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Platelet-derived growth factor receptor alpha

signaling pathways in development and liver disease

Brian J. Hayes

Chair of the Supervisory Committee:
Jean S. Campbell, Assistant Professor

Department of Pathology

Platelet derived growth factor receptor alpha (PDGFRa) signaling is critical for development and
disease. Insufficient PDGFRa signal transduction results in developmental anomolies, while
excessive signaling results in fibrosis and carcinogenesis. PDGFRa signal transduction is
regulated at multiple levels, two of which are ligand binding and Pdgfra expression levels. In my

tmllLex

thesis work, | describe a Pdgfc mutant mouse, Pdgfc , in which only growth factor coding

tmllLex

exons are deleted. Viability of Pdgfc mice, which express only the complement

components C1r/C1s, sea urchin EGF, bone morphogenetic protein 1 (CUB) domain of PDGF-

tmllLex

C, depends on the presence of both Pdgfra alleles. Alternative splicing in Pdgfc mice gives
rise to a truncated transcript that contains the entire coding region of the CUB domain of PDGF-
C, but lacks the majority of the exons encoding the growth factor domain (GFD). Contrary to
Pdgfc knockout (KO) mice, Pdgfc™"** mice are viable, suggesting that the CUB domain of
PDGF-C contributes to PDGFRa signal transduction. The CUB domain of PDGF-C appears to
maintain PDGFRa signal transduction above the minimum level necessary for development.

At the other end of the spectrum, increased PDGFRa signal transduction can contribute

to disease. PDGFRa levels are elevated in human liver disease, and after acute and chronic

liver injury in mice. These correlative studies indicate that PDGFRa may be important for the



liver's response to injury. Activated hepatic stellate cells (HSCs) produce collagen resulting in
fibrosis, which can progress to liver cirrhosis. Cirrhosis is the 12" leading cause of death in the
United States, and increases the risk of developing liver cancer. Utilizing a chemical model of
fibrosis, chronic carbon tetrachloride (CCly) exposure, | found that mice with decreased

expression of Pdgfra (Pdgfra™™™

) develop less fibrosis, than wild type mice following CCl,
exposure. These results indicate that elevated Pdgfra expression is associated with chronic
liver injury, and suggests excessive PDGFRa signal transduction is detrimental. PDGFRa
signal transduction is controlled at the level of ligand binding and gene expression, and needs to
be maintained at a balance that allows for proper development, but does not result in fibrotic
disease. Therapies targeted to maintain the balance of PDGFRa-specific signaling pathways

may provide both sufficient PDGFRa for wound healing and therapeutic benefit for patients with

chronic liver disease.
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Chapter 1
Background and Introduction

Summary

This chapter provides background information on 1) the public health burden of liver
disease, 2) the functions of parenchymal and non-parenchymal liver cells, 3) mouse models of
liver disease, and 4) signaling pathways and molecular components involved in the response to
models of hepatotoxic injury and the development of liver fibrosis. A brief synopsis of my thesis

project is presented at the end of this chapter.

Liver disease

Chronic liver injury leads to fibrosis, which can progress to cirrhosis and hepatocellular
carcinoma (HCC). HCC is the most common type of liver cancer, and develops in cirrhotic liver
in 90% of cases (1). The incidence and mortality from liver cancer are both increasing at a rate
of around 3% a year (2); five year survival from time of diagnosis is only 16% (2, 3). Underlying
cirrhosis in HCC prevents resection, thus the limited therapeutic options for these patients are in
part due to the fact that hepatocytes have a reduced capacity to divide in fibrotic livers (4). If
cirrhosis progresses to HCC, in most cases transplant is the only effective therapeutic option (5).
A better understanding of the molecular mechanisms of fibrosis could lead to therapies to
reduce the severity of chronic liver disease, reduce the occurrence of liver failure, make tumor
resection a viable option for patients with HCC, or even prevent HCC development.

Liver fibrogenesis occurs when normal injury repair mechanisms, such as fibroblast
migration, proliferation, contraction, and extracellular matrix (ECM) deposition, exceed the
activity of the pathways that breakdown scar or fibrinolysis. Liver fibrosis most frequently results
from alcohol ingestion, hepatitis viruses, and in the increasingly obese population, non-alcoholic

fatty liver disease (NAFLD) (6). These conditions cause inflammation, and this chronic
1



inflammatory state is thought to stimulate the wound healing response of the liver. Fibrosis
increases in severity with continued exposure to the injurious agent, and results in liver
dysfunction. Cirrhosis is a condition in which severe fibrosis is accompanied by architectural
changes in the liver (7). Currently mortality due to cirrhosis in the United States is
approximately 30,000 people annually (8). The fact that 40% of patients with cirrhosis are
asymptomatic until liver failure occurs decreases the likelihood of lifestyle changes prior to the
onset of liver failure (6). Liver failure can systemically affect the body in the form of neurologic
disorders, such as hepatic encephalopathy, and cardiovascular effects, such as
cardiomyopathies and abnormal regional distribution of blood volume and pressure due to
reduced liver functions (9).

The liver performs many essential biological functions, including vitamin A and glycogen
storage, bile and blood coagulation factor production, toxin metabolism, iron recycling, lipid
transport, and conversion of essential vitamins, such as vitamin D, into usable forms (10-12).
Circulation in the liver is unique in that the two-thirds of the blood supply is venous via the portal
vein rather than arterial. Because of the unique blood flow through the liver, this organ is
exposed to high concentrations of ingested nutrients, toxins, and pathogens. Liver disease

inhibits many of the normal functions of the liver.

Liver cell involvement in disease

The liver contains many cell types each with unique functions in homeostasis and
disease. Hepatocytes and biliary epithelial cells, parenchymal cells, comprise the majority of
the liver. Hepatocytes constitute approximately 52% of the cells in the mouse liver, and perform
most of the essential functions of the liver, including glycogen storage and detoxification
reactions (13). The remainder of the liver is composed of non-parenchymal cells (NPCs)
including liver sinusoidal endothelial cells (LSECs), which make up about 22% of the total cells,

2



Kupffer cells (KCs, resident macrophages of the liver), which are about 18% of total liver cells,
and hepatic stellate cells (HSCs), which are around 8% of the total cells (13). These NPCs
together with hepatocytes contribute to proper liver function.

LSECs control blood flow to the hepatocytes and through the liver sinusoids, and are
highly fenestrated to allow exchange of solutes and particles from blood to hepatocytes (14).
LSECs also play a role in removing soluble particles from blood through receptor-mediated
endocytosis (14). Activation of LSECs by inflammatory molecules results in increased portal
hypertension due to vasoconstriction, loss of fenestrae, and interaction with HSCs (15). KCs
are hematopoietic in origin and comprise 80 to 90% of the body’s resident macrophages (16).
KCs reside in the sinusoidal space, and identify and remove cell debris and endotoxin from the
blood by phagocytosis (14). Activation of KCs by inflammatory stimuli results in the secretion of
pro-inflammatory cytokines and eicosanoids, such as tumor necrosis factor alpha, interleukin-6,
interleukin-1, and prostaglandin E2, which stimulate hepatocyte proliferation (17-19).

HSCs are normally quiescent and do not divide in vivo. HSCs regulate ECM and serve
as a major storage site for vitamin A (20). When hepatocytes are injured, HSCs are activated
presumably due to cytokines and chemokines produced by KCs and other infiltrating leukocytes.
Activation of HSCs is a critical step in the development of liver fibrosis. HSC activation is a
state defined by loss of vitamin A, proliferation, and production of ECM (21). The ECM secreted
from HSCs is composed mostly of collagen I, collagen Ill, sulfated proteoglycans, and
glycoproteins (22). HSCs respond to signals from LSECs and KCs that lead to wound healing
in the liver, and HSC proliferation, contraction, and secretion of ECM subside upon resolution of
the injury. Sustained hepatocyte injury leads to prolonged activation of HSCs, which is thought
to be the major driver of hepatic fibrosis. Thus manipulation of HSCs should affect the onset,

extent and resolution of fibrosis.



Mouse models of chronic liver disease

Liver failure takes decades to develop in humans (6), but can be modeled experimentally
over a shorter time frame in rodents. Both rats and mice have been used as preclinical models,
given that they recapitulate many aspects of human liver disease (23). Given that murine liver
fibrosis develops in weeks to months, this allows a more rapid assessment of the molecular
mechanisms that lead to liver disease. Other types of liver disease can be modeled in mice,
including chronic inflammation, fatty liver, and hepatocellular carcinogenesis.

In mice damage to hepatocytes, which leads to fibrosis, can be achieved by surgical
methods such as bile duct ligation (BDL), or chemical methods such as injection of
thioacetamide (TAA) or carbon tetrachloride (CCly) (23). BDL is a surgical manipulation induces
proliferation of biliary epithelial cells, which in turn induce proliferation of bile ductules,
cholestasis, and portal inflammation, which causes fibrosis (23). TAA induces liver fibrosis
when it is metabolized to a reactive oxygen species within hepatocytes, but fibrosis
development is minimal during the first 6 weeks of exposure (23, 24). The injury resulting from
CCl, exposure involves central lobular necrosis, and repeated exposure to CCl, induces liver
fibrosis over the course of weeks (Figure 1.1) (25). The cytochrome P450 enzyme, CYP2EL is
primarily expressed in hepatocytes, and responsible for metabolizing CCl, into intermediate
products that are toxic to hepatocytes (26). CCl, causes waves of hepatocyte death directly
following each injection, which indirectly causes fibrosis due to infiltrating neutrophils and KCs,
which release cytokines and growth factors that activate HSCs. The fibrosis that develops in the
CCl, rodent model is fully reversible, in contrast to cirrhosis in humans, in whom most forms of
late stage fibrosis and cirrhosis only partially regress with cessation of injury (27, 28). Itis
important to note that chronic administration of CCl, in rats or mice has yet to be associated with
an increased risk of HCC, as is the relationship between cirrhosis and carcinogenesis in

humans.



