directly through the use of several clinical and
experimental inhibitors. We feel that, currently, cell-
specific studies of PDGFRo designed to assess the role
of this receptor in individual cell populations in the liver
warrant more in-depth investigations. Different resident
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cell populations may play potentially antagonistic biolog-
ical roles such as pro- or antifibrotic roles in the setting of
chronic liver injury (133). It is therefore conceivable that
biologic endpoints of PDGFRo signaling (survival, prolif-
eration, differentiation, motility) may contribute to injury
progression in specific cells while ameliorating injury in
others. In addition, our knowledge of the downstream tar-
gets of PDGFRo signaling especially in liver pathophysi-
ology is rather limited and elucidation of these will be
important to understand the specific role of PDGFRo..
Studies of PDGFRo. modulation in liver injury and liver
cancer continue to uncover new signaling networks and
shed light on regulatory networks and roles of PDGFRo
signaling that will be important for the understanding of
these conditions with eventual therapeutic implications.
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