Much of our understanding of key regulators of fibrogenesis comes from the use of these
models. Many inflammatory cytokines and growth factors are released during liver injury.
These include platelet derived growth factors (PDGFs), transforming growth factors (TGFs),
epidermal growth factor (EGF), fibroblast growth factors (FGFs), connective tissue growth factor
(CTGF) endothelin 1 (ET-1), and interleukins -6, -8, and -10 among others (25, 29). These
cytokines and growth factors stimulate liver cell populations to initiate or dampen repair
mechanisms. Initially these repair associated proteins are required to respond to injury,
however when injury persists these growth factors and cytokines can induce fibrosis. Surgical
and chemical models of fibrogenesis correlate increased expression of growth factors and
cytokines with fibrogenesis, but genetic manipulation more directly defines the roles of individual

pathways to fibrogenesis in vivo.

One of the most useful aspects of mice as a preclinical model is the ability to engineer
genes for mechanistic and functional studies. Multiple transgenic and knock out mouse models
have been used to study liver fibrosis (30); most of these transgenic or knockout mice were
combined with surgical or chemical liver injury to uncover a phenotype. Overexpression of
TGFB1 induces liver fibrosis without additional liver injury. TGFB1 has been over-expressed
using albumin, c-reactive protein, and liver-enriched activator protein, all hepatocyte specific
promoters (31-35). TGFB1 transgenic animals often have significant extrahepatic pathologies in
addition to liver fibrosis such as early mortality from kidney fibrosis (33, 34). Conditional
expression of TGFB1 in hepatocytes results in activation of HSCs and subsequent fibrosis, thus
these mice have not yet been used in long-term studies (35).

Overexpression of PDGF ligands in the liver results in liver fibrosis albeit with subtle
phenotypic differences. Transgenic mice expressing PDGF-A or PDGF-B under hepatocyte
specific promoters develop liver fibrosis, but do not develop HCC (36, 37). While transgenic

mice have not been develop to overexpress PDGF-D in the liver, increased expression of
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PDGF-D has been reported to increase macrophage accumulation in the skin and skeletal
muscles (38). Therefore PDGF-D has the potential to affect the KC component of the liver.
PDGF-C overexpression under control of the albumin promoter, induces progressive fibrosis
that leads to HCC (39). This model is unique in its ability to recapitulate this aspect of human
liver disease (Figure 1.2). The liver pathology is so severe in this mouse model that the median
survival is only 16 months, as opposed to 24 months for wild type animals (Figure 1.3, (40)).
The cause of death in these transgenic mice is difficult to determine, however upon necropsy
the majority of these animals had liver tumors and hepatomegaly with hemoperitoneum (40).
This model highlights the contribution of PDGF-C to development of fibrosis in the liver, and

suggests that the PDGF pathway is an attractive potential target to modulate liver fibrosis.

Platelet-derived growth factor ligands and receptors

PDGFs are thought to be the main mitogens for HSCs that are released during liver
injury (29, 41). The PDGF family of ligands and receptors play a central role in the development
of connective tissue and in repair after injury (42, 43). Enhanced PDGF signal transduction has
been reported in multiple human pathologies, including thymoma, pancreatic cancer, ovarian
cancer, glioblastoma, dermatofibrosarcoma protuberans, myelodysplastic syndrome, chronic
myelomonocytic leukemia and gastrointestinal stromal tumors (44-50).

The PDGF family consists of five ligand dimers, -AA, -AB, -BB, -CC, and —-DD, and two
receptor tyrosine kinases, PDGF receptor alpha (PDGFRa) and PDGF receptor beta (PDGFRp)
(Figure 1.4) (51). PDGF was originally described as a component present in serum and absent
in platelet free plasma that stimulates proliferation in fibroblasts, smooth muscle cells, and glial
cells (52-54). The original PDGFs identified were named PDGF-A and PDGF-B (55, 56), and
were soon found to be important proteins in the modulation of mesenchymal cell activity. These
ligands have similar properties, as both are small (less than 20 kilodaltons), cationic, heat stable,
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and form dimers (57). The sequence of PDGF-A and PDGF-B are composed almost entirely of
the PDGF growth factor domain (GFD). More recently, PDGF-C and PDGF-D, were identified
expanding the ligand family to 4 separate genes (58-61). These two new ligands contain the
same domain as PDGF-A and PDGF-B in the C-terminus of the protein, a conserved 110 amino
acid sequence, but have an additional N-terminal complement components C1r/C1s, sea urchin
epidermal growth factor, and bone morphogenetic protein 1 (CUB) domain (62). Despite their
sequence and structural similarities, these four ligands have different receptor binding affinities
in vitro (58-61, 63, 64). PDGF-AA, -AB, -BB, and -CC bind to the a-receptor and induce
PDGFRaa dimerization. PDGF-BB and PDGF-DD induce dimerization of PDGFRB, and -AB, -
BB, and -CC induce aB-receptor dimerization (65).

The major structural difference between PDGF-C and PDGFs -A and -B is the presence
of the N-terminal CUB domain. CUB domains were first recognized by sequence homology
comparing extracellular proteins involved in fertilization, development, and proteolysis (66, 67).
Since their discovery, they have been shown to be important for interacting with
developmentally important ligands, such as sonic hedgehog, bone morphogenetic protein 4, and
semaphorin (68-71), as well as for binding substrates for proteases (72, 73). Additionally
proteins with CUB domains have been shown to be important for absorption and reabsorption of
essential vitamins and plasma proteins (74). At present, the contributions of the CUB domain to
PDGF signaling are unknown. Cleavage of the CUB domain from the GFD of PDGF-C is
thought to be required to allow GFD binding to PDGFRa and subsequent signal transduction
events (58, 59). In this model the CUB domain acts in an inhibitory capacity. Interestingly,
bacterially expressed PDGFC CUB domain has been reported to stimulate proliferation of
human coronary artery smooth muscle cells, suggesting a possible additional role for the CUB
domain (75). Tissue specific overexpression of the CUB domain in the mouse heart, however,

has no obvious phenotype (76).



The PDGF signal transduction pathway is precisely regulated, and slightly increasing or
decreasing PDGFR activity leads to significant abnormalities in mice. PDGFRs dimerize upon
ligand binding, resulting in autophosphorylation of the intracellular receptor domain, which
initiates activation of downstream kinases including Src, phosphoinositol 3-kinase (PI13K), SHP-
2, and phospholipase gamma 1 (PLCy) (77, 78). PDGFRf additionally phosphorylates growth
factor receptor-bound protein 2 (Grb2) and Ras GTPase activating protein (RasGAP) (Figure
1.4) (78). Removing only the PI3K phosphorylation site of PDGFRf significantly reduces the
number of vascular pericytes (78), while removing the PI3K phosphorylation site from PDGFRa
causes lethality in all homozygous mice by P16 (77). These data indicate that the PDGFRs
have independent functions despite phosphorylating the same intracellular kinase.

Deletion of one allele of either receptor has also been shown to have detrimental effects,
but appears to be cell-specific (79-82). Chimerism analysis measures the contribution of
embryonic stem cells to the embryo after injection into a blastocyst. By this method, it has been
show that Pdgfr8 is important for the development of smooth muscle cells in the aorta, renal
arteries, stomach, and intestines as well as capillary pericytes and cardiac and skeletal muscle
(79). Deletion of one allele of Pdgfra, and the resultant heterozygosity, reveals that some cell
types are more sensitive to loss of one Pdgfra allele than others. In Pdgfra™ chimeras, tail
biopsies and germline transmission show expected levels of chimerism. Contribution to coat
color in Pdgfra™ chimeras is low however, suggesting that the cells with a Pdgfra™* genotype
are more fit to contribute to coat color than are heterozygous Pdgfra cells (80). Another Pdgfra
sensitive cell type is the oligodendrocyte progenitor cell (OPC). The number of OPCs is
decreased in mice with reduced copy number of Pdgfra, and differentiation of OPCs into
oligodendrocytes is increased (81, 82). When heterozygous Pdgfra mice are bred to mice with
mutations in PDGF ligands that bind PDGFRa. (83), or mutations in immediate early genes

directly downstream of PDGFRa (84), there is an additive effect on development.
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Deleting PDGF ligands individually in mice results in severe developmental deficiencies,
suggesting a lack of redundancy between PDGFs despite their overlapping receptor binding
affinities (85-87). Deleting PDGF-A has an effect on lung development that results in lethality
(85), while deletion of PDGF-B affects the vascular and hematopoietic systems (86). Deletion of
PDGF-C affects the migration of the neural crest cells that form the palate (87). Deleting
multiple ligands, such as PDGF-A and PDGF-C, results in an additive effect on development
(87). Of the four PDGF ligands, most research has been focused on the dimer PDGF-BB, due
to its similarity to the oncogene v-sis and its ability to bind and activate both PDGFRa and
PDGFR (88, 89). As mentioned above, increasing the expression of PDGF-B in the liver
causes fibrosis, but does not result in HCC (37), similar to the phenotype of increased PDGF-A
expression in the liver (36). In contrast, increasing expression of PDGF-C leads to progressive
fibrosis followed by HCC (39). The PDGF-C transgenic mouse model suggests that the CUB
domain and PDGF-C'’s receptor, PDGFRa, have important functions in induction of severe liver

fibrosis and progression to HCC.

Hypothesis

This chapter highlights the importance of PDGF signal transduction in the activation of
HSCs in response to hepatocyte injury. However, why PDGF-C elicits a different response than
PDGF-A, and the specific contribution of PDGFRa to liver fibrosis remain to be determined. My
first hypothesis is that the CUB domain of PDGF-C functions to amplify PDGFRa signal
transduction. | addressed this hypothesis with experiments described in chapter 2. | utilized two
mouse models; one in which the growth factor domain of PDGF-C is removed systemically, and
one in which one allele of PDGFRa is replaced with GFP systemically. My second hypothesis
is that PDGFRa signal transduction is a primary cause of liver fibrosis. For the experiments
described in chapter 3, | again used the mouse model in which one allele of PDGFRa is

9



replaced with GFP, this time in combination with CCl,-induced liver injury to investigate the role

of PDGFRa in liver fibrosis.
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Figure 1.1. Carbon tetrachloride mouse model of liver fibrosis. Mice are injected with the
hepatotoxin carbon tetrachloride (CCl,) twice weekly for 4 weeks to induce liver injury and fibrosis
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Figure 1.2. PDGF-C transgenic mouse model of liver fibrosis. Expression of human PDGF-C under
the albumin promoter/enhancer induces progressively severe fibrosis which eventually develops into HCC.
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Figure 1.3. PDGF-C transgenic mouse Kaplan-Meyer survival curve. Mice expressing human PDGF-
C transgene (dashed line) have a median survival of 16 months (n=10), while wild type mice had an
approximate median survival of 24 months (n=16). Note: wild type mice were killed at 24 months (40).
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Figure 1.5. PDGFR induced intracellular kinase phosphorylation. PDGFRaa dimerization
phosphorylates Src, Crk, PI3K, SHP2, and PLCy, while PDGFRB does not phosphorylate Crk

and does phosphorylate GRB2 and RasGAP.
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Chapter 2

Function of the CUB domain in PDGF-C knockout mice
Abstract
Platelet derived growth factors (PDGFs) are necessary for normal development. Here we report
a Pdgfc mutant mouse in which only growth factor coding exons are deleted. Alternative
splicing gives rise to a truncated transcript that contains the entire coding region of the
complement components C1r/C1s sea urchin EGF bone morphogenetic protein 1 (CUB) domain
of Pdgfc, but lacks the majority of the exons encoding the growth factor domain (GFD). This
mutant Pdgfc mouse is viable, and a mutant protein is translated from the truncated sequence in
vitro. Viability of mice expressing only the PDGF-C CUB domain depends on the presence of
both Pdgfra alleles, however.

Introduction

The platelet derived growth factor (PDGF) family has important functions in development, as
evidenced by the fact that mice lacking PDGF receptor (PDGFR) -a or —3 are embryonic lethal
(80, 90). PDGFRa is important for skeletal development and neural crest migration (80, 91),
while PDGFR is vital for kidney and hematologic development (90). The four ligands, PDGF-A,
-B, -C, and -D, are secreted as dimers and induce homo- or hetero-dimerization of PDGFRs. In
vitro studies demonstrate that PDGF-AA, -BB, and -CC have high affinities for PDGFRa and
induce aa dimerization. PDGF-BB and PDGF-DD induce dimerization of PDGFRf; -AB, -BB,
and -CC induce aB-receptor dimerization (92). Mutation of Pdgf —a, -b, or —c results in perinatal
lethality in homozygous knockout (KO) animals, though live births are seen in Pdgfa and Pdgfc
KO mice (85-87). As predicted by in vitro binding studies, Pdgfb KO mice have a phenotype
similar to Pdgfr8 KO mice (86). Mice lacking PDGFA, however, have a defect in lung
development (85), while Pdgfra KO mice show skeletal abnormalities (80). The previously

described Pdgfc KO animals, termed Pdgfc™"%, have a defect in palate formation, which may
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interfere with feeding and contribute to perinatal demise (87); this phenotype depends on
genetic background (93-95). Further, Ding et al. reported that Pdgfa and Pdgfc double KO mice

have a phenotype similar to Pdgfra KO mice (87).

PDGF-AA, PDGF-BB, and PDGF-AB are secreted as active dimers (96), while PDGF-CC and
PDGF-DD are secreted as inactive homodimers requiring extracellular cleavage of an N-
terminal complement components C1r/C1s sea urchin EGF bone morphogenic protein 1 (CUB)
domain to allow receptor binding (Figure 2.1a)(58-61). All PDGFs share a common growth
factor domain (GFD), which is 110 amino acids long and contains 8 conserved cysteines that
facilitate intra- and intermolecular disulfide bonds (62). Mutations of these cysteines cause loss
of disulfide bonds and thus a lack of PDGFR signal transduction (97, 98). Furthermore,
mutations in loops |, 11, or Il of the GFD decrease its ability to bind PDGFRs (99-101). Effective
signal transduction by PDGF-CC thus should require the conserved cysteines and loops I-lll, as
well as cleavage of the CUB domain. We describe a Pdgfc mutant mouse wherein only the

GFD is deleted, and show that expression of the CUB domain alone is sufficient for viability.

Materials and Methods

Mouse Models

The Pdgfc locus was isolated from a 129S5/SvEvBrd genomic BAC library. The targeting
construct replaced a 5 kb genomic region on chromosome 3 with an IRES LacZ MC1 Neo
cassette. The homologous arms consisted of a 3 kb 5’ fragment and a 2.1 kb 3’ fragment. Lex-
1 129S5/SvEVBrd ES cells were transfected with the targeting construct and injected into

“2) mice

C57BL/6 blastocysts to generate chimeras. Chimeras were bred to albino C57BL/6J-Tyr
(The Jackson Laboratory) to generate F1 progeny. F1 hybrids were crossed to generate initial

Mendelian ratios (shown in Table 1). Mice were further backcrossed to a C57BL/6 background
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six times to generate the Mendelian ratio for C57BL/6 (Table 1). These mice can be obtained
from the Mutant Mouse Regional Resource Centers (http://www.mmrrc.org/index.php)

tm11(EGFP)Sor

supported by the NIH. Hemizygous Pdgfra mice, Pdgfra , were purchased from The
Jackson Laboratory (stock # 007669). Animals were housed at the University of Washington,
which is an Association for the Assessment and Accreditation of Laboratory Animal Care

approved facility, and all experiments were performed with University of Washington Institutional

Animal Care and Use Committee approval.

Necropsy and Histology

Homozygote Pdgfc™"** mice (n=4) and WT C57BL/6 littermates (n=4) aged 5 and 8 weeks
were euthanized by CO, asphyxiation followed by complete necropsy. Blood was collected for
chemistry and complete blood counts performed by Phoenix Central Laboratories (Everett, WA).
Tissues were collected for histological analysis with immersion fixation in 10% phosphate-
buffered formalin, 4-6um sections were made and stained with hematoxylin and eosin. Tissues
examined included: lungs, esophagus, trachea, liver, kidneys, heart and great vessels, adrenal
glands, gallbladder, brown and white adipose tissue, exocrine and endocrine pancreas, spleen,
thyroid, submandibular, parotid and sublingual salivary glands, mesenteric lymph nodes,
mesentery, preputial or clitoral glands, skeletal muscle, bladder, male accessory sex glands,
testes or ovaries, haired skin, large and small intestine, glandular and non-glandular stomach,
uterus and cross section of the head (eyes, middle and internal ears, oral and nasal cavities,
cerebrum, cerebellum, olfactory lobes, brain stem, pituitary, tongue and teeth). All tissues were
examined by a board-certified veterinary pathologist (PMT) and given a morphological diagnosis
where applicable. Skeletons were processed by eviscerating, removing the brain and as much
muscle tissue and fat as possible, followed by immersion in 95% ethanol for at least 72 hours,

placed in acetone overnight, and stained the next night at 37<C with a solution of 70% ethanol, 5%
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glacial acetic acid, 11.6 uM Alcian blue, and 14.6 uM Alizarin red. The following day the
skeletons were washed in 95% ethanol and cleared in 2% KOH for 2 days and transferred to 1%
KOH until fully cleared, with the solution refreshed every 2 to 3 days until soft tissues were

cleared, at which point the skeletons were transferred to 100% glycerol.

Genotyping

Genomic DNA was extracted from mouse tails by incubation overnight at 55T in 20pg/ml
Proteinase K (Invitrogen) in lysis buffer (200mM NaCl, 1% W/V SDS, 10mM Tris-HCI, 1mM
EDTA pH 8.0). Phenol chloroform extraction was performed, followed by ethanol precipitation
and resuspension in Tris-HCI 10mM EDTA 1mM pH7.4 (TE). Polymerase chain reaction was
carried out with 0.5 U Gemtaq (MGQuest), supplied 5x buffer, and dNTPs to a final
concentration of 0.2mM with primers 5° CCTGGTCAAGCGCTGTGG 3'(200nM), 5’
TCTGGATTCATCGACTGTGG 3'(200nM), 5 ACGGCTAACATGGAGCACG 3’ (100nM). All
primers were designed using Oligo Calc (102). Cycling conditions were 95T for 3 min, and 35
cycles of 95T for 20 sec, 60<C for 30 sec, and 72° C for 30 sec with a final extension at 72C

for 10 min.

Southern blotting

The targeting construct was verified using standard methods as described (103). Briefly,
genomic DNA was extracted as described above, and purified DNA was restriction digested
using EcoR1 HF (New England Biolabs) at 37<C overni ght. 10ug of DNA from Pdgfc™"*
homozygous, heterozygous, and wild type (WT) mice was loaded onto a Tris-acetate-EDTA
(TAE) gel. Following electrophoresis the gel was denatured in 0.4M NaOH, 1.5 M NacCl for
10min followed by neutralization in Tris HCI with 1.5M NacCl, pH 7.4. DNA was transferred to

Hybond N+ (GE Healthcare) nylon membrane in 10x SSC and cross-linked in a Stratalinker
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1800 (Stratagene). Exonic DNA including exon 6 and the 3’ UTR was used as a probe

amplified by 5 CCTTTTAGGTCCTTCAGTTGAGACC 3’ and

5* ATCTATGCAAACAGGTTGGAGAAATCC 3'. The probe was labeled with 50uCi [a-32P] dCTP
using random decamers (DECAprime Il, Ambion) to a specific activity >10°dpm/ug. The blot was
prehybridized with Quickhyb (Stratagene) at 68T fo r 30 min and then incubated with denatured
probe (10°dpm/ml) at 68< for 2 hr. Labeled membranes were t hen washed in 2x SSC with 0.1%
SDS and 0.2x SSC with 0.1% SDS at 60T for 30 min e ach. The sizes of the digested

genomic DNA were confirmed by comparison with **P-dCTP end-labeled A Hind 1ll DNA marker

(Fermentas).

RT-PCR analysis

Tissues were collected and flash frozen immediately in liquid nitrogen. RNA was extracted with
Trizol (Invitrogen) per the manufacturer’s instructions, and cDNA synthesized from 0.5ug RNA.
Primers (F1) 5 CTCACGTGTGCTGCTACGAAGG 3 and (R3) 5’
CCCTGCGATTCTCTGCTGCC 3’ were used with the following conditions; 95 for 3 min, and
35 cycles of 95T for 15 sec, 58<C for 15 sec, and 72T for 30 sec with a final extension at 72C

for 10min.

Cloning

WT and Pdgfc™"** mouse cDNA was amplified with primers 5 GCCCTCGCCCCAGTCAGC 3’
and 5 CTCACGTGTGCTGCTACGAAGG 3’ to generate Pdgfc and Pdgfc™"** sequences, and
WT cDNA was amplified with primers 5° ATGGTGGTGAATCTAAATCTCCTC 3 and &’
CTCACGTGTGCTGCTACGAAGG 3’ to generate the GFD alone. Additionally, a sequence

containing a Kozak sequence and the Pdgfc signal peptide for secretion was added to the 5’
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end of the GFD by amplification (i.e. 5 GCAGAATTGCCACCATGCTCCTCCTCGGCCT-

CCTCCTGCTGACATCTGCCCTGGCCGGCCAAAGAACGGGGACTCGGGCTGAGTCC 3)

The Pdgfc, Pdgfc™"®*, and GFD sequences were cloned separately into pEF1/myc-His B (Life
Technologies) plasmids, but retained the termination codons which prevent translation of the

myc-His tag. The plasmids were linearized with Mlu | (New England Biolabs).
Transfection

Cells [HEK293](ATCC® CRL1573™) were maintained at 37T 95 % humidity with 5% CO..
Transfections were performed using the calcium phosphate method as described (104), and the
cells were subjected to 500 pg/ml G418 (Life Technologies) for two weeks to select for cells
expressing the following constructs: empty vector (bEFlempty), pEF1Pdgfc®™ , pEF1Pdgfc™",
or pEF1Pdgfc™ to produce untagged proteins, PDGF-C®™®, PDGF-C™" and PDGF-C™
respectively. Confluent cultures were allowed to condition media for 24 hours, at which point

media were collected and frozen at -80<C.

Immunoblot analysis

SDS-PAGE and immunoblotting were carried out as described (105). Membranes were
incubated with goat anti-mouse PDGF-C antibody (1:1,000, AF1447 R&D Systems) followed by
incubation with an anti-goat horseradish peroxidase (HRP) conjugated secondary antibody and

detection performed with ECL (Pierce).

Results

Homologous recombination targeting strategy

We examined a Pdgfc knockout mouse that was generated using a targeting strategy, in which

tmllLex

only the GFD exons 4 and 5 are deleted, Pdgfc (Figure 2.1b). Surprisingly, a viable mouse
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resulted from this approach in contrast to the aforementioned Pdgfc KO mice with perinatal
lethality (Pdgfc™™N*%, Figure 2.1c). Figure 1a shows the protein domain structure of PDGF-C
and, compares the two different targeting approaches used to generate knockout mice.
Pdgfc™** mice were derived from a 129S5/SvEvBrd embryonic stem cell line (Lex1) targeted
by homologous recombination to replace exons 4 and 5. This strategy eliminates transcription
of the GFD. Pdgfc™™"% mice were derived from R1 embryonic stem cells targeted by
homologous recombination to replace exon 2 of Pdgfc with a SA-IRES-B-geo-pA cassette (87).

This strategy prevents transcription downstream of $-geo, including the CUB and GFD.

Anatomic characterization

Originally derived on a 129S5/SvEvBrd background, Pdgfc™"** mice were backcrossed to a
C57BL/6 background. Homozygous F1 C57BL/6 x 129S5/SvEvBrd Pdgfc™"** progeny had a
hunched appearance, and gross skeletal analysis demonstrated spina bifida (Figure 2.2a and
2.2b), which was confirmed by histology (data not shown). All other organs were grossly normal.
After six backcrosses, no overt anatomical differences were noted between homozygous
Pdgfc™*** mice and WT C57BL/6 littermates, i.e. the spina bifida phenotype was rescued.
Comprehensive histological analyses (see methods) conducted on 5 and 8-week old Pdgfc™ "
homozygous mice were unremarkable or showed incidental lesions, such as dermatitis or mild
multifocal extramedullary hematopoiesis in the liver, which are known to be associated with the
C57BL/6 background (106). Brains of Pdgfc™"** mice were examined histologically and did not

differ from those of WT littermates; clinical chemistry and blood counts were also unremarkable

(data not shown).

Verification of recombination
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To confirm that our selection cassette was targeted correctly, we performed Southern blotting
on genomic DNA isolated from homozygous Pdgfc™"*, heterozygous Pdgfc™"**, and WT
littermates. EcoRlI digestion should produce a 12.4 kb band encompassing exons 4, 5, 6, and
the 3’ untranslated region (UTR) from WT mice, and a 6.5 kb band including exon 6 and the 3’
UTR in correctly targeted Pdgfc™"** mice (Figure 2.2c). A **P labeled DNA probe with a
complementary sequence to exon 6 and the 3' UTR of Pdgfc was used to detect these 12.4 and

6.5 kb bands by hybridization (Figure 2.2d).

Pdgfc™"* transcription and translation

tmillex

Given our Southern blotting results, we next verified production of the expected Pdgfc
transcript, which should lead to transcription of exons 1, 2, and 3 of Pdgfc (Figure 2.1c).
Attempts to amplify a transcript containing exon 3 and the internal ribosomal entry site (IRES)
(Figure 2.3a, primers F1 and R1) or lacZ (Figure 2.3a, F1 and R2) did not produce a product
(data not shown), suggesting the targeting construct may have facilitated skipping the splice
acceptor in the KO cassette. RT-PCR of Pdgfc™** cDNA using primers F1 and R3 (Figure
2.3a), however, generated a 296 bp band consistent with a transcript in which exons 4 and 5
are skipped, but exon 6 remains (Figure 2.3b). Sequencing this amplicon confirmed that the
region corresponding to WT exons 4 and 5 was removed, and exon 6 was spliced in frame to
the 3’ end of exon 3 to create a truncated transcript (Figure 2.4). To detect the full-length
coding region of Pdgfc, we designed primers to anneal to the 5’ and 3’ UTRs, and found that the
Pdgfc™*** transcript retains the endogenous 5’ and 3’ UTRs (Figure 2.3a, F2 and R4) and

associated regulatory elements (data not shown).

The mutant transcript is expected to have an expression pattern similar to WT Pdgfc, given that

the selection cassette was targeted to avoid Pdgfc 5’ and 3’ regulatory elements. The protein

tmllex

product of Pdgfc is expected to contain the entire CUB domain and the C-terminal 38
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amino acids of the GFD with a predicted molecular weight of 22.5 kDa. HEK293 cells
transfected with plasmids that express the coding regions for Pdgfc (PDGF-C™), Pdgfc™-*
(PDGF-C™"), or GFD (PDGF-C®™) secrete proteins of the predicted molecular weights into

culture media, as determined by immunoblot analysis (Figure 2.3c).

Genotype ratios

We observed normal Mendelian ratios in the offspring of heterozygote Pdgfc™** breeding pairs
on two genetic backgrounds (Table 1). We did not observe premature death in Pdgfc™"** mice
up to 12 months of age, and did not see sex-dependent differences in viability on the C57BL/6
background, as has been reported for Pdgfc™"*% mice (94). Similar to Fredriksson et al., we
observed a statistically significant decrease in body mass in C57BL/6 Pdgfc™*** mice at 3 and
7 months (a 17 to 24% decrease, data not shown). To determine whether PDGFRa is

tmillex

necessary for normal development of Pdgfc mice, we intercrossed hemizygous Pdgfra

tmllLex

mice with heterozygous Pdgfc mice. Progeny resulting from this cross did not include mice
that were homozygous Pdgfc™"®*; hemizygous Pdgfra (Table 2). Neonatal mice homozygous
for Pdgfc™** and hemizygous for Pdgfra were born, but failed to thrive and 100% died prior to
the age of weaning. Histological and gross anatomical analysis of these neonatal animals
revealed severe spina bifida encompassing a region from vertebrae T11 to L1. In contrast to
reports for Pdgfc™"% mice these homozygous Pdgfc™"**; hemizygous Pdgfra mice had a
macroscopically normal palate. Palatoschisis in these mice was only detected upon
microscopic analysis. This result is surprising, as hemizygous Pdgfra mice are phenotypically
normal (80, 107); we thus conclude that Pdgfc™"** viability requires two alleles of Pdgfra.
These genetic data indicate that PDGF-C™" interacts with PDGFRa in some novel way, as

Pdgfc™"%% mice have reduced viability, while Pdgfc™"** mice have lethality only in conjunction

with hemizygous Pdgfra.

22



Discussion

PDGF signaling is essential for normal development. In this study we characterized a new

miLex mice are viable in two

PDGF-C mutant mouse strain and demonstrate that Pdgfc
backgrounds, C57BL/6 x 129S5/SvEvBrd and C57BL/6. The targeting strategy in this mouse
results in alternative splicing to generate a mutant form of Pdgfc that lacks over 60% of the GFD,
but expresses the entire CUB domain. Two alleles of PDGFRa are necessary for viability of

tmllLex

Pdgfc™*** mice as mice that are homozygous for Pdgfc and hemizygous for PDGFRa die
within days of birth. Our results suggest that the CUB domain of PDGF-C performs a function in

PDGFRa signaling.

Given that the paralogs PDGF-A and PDGF-B require cysteines for dimerization and

tmlLex

intramolecular and intermolecular folding (97, 98), we hypothesize that the Pdgfc product
(PDGF-C™"), lacking 6 of the 8 conserved cysteines, would have compromised GFD activity.
PDGF-C™!is also missing the paralogous loop | of the GFD, which is necessary for receptor
binding by PDGF-B (99). Loop | has been shown to be critical for receptor activation by the
PDGF orthologs placental growth factor (PIGF) and vascular endothelial growth factor B
(VEGFB), as well as the viral protein VEGFEy_.; (108, 109). Loop lll remains in PDGF-C™", but
is not expected to bind PDGFRa in the absence of loop |. Additionally, PDGF-C™" lacks
arginine 231, which has specifically been shown to be critical for cleavage of the CUB domain

(58, 59). All of these structural differences suggest that PDGF-C™" would not interact with

PDGFRa in the same manner as does PDGF-CC.

Genetic background has a profound effect on PDGF signaling. For example, the Patch mutant
mouse (Ph), in which Pdgfra is deleted, has a phenotype that varies with background. C57BL/6
homozygous Ph mice die earlier in development than do Ph mice on a CBA, BALB/C, or DBA

background (80, 81). Though our observations may be due in part to strain differences,
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Pdgfc™*** and Pdgfc™"* mice appear to have different viabilities and phenotypes.
Pdgfc™"N* shows developmental abnormalities on a 129S1/Sv*129X/SvJ background,
specifically palate formation defects resulting in lethality, but is viable on a C57BL/6 background
(93, 94). Future experiments are needed to determine whether Pdgfc™ "% mice on C57BL/6

background require two PDGFRa alleles.

Our conclusion that the CUB domain of PDGF-C has a function is consistent with reports that
the PDGF-C CUB domain stimulates proliferation in human coronary artery smooth muscle cells
(75), and that CUB domains of other proteins are involved in a diverse range of functions,
including complement activation, developmental patterning, tissue repair, axon guidance and
angiogenesis, cell signaling, fertilization, hemostasis, inflammation, neurotransmission,
receptor-mediated endocytosis, and tumor suppression (69, 110-113). The availability of
Pdgfc™** mice will facilitate genetic screens, alone or in conjunction with Pdgfc™"2 mice or

other mutants, to determine the biological functions of the PDGF-C CUB domain.
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SA |IREs |B-GEO [pa |—
PdgfctmiNagy

MSA [IRES [B-GEO [pA -+ IR exon 4 exon 5 Exon6 3 UTR

Figure 2.1 Design of targeting constructs to inactivate PDGF-C. a) A linear diagram of the
PDGF-C protein showing the CUB (orange) and GFD (green) above the exons that that
correspond to these protein domains. b) The targeting strategy for Pdgfc™"** mice, which
removes exons 4 and 5. ¢) The targeting strategy for the Pdgfc™™N?% strain, which removes
exon 2 (Ding et al., 2004). Abbreviations : splice acceptor (SA), internal ribosomal entry site
(IRES), complement components C1r/Cls sea urchin EGF bone morphogenic protein 1 (CUB),
beta galactosidase neomycin fusion protein (BGEO), poly (A) tail (pA), Lac Z gene encoding
beta galactosidase (Lac Z), the enhancer, promoter, and neomycin phosphotransferase (MC1/
HSVtk and Neomycin).
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Figure 2.2 Recombination at the Pdgfc locus in the Pdgfc'™* mouse. a) 129Sv/EvBrd x
C57BL/6 F1 cross results in normal thoracic and lumbar vertebrae in wild type. b) Spina bifida in
the thoracic and lumbar region (arrow) of Pdgfc™"** Homozygous mice. c) The anticipated
results from EcoR1 digestion of genomic DNA from a wild type mouse and a Pdgfc™"** mouse.
Genomic DNA from wild type mice is expected to result in a 12.4 kb band, and Pdgfc™"** DNA
is expected to produce a 6.5 kb band after digestion with Eco RI. d) Southern blot of genomic
DNA digested with EcoRI from wild type, heterozygous, and homozygous Pdgfc'™"* mice.
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Figure 2.3 Alternative mRNA transcribed from the Pdgfc locus in Pdgfc mice. a)
Diagram of the splicing of wild type and mutant Pdgfc with various PCR primers (F1, F2, R1, R2,
R3, and R4) used to detect transcripts. b) Amplicons generated by RT-PCR of RNA from
kidneys of wild type, heterozygous, and homozygous Pdgfc™"** mice are shown, producing
products of 722 bp for Pdgfc and 296 bp for Pdgfc™"**. ¢) Immunoblot of media from
transfected HEK 293 cells expressing the coding sequences for an empty vector (empty), the
GFD (PDGF-C®™), Pdgfc™"** (PDGF-C™"), or Pdgfc (PDGF-C™). The size of DNA ladder (b)
and protein standards (c) are shown to the left of each image.
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exon 3 : exon 4
Pdgfc 473 TCCACTACAGTATTATCATGCCA]CAAGTCACAGAAACCAC 512

FETELEET el
Pdgfc™"®* 473 TCCACTACAGTATTATCATGCCA-———————————————— 495
Pdgfc 513 GAGTCCTTCGGTGTTGCCCCCTTCATCTTTGTCATTGGAC 552
Pgfc ™8 488 e e 495
Pdgfc 553 CTGCTCAACAATGCTGTGACTGCCTTCAGTACCTTGGAAG 592
Pdgfc™!®* 495 —— oo 495
Pdgfc 593 AGCTGATTCGGTACCTAGAGCCAGATCGATGGCAGGTGGA 632
Pdgfc™®* 495 —— - 495
Pdgfc 633 CTTGGACAGCCTCTACAAGCCAACATGGCAGCTTTTGGGC 672

Pdgfc'™!teX 495 ——--mmomm oo 495
exon5 ——

Pdgfc 673 AAGGCTTTCCTGTATGGGAAAAAAAGCAAAGTGGTGAATC 712

Pglic ™o 405 sroacmimirsim e i S B i 495
Pdgfc 713 TGAATCTCCTCAAGGAAGAGGTAAAACTCTACAGCTGCAC 752
Pdgfc™!teX 495 ——--momm o 495
Pdgfc 753 ACCCCGGAACTTCTCAGTGTCCATACGGGAAGAGCTAAAG 792
25 | iiciac sl . A S — 495
Pdgfc 793 AGGACAGATACCATATTCTGGCCAGGTTGTCTCCTGGTCA 832
Pd gfctm“'ex LGB i i e 495
Pdgfc 833 AGCGCTGTGGAGGARATTGTGCCTGTTGTCTCCATAATTG 872
Pdgfc™"** 495 ——-----mm 495

Pdgfc 873 CAATGAATGTCAGTGTGTCCCACGTAAAGTTACAAAAAAG 912

Pdgfc™" 4o5 . 495

exon6 ——
Pdgfc 913 TACCATGAGETCCTTCAGTTGAGACCAAAAACTGGAGTCA 952

FEEErrrrrrerrer et
Pdgfc™* 495 - GTCCTTCAGTTGAGACCAAAAACTGGAGTCA 512

Figure 2.4 Sequence of cDNA from Pdgfc™"* mice. Pdgfc™"**from exons 3 to 6 compared
to the consensus mouse sequence for Pdgfc, CCDS17425.1. Exon junctions are indicated
above the consensus sequence.
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Table 2.1. Heterozygous Pdgfc'™'-**breeding pairs in two backgrounds produce
offspring with normal Mendelian distribution.

Cohort
129Sv/EvBrd
observed
expected

C57BL/6

observed

male

observed
expected
female
observed
expected

No. of
animals

99

265

146

119

+/+

26

25

55

29
37

26
30

PdgfctmlLexl+

50
50

147

83
73

64
59

PdgfctmlLex / PdgfctmlLex
23
25
63

34
37

29
30

Chi sq
value

0.19

3.7

3.1

0.83

Male and female heterozygous Pdgfc'™"** /+ mice were bred and the genotypes of the resulting
offspring were determined from DNA extracted from tail snips by PCR. Two different genetic

backgrounds, 129SvBrd and C57BL/6, were analyzed. The expected number of pups with a
specific genotype was calculated based on the total number of pups analyzed. Analysis of
normal Mendelian distribution was determined by Chi square analysis with two degrees of

freedom. A Chi square number greater than 5.99 is statistically significant.
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Table 2.2. Heterozygous Pdgfc'™'-**breeding pairs with one copy of Pdgfra do
not produce Pdgfc'™"** homozygous and hemizygous Pdgfra offspring.

Pdgfc Pdgfc Pdgfc  Pdgfc Pdgfc Pdgfc

+/+ +/- -/- +/+ +/- -/-
No. of  Pdgfra Pdgfra Pdgfra Pdgfra  Pdgfra  Pdgfra Chisq
Cohort animals +/- +/- +/- +/+ +/+ +/+ value
observed 127 14 27 0 20 50 16 30
expected 16 32 16 16 32 16

Male and female heterozygous Pdgfc™"** /+ mice, with a single copy of Pdgfra, were bred, and
the genotypes of the resulting offspring were determined from DNA extracted from tail snips by
PCR. The expected number of pups with a specific genotype was calculated based on the total
number of pups analyzed. Analysis of normal Mendelian distribution was determined by Chi
squared analysis with five degrees of freedom. A Chi square number greater than 11.07 is
statistically significant. Pdgfc -/- represents Pdgfc™"** / ™ mice.
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Chapter 3

Activation of platelet-derived growth factor receptor alpha contributes to liver
fibrosis

Abstract

Chronic liver injury leads to fibrosis, cirrhosis, and loss of liver function. Liver cirrhosis is the
12" leading cause of death in the United States, and it is the primary risk factor for developing
liver cancer. Fibrosis and cirrhosis result from activation of hepatic stellate cells (HSCs), which
produce collagen. Here, we show that platelet-derived growth factor receptor a (PDGFRa) is
expressed by human HSCs, and PDGFRa expression is elevated in human liver disease.
Using a green fluorescent protein (GFP) reporter mouse strain, we evaluated the role of
PDGFRa in liver disease in mice and found that mouse HSCs express PDGFRa and expression
is upregulated during carbon tetrachloride (CCl,) induced liver injury and fibrosis injection. This
fibrotic response is reduced in Pdgfra heterozygous mice, consistent with the hypothesis that
liver fibrosis requires upregulation and activation of PDGFRa. These results indicate that
Pdgfra expression is important in the fibrotic response to liver injury in humans and mice, and
suggest that blocking PDGFRa-specific signaling pathways in HSCs may provide therapeutic

benefit for patients with chronic liver disease.
Introduction

Chronic liver injury is a major cause of morbidity and mortality in the US and worldwide,
due to complications of liver fibrosis, cirrhosis, and hepatocellular carcinoma (HCC) (114). To
date, there are no effective treatments for patients with liver fibrosis, so a better understanding
of pathways that regulate fibrosis has great clinical potential (41). Many inflammatory cytokines
and growth factors are released during liver injury, including platelet derived growth factors
(PDGFs), which are potent mitogens for hepatic stellate cells (HSCs) (29, 41). The PDGF
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family of ligands and receptors plays a central role in repair after injury, and are key regulators
of the formation of connective tissue (43, 115). Elevated platelet-derived growth factor receptor
(PDGFR) expression is detected in human heart disease, pulmonary fibrosis, and kidney
fibrosis (116-118), and blocking PDGFR signaling decreases collagen deposition after
myocardial infarct, in pulmonary fibrosis, and in kidney fibrosis (119-121). Thus, targeting the

PDGF pathway may modulate liver fibrosis.

There are five known functional ligand dimers in the PDGF family, -AA, -AB, -BB, -CC,
and —DD, which bind cell surface receptor tyrosine kinases comprised of PDGFRa and
PDGFRp subunits (51). PDGFs stimulate the migration and proliferation of mesenchymal cells
during development (122). Loss of PDGFRs leads to significant abnormalities in mice (80, 90).
PDGFRS is critical to vascular and hematopoietic development, and cell specific deletion or
activation of PDGFR} results in failure or increased pericyte and vascular smooth muscle cell
coverage of blood vessels in mice (90, 123, 124). PDGFRa is required for migration and
survival of neural crest cells and for skeletal system development, and cell specific deletion of
PDGFRa decreases B-cell proliferation in the pancreas and ventricular septation of the heart (80,
91, 125). Systemic activation of PDGFRa causes fibrosis that is particularly noticeable in
intestine, skin, muscle and heart, but activation has to be conditionally induced in late prenatal
or adult animals, as constitutive PDGFRa activation causes lethality (115). Deleting one allele
of Pdgfra in mice does not affect development, unlike the observed phenotype in homozygous
knockout mice (80, 107). PDGF signal transduction pathways play a prominent role in fibrosis
(126). It has been suggested that PDGFRa signaling is more likely to induce fibrosis than
PDGFRp (127), however this notion has not been conclusively demonstrated in the liver. In
summary, PDGF signaling is tightly regulated by abundance and degree of signal transduction,

and perturbing either results in developmental defects and organ dysfunction.
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In the present study we analyzed PDGFR in pathologic human liver tissue sections,
human liver cell lines, and a mouse model of liver injury and fibrosis. We found increased
detectable PDGFRa in human liver disease. Mouse experiments revealed that PDGFRa is
primarily expressed in HSCs, and Pdgfra expression increased in injured mouse livers. We
investigated the role of PDGFRa in liver fibrosis using mice with only one allele of Pdgfra, and
found that reducing Pdgfra copy number inhibits liver fibrosis in mice. Together our data

suggest that PDGFRa inhibitors could be an effective means to reduce liver fibrosis in patients.

Materials and Methods

Animals

Mice were housed in a specific pathogen-free environment overseen by the Department of
Comparative Medicine at the University of Washington. Mice that express nuclear localized
green fluorescent protein (GFP) driven by the endogenous Pdgfra promoter, Pdgfra"®™, were
purchased from the Jackson Laboratory (007669) (107). Either wild type (WT) littermates that
retain both Pdgfra alleles, or control mice, i.e. male C57BL/6 mice purchased from the Jackson
Laboratory (000664), were used as experimental controls. To induce fibrosis, mice were
injected (i.p.) with 10ul/g body weight CCl, (Sigma-Aldrich) diluted in olive oil 10% (v/v), either
one time (acute injury) or twice weekly for four or six weeks (chronic injury). Olive oil-injected
animals served as controls for CCl,-injected mice. Animals were sacrificed using CO, inhalation.
The Institutional Animal Care and Use Committee of the University of Washington, which is

certified by the Association for Assessment and Accreditation of Laboratory Animal Care

International, approved all experiments.

Human Liver Samples

33



Human liver and HCC specimens were obtained from the University of Washington Medical
Center after IRB-approval (MMY and RSY). All samples were de-identified of any patient

information. Specimens were either fixed in formalin or frozen at -80C until use.

Immunohistochemistry (IHC) and Histological staining

Formalin-fixed liver tissue was processed and embedded in paraffin using standard protocols,
and IHC was performed as previously described (128), using the primary antibodies listed in
Supplementary Table 3.1. A board-certified clinical liver pathologist (MMY) reviewed all human
samples and determined the presence of cirrhosis and/or tumor and assessed for PDGFRa and
PDGFRp immunoreactivity. To quantify fibrosis, formalin-fixed liver tissue was stained with
picrosirius red. For morphometric analysis, picrosirius red area was imaged under polarized
light (129). Images were analyzed using NIH image J software to convert pixels to binary values

and determine the relative number of positive and negative pixels.

Immunoblotting

Tissues were homogenized in a 1% Triton-x 100 lysis buffer and processed as described (105).
Membranes were incubated with primary antibodies overnight at 4C, and then with the
appropriate horseradish peroxidase (HRP)-conjugated secondary antibodies. Primary

antibodies used in this study are listed in Supplementary Table 3.1

Immunofluorescence (IF) and ex-vivo imaging

Livers were fixed in 4% paraformaldehyde overnight, and tissues were frozen in optimum cutting
temperature compound for cryosectioning. IF was performed using standard techniques, with
liver sections incubated overnight with the primary antibodies listed in Supplementary Table 3.1.

Immune complexes were detected with goat Alexa 633 conjugated anti-rat IgG (A-21094, Life
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Technologies) and goat Alexa 546 conjugated anti-rabbit IgG (A-11010, Life Technologies)
antibodies. Sections were mounted with SlowFade Gold (S36936, Life Technologies) and
imaged with a Leica SL confocal microscope (Leica Microsystems, Keck Center UW). For ex-
vivo imaging, freshly harvested livers were analyzed as previously described (40). Images were

TINGFP

captured using a Zeiss 510 Meta confocal microscope. In Pdgfra® mice, GFP fluorescence

was used to report PDGFRa positive cells (107).
Cell culture and Proliferation assay

Liver cell lines (Supplementary Table 3.2) were grown in a 37<C incubator with 95% humidity
and 5% CO2 in DMEM (Life Technologies) with 10% FBS. Confluent cells were split and
allowed to attach to plates as described (130). Cells were serum-starved for 24 hours then
stimulated with 10ng/ml PDGF-AA, -AB,-BB, or —-CC (R&D systems) for 24 hours.
[*H]Thymidine (1 pCi/ml final concentration) was added to the media for the final 3 hours of
stimulation. Unincorporated [*H] thymidine was removed from the cells, and trichloroacetic acid
was used to precipitate protein-bound DNA. DNA was solubilized in NaOH, quantified using a

scintillation counter, and measured in triplicate.
RNA expression analysis

RNA was extracted from cells or liver tissue using Trizol (15596-018, Life Technologies) as
described by the manufacturer. Reactions contained cDNA synthesized from 0.5ug RNA using
MMLYV (28025-013, Life Technologies), and Tagman Universal Mastermix Il (4440040, Life
Technologies). Cycling conditions were 95T for 10 min, and 49 cycles of 95 for 15 sec,
60C for 60 sec with a final extension at 72C for 1 min. Data are represented as delta delta Ct
values after normalization to Gapdh mRNA levels. Primers used in this experiment are listed in

Supplementary Table 3.3.
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Statistical analysis

Statistical significance was analyzed using Prism software (Graphpad), either with Kruskal-
Wallis non-parametric ANOVA with significance p<0.05, or Mann-Whitney U test with

significance p<0.05, as indicated in the figure legends.

Results

Expression of PDGFR« in human cirrhosis and HCC

Previous studies have demonstrated that over expression of PDGF ligands induces fibrosis in
mice (36, 37, 39), and elevated expression of PDGFRf in chronic liver disease has been
reported (131-133). As PDGF ligands can activate both PDGFRa and PDGFRf, we sought to
investigate the role of PDGFRa in chronic liver injury. 80-90% of human HCC arise in the
setting of a cirrhotic liver, in which HSCs have been activated (134), so we first performed IHC
analysis to determine whether PDGFRa and PDGFR levels are elevated in human cirrhosis
and HCC. While normal adult liver has relatively litle PDGFRa immunoreactivity, fibrotic and
cirrhotic liver tissue was characterized by focal, perisinusoidal immunoreactivity for PDGFRa,
which was stronger in steatotic and cirrhaotic livers (Figure 3.1 A-D). PDGFR immunoreactivity
was also increased in the fibrotic and cirrhotic areas compared to un-injured liver (data not
shown). Supplementary Table 4 summarizes PDGFRa and PDGFR[ immunoreactivity in
diseased human liver specimens, 77% of which demonstrated increased PDGFRa
immunoreactivity and 56% of which demonstrated increased PDGFR[ immunoreactivity. Using
a separate set of specimens, we compared PDGFR protein levels in grossly dissected HCC
tumors to adjacent non-tumor tissue from the same patient by immunoblot analysis. PDGFRa
protein was frequently detected in the non-tumor tissue (Supplementary Figure 3.8,

Supplementary Table 3.5). One specimen, patient 5, had detectable PDGFRa protein by
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immunoblot in the tumor (Supplementary Table 3.5). IHC analysis of this specimen
demonstrated PDGFRa immunoreactive cells within the tumor (Figure 3.1 E, F), but these cells
do not have the histological appearance of hepatocytes, suggesting that non-parenchymal cells
(NPCs) had invaded the parenchymal tumor and account for PDGFRa immunoreactivity
observed in the tumor by immunoblot analysis. Taken together, our data suggest that PDGFRa

is expressed primarily in fibrotic and cirrhotic livers, predominantly in NPCs.

Expression of PDGFRa and PDGFR/ in human liver and stellate cell lines.

We next analyzed mRNA transcripts from human liver cell lines, and found that both PDGFRa
and PDGFRB mRNA are expressed in non-diseased human liver (Figure 3.2). The human HSC
line LX-1 has higher relative expression of PDGFRa than human liver (Figure 3.2A). LX-2 cells,
a LX-1 subclone, express PDGFRS, albeit to variable levels, and LX-1 cells express little to no
PDGFRg (Figure 3.2B). Transcription of both PDGFRs is reduced in human hepatoma cell lines
compared to whole liver, suggesting that PDGFRs are predominantly expressed in NPCs. We
next stimulated various liver cell lines with PDGF ligands, and found that PDGF —AA, -AB, -BB,
and —CC lead to robust proliferation in stellate cells, but these ligands had little effect on the

hepatocyte or hepatoma cell lines tested (Supplementary Table 3.6).

Increased expression of Pdgfra and Pdgfrg in mice after CCl, induced hepatocyte injury.

To investigate the role of PDGFRa in liver injury and fibrosis, we used the well-established
model of CCl, injection, in which HSCs are activated in response to necrotic inflammatory injury
to hepatocytes, leading to liver fibrosis (25). CCl, injury to rats has been shown to induce
Pdgfrs mRNA in the liver (135). To determine whether Pdgfr expression is induced after liver
injury in mice, WT mice were injected with a single dose of CCl,. We found that Pdgfra
expression increased during 72 hours after injury (Figure 3.3A). CCl, injection also induced
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expression of PdgfrB, although to a differing extent and with a different time course than Pdgfra

(Figure 3.3B). Thus, acute CCl, exposure induces Pdgfr expression in the liver.
Cells expressing Pdgfra and Pdgfrg respond to CCl, injury.

To determine the liver cell type that expresses PDGFRa in response to liver injury, we used

transgenic Pdgfra™ """

mice, in which the endogenous Pdgfra promoter initiates transcription
of nuclear-restricted GFP reporter in place of the Pdgfra gene (107). These mice have one
copy of Pdgfra replaced by GFP and are thus heterozygous for Pdgfra. While a single injection
of CCl, induces necrosis and injury that is repaired within seven days, repeated injection of CCl,

induces liver fibrosis (25). Vehicle-injected Pdgfra”/™"¢

mice have histologically normal liver
(Figure 3.4A). CCl, injection increases the density of small cells with a high nuclear to
cytoplasmic ratio, similar to inflammatory cells around central veins 72 hours after acute
injection, while chronic injection increases the density of cells between portal veins (Figure 3.4B,

aV""°FP mice have an even distribution of

C). As shown in Figure 3.4D, vehicle-injected Pdgfr
PDGFRa-positive cells throughout the liver lobule. 72 hours after a single injection of CCl,,
however, PDGFRa-positive cells have a higher density around central veins at areas of
hepatocyte injury (Figure 3.4E). We found that after six weeks of twice weekly CCl,injections,
PDGFRa positive cells are detected around and between portal veins, where fibrotic bands form
(Figure 3.4F). As PDGFR} is expressed in quiescent and activated HSCs (136), we next
determined whether both PDGF receptors were expressed in the same cell type. PDGFRa

positive cells in chronic CCl, injected Pdgfra"”/™"¢"

mouse livers (Figure 3.5A, D) co-localize with
PDGFRB immunoreactive cells (Figure 3.5B, E), indicating that activated HSCs express both

receptors (Figure 3.5C, F) after chronic CCl, injection.

Data from human tissue using IHC (Figure 3.1) and from mice using a GFP reporter (Figure 3.5)

indicated that HSCs are the predominant liver cell type that expresses PDGFRa. In order to
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confirm which cells express Pdgfra, we stained for specific liver cell epitopes using
immunofluorescence in combination with nuclear-GFP expression in Pdgfra” ™" mice (107).
Images of livers from Pdgfra”""*mice indicate that PDGFRa and PDGFR are co-localized in
the same cells (Figure 3.5, Supplementary Figure 3.9A), and that these cells also express
desmin (Supplementary Figure 3.9B) and cellular retinol binding protein 1 (CRBP-1,
Supplementary Figure 3.9C), proteins expressed in HSCs. Furthermore, GFP is not detected in
Kupffer cells that express F4/80 expression (Supplementary Figure 3.9D), or endothelial cells as
identified by CD31 expression (Supplementary Figure 3.9E). Hepatocytes, identified
morphologically by fluorescence as described (137), were also negative for GFP
(Supplementary Figure 3.9F). Taken together, these data suggest that HSCs are the primary

liver cell type which express PDGFRa and PDGFR.
Reducing PDGFRa expression reduces fibrosis in mice

After confirming that Pdgfra expression increases with CCls-induced liver injury, and that

WT/nGFP
a

PDGFRa-positive HSCs respond to CCl, injection, we utilized Pdgfr mice to evaluate the

CrWT/nGFP

functional significance of Pdgfra expression during liver fibrosis. Pdgfr mice, which are

heterozygous for Pdgfra expression, are phenotypically normal, and have normal cell

CrWT/nGFP

composition (107). Uninjured and CCl,-injected Pdgfr and C57BL/6 mice were analyzed

for transcriptional changes in genes associated with chronic liver injury. At baseline and after 4

TINGFP mice

weeks of twice weekly injections of CCl,, Pdgfra expression is decreased in Pdgfra”
compared to C57BL/6 mice (Figure 3.6A). Pdgfr expression was equivalently expressed in
both genotypes of uninjured and chronic CCl, injected mice (Figure 3.6B). Smooth muscle a-
actin (Acta2) expression, an epitope expressed when HSCs are activated (138, 139), increased

when C57BL/6 mice were injected with CCl, for 4 weeks, but Pdgfra” ™™ mice had greatly

reduced Acta2 expression in after chronic liver injury (Figure 3.6C). Fibrillar collagen lal
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(Collal) expression was equivalent in uninjured mice of the two genotypes, but significantly

reduced in chronically injured Pdgfra”™¢"™

mice (Figure 3.6D). Conversely, collagen 4 (Col4,
Figure 3.6E), and tissue inhibitor of metalloproteinase 1 (Timp1l, Figure 3.6F) expression was

comparable between both genotypes both in uninjured mice and after chronic injury.

TINGFP

Reduced mRNA expression of Collal in Pdgfra” mice after chronic CCl, injection was
accompanied by a reduction in fibrosis, as assessed by picrosirius red staining, a histochemical
assay for tissue fibrosis. C57BL/6 mice injected with vehicle for 4 weeks had little to no fibrosis
(Figure 3.7A, D), but developed periportal fibrosis after 4 weeks of twice weekly CCl, injections
(Figure 3.7B, D). Significantly less collagen was deposited in chronically injured Pdgfra”/™"¢""
mice (Figure 3.7C, D). These results demonstrate that liver fibrosis, in response to chronic CCl,

injection, is dependent on normal expression of PDGFRa, and are consistent with the

hypothesis that liver fibrosis is regulated in part by PDGFRa ligands.

Discussion

PDGFRs stimulate proliferation, migration, and survival of mesenchymal cells, and increased
activation of PDGFRs leads to organ fibrosis (126, 140). Elevated expression of PDGFRs is
associated with liver fibrosis and cirrhosis, so we sought to determine whether PDGFRa
regulates liver fibrogenesis using mice that have one allele of Pdgfra (Pdgfra”™¢""). We found
that mice with decreased Pdgfra expression have less liver fibrosis after chronic CCly injury. In
addition, and consistent with the notion that PDGFRa regulates the liver’s response to injury,
patients with liver disease have elevated PDGFRa and PDGFR. In conjunction, hepatic GFP

localization in Pdgfra™ """

mice indicates that PDGFRa positive HSCs migrated to sites of
injury following CCl, injection. These data all suggest that PDGFRa is involved in the activation

of HSCs after hepatocyte injury.
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PDGFRs are thought to play a central role in activating HSCs and promoting liver fibrosis and
cirrhosis (132, 133, 141); whether Pdgfra and Pdgfr8 play independent roles in fibrogenesis is
not known. We and others observe that Pdgfr8 expression increases in WT mice after acute
liver injury by CCl,, implicating PDGFR[ in HSC activation. Thus it is surprising that mice which
systemically express a hyperactive PDGFRf allele do not develop more liver fibrosis than WT
mice after 4 weeks of CCl, injections (142). Our data indicate that hepatocyte injury induces
Pdgfra above uninjured liver in both mice and humans, corroborating previously published
studies (133, 135). Our results demonstrate that expression of Pdgfra and Pdgfr8 are both
increased after chronic CCl, liver injury, while reducing Pdgfra copy number reduced Pdgfra

expression, but not PdgfrB expression in Pdgfra"/""¢

mice. Reduced Pdgfra expression in
Pdgfra”""¢"" mice is correlated with reduced picrosirius red staining even though Pdgfrg
expression remains high. PDGFRa and PDGFRf appear to affect HSC differentially, despite

being co-localized in the same liver cell type. Further studies will be necessary to dissect the

receptor-specific contributions of PDGF signaling pathways in HSCs and in liver fibrosis.

Small perturbations in the PDGF pathway, whether due to expression of ligand or receptor,
appear to have a large impact on disease. Support for this notion is found in genetic evidence
from rodents, which suggests that small changes in PDGFR activity in vivo are capable of
significantly affecting a cell’s function. For example in development, chimerism studies show
that both Pdgfr8"" and Pdgfra®™ embryonic stem cells are deficient in contributing cells to the
embryo (79, 80), and adults have a decreased number of progenitor cells in mice heterozygous
for Pdgfrs (81, 143). Heterozygous Pdgfra mice have been bred to mice with mutations in
PDGF ligands (83), or mutations in immediate early genes directly downstream of PDGFRa (84),
resulting in additive effects. However, deletion of one allele of Pdgfra and the resultant

heterozygosity does not affect development (80, 107). These studies suggest that a single copy
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of Pdgfra is usually sufficient for development, although under certain circumstances two alleles
of Pdgfra are required. In the current studies, we found that Pdgfra”’"""" have reduced fibrosis
and reduced expression of profibrotic genes Acta2 and Collal compared to C57BL/6 mice,
after chronic CCl,injury. Our data indicate that in chronic liver injury, PDGFRa plays a critical

role in the development of fibrosis.

We also sought to better define the role of PDGFRa in liver fibrosis by utilizing both human
specimens and mouse models. Using a variety of experimental approaches, increased
PDGFRa was seen in cirrhotic human livers, and in mice with chemically-induced liver fibrosis.
Although no preclinical rodent model fully recapitulates human liver fibrosis, there appears to be
comparable molecular pathophysiology between human and mouse. We chose to utilize a
knock-in mouse model expressing nuclear-GFP driven by the Pdgfra promoter in order to
discriminate between cells located in close proximity to each other, specifically different NPC
populations in liver sinusoids (107). We did not observe nuclear-GFP expression in
hepatocytes, Kupffer cells, or LSECs, thus we conclude that the majority of PDGFRa is
expressed in HSCs in the mouse liver, consistent with our observation that human liver
specimens express PDGFRa primarily in NPCs. Our IHC data are further supported by data

from the Human Protein Atlas (http://www.proteinatlas.org/ENSG00000134853/cancer), which

demonstrates that NPCs are positive for PDGFRa by IHC in both normal liver and HCC (144).

We and others posit that selectively targeting PDGFRa in liver fibrosis and cirrhosis could
reduce the proliferation, migration, and survival of the activated HSCs cells that contribute to
collagen deposition. Therapeutic blockade of PDGFRa signaling may have a broad impact in
the treatment of liver fibrosis, as four out of the five PDGF ligands, PDGF-AA, -AB, -BB, and -
CC bind and activate PDGFRa (51). Targeting PDGFR, on the other hand, would completely

inhibit only signal transduction induced by PDGF-DD, and could disrupt necessary functions of
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PDGFRp in the liver. Targeting both PDGFRs with multi-kinase inhibitors, such as imatinib or
sorafenib, leads to severe off target effects (145, 146). The breadth of multi-kinase inhibitor
activity thus likely leads to inhibition of beneficial signal transduction, either via PDGFRf or
other kinases. In summary, our data suggest that PDGFRa has a specific role in liver fibrosis in
mice and in humans, and suggest that further mechanistic evaluation of PDGFRa function in the

liver has the potential to uncover new anti-fibrotic therapies.
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Figure 3.1. Perisinusoidal PDGFRa expression is localized to fibrotic or cirrhotic areas in tumor
specimens by IHC. A) Uninjured (non-diseased) human liver demonstrate focal PDGFRa
immunoreactivity (arrow) in NPCs but not hepatocytes. Resected tumor specimens show PDGFRa
positive cells within fibrotic areas (arrow) (B), and cirrhotic areas (C), with sinusoidal PDGFRa
immunoreactivity (arrows) within fibrotic septa (D). E and F) A resected tumor specimen shows stromal
PDGFRa immunoreactivity (arrows). All scale bars are 50 um.
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Figure 3.2. PDGF receptors are expressed in hepatic stellate cell lines. A) Relative PDGFRa mRNA
expression is greater in LX1 HSCs compared to LX2 and hepatocyte cell lines. B) PDGFRS mMRNA
expression in LX2 HSC is variable, but similar to whole liver and hepatocyte cell lines. PDGFR
expression was normalized to 18S ribosomal RNA and reported as fold increase by the AACt method,
normalized to adult human liver. Error bars indicate standard error of the mean, n=3 separate cultures.
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Figure 3.3. PDGFR mRNA expression increases in response to acute CCl, exposure. Expression of
Pdgfra (A) and PdgfrB (B) increases after a single injection of CCl, in C57BL/6 mice. Values are
represented as means with SEM; n=3 mice per group; and data was analyzed by Kruskal-Wallis non-
parametric ANOVA *=p<0.05.

46



A Qil Control B Acute CClyinjection C Chronic CCl, injection
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Figure 3.4. PDGFRa positive cells form fibrotic bands after chronic CCl, injection in Pdgfrcrv‘m"GFP

mice. Oil injection A) does not lead to necrosis around central veins (CV), while areas of necrosis are
visible (arrow) 72 hrs after CCl, injection (B) as determined by H&E. C) NPCs are visible in areas
between portal veins (PV, arrow). D) PDGFRa positive cells (green nuclei) are evenly distributed
throughout the liver after oil injection. E) PDGFRa positive cells localize around the CV 72 hr after CCl,
injury. F) PDGFRa positive cells align with fibrotic bands that develop between portal triads after chronic
CCly, injury. Scale bars are 100 pm.
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Figure 3.5. PDGFRa-positive cells co-localize with PDGFR-positive cells in chronic CCl, injured

liver. Pdgfra” """ mice were injected with CCl, twice weekly for six weeks. PDGFRa-expressing cells

are identified by nuclear-localized GFP (green). PDGFR{-expressing cells are identified by IF (PDGFR[;
magenta). A) PDGFRa-positive cells are aligned between portal veins (PV). B) PDGFRS is expressed in
the same periportal area as PDGFRa-positive cells, as shown in the merged image (C). A-C) Scale bars
are 100 um. D-F) Higher magnification shows that PDGFRa and PDGFRf co-localize in the same cell,
based upon co-localization of the GFP and PDGFR@ signal. Scale bars are 10 um.
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Figure 3.6. Compared to C57BL/6 mice, chronically CCl, injured Pdgfr
transcription of fibrotic genes. Livers from Pdgfrcrv‘mnGFP
C57BL/6 mice, expression of Pdgfra is decreased in Pdgfrcrv‘mnGFP mice in uninjured mice and after
chronic CCl,. B) Expression of PdgfrB does not differ between C57BL/6 and Pdgfra”""°" mice. C)
Expression of Acta2 is increased in uninjured Pdgfra™""®"" mice compared to C57BL/6 and decreased
after chronic CCl, between Pdgfra”™"®"" and C57BL/6 mice. D) Expression of Collal is similar in
uninjured Pdgfra” """ mice compared to C57BL/6 and decreased after chronic CCl, between
Pdgfra”""°" and C57BL/6 mice. E) Expression of Col4 is similar in Pdgfra"™"*™" mice compared to
C57BL/6 in both uninjured and chronic CCl, injected mice. F) Expression of Timpl is increased to a
similar level in both genotypes. Samples were analyzed as described in figure 3.2. Values are
represented as means with SEM, and were analyzed by Mann-whitney non-parametric U test *=p<0.05,
n=3-6 mice per time point.
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Figure 3.7. Chronically injured PdgfraWT/"GFP mice have less collagen deposition than C57BL/6

mice. Mice were injected with olive oil or CCl, twice weekly for 4 weeks and collagen was detected in
liver tissue by picrosirius red staining. A) Liver from a mouse injected with oil shows little collagen
deposition. B) C57BL/6 mice develop fibrosis (arrow) after 4 weeks of CCl, injections. C) Pdgfra"™"¢"
mice develop less fibrosis (arrow) than C57BL/6 mice after 4 weeks of CCl, injections. D) Quantification
of picrosirius red positive area. Values are represented as means with SEM, and were analyzed by
Mann-Whitney non-parametric U test *=p<0.05, n=3-6 mice per time point. Scale bars are 100 pm.
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Supplementary Figure 3.8. Expression of PDGFRs in human liver tumor and non-tumor tissue. An
immunoblot of PDGFRa detects PDGFRa in non-tumor tissue while an immunoblot for PDGFR[ shows
protein in both tumor and surrounding tissue. Albumin was used as a loading control.
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Supplementary Figure 3.9. C57BL/6 HSCs express PDGFRa. PDGFRa, nuclear GFP, is expressed in
liver cells that are immunoreactive for common HSC markers: A) PDGFR} (red), B) Desmin (red), and C)
cellular retinol binding protein 1 (CRBP-1) (red). PDGFRa and CRBP-1 are not expressed in cells that
stain for D) Kupffer cells F4/80 (blue) or E) endothelial cells CD31(blue). F) PDGFRa positive cells are
distinct from hepatocytes (yellow). Scale bars are 10 um.
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Supplementary Table 3.1: Antibodies used for immunohistochemistry and
immunofluorescence

Antibodies
Antigen Manufacturer catalog number | Use
PDGFRa Cell Signaling Technologies 3164 Western BIOt’ .
Immunohistochemistry

PDGFRa Santa Cruz Biotechnology sc-338 Western Blot
PDGFRf Epitomics APB5 Immunofluorescence

. . . Western Blot,
PDGFRf Cell Signaling Technologies 3169 Immunohistochemistry
Desmin Epitomics 1466-1 Immunofluorescence
CRBP-1 Santa Cruz Biotechnology sc-30106 Immunofluorescence
F4/80 Abd Serotec MCA497A647 Immunofluorescence
CD-31 BD Biosciences 553370 Immunofluorescence
Gapdh Genscript A00192 Western Blot
Albumin MP Bio 55235 Western Blot
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Supplementary Table 3.2: Human and mouse hepatocyte and stellate cells used in

this study
Human Stellate Cells

Cell line Origin Source PMID
LX-1 SV40 large T immortalized hepatic Dr_. S. L. 15591520

stellate cell Friedman
LX-2 low serum adapted subclone of LX-1 Dr_. S. L. 15591520

Friedman
Rat Stellate Cells
Cell line Origin Source PMID
CFSC-2G CCl, treated rat 8394478
Human Hepatocytes

Cell line Origin Source PMID

8 year old male hepatocellular ATCC: HB-
Hep 3B carcinoma hepatitis B positive 8064 233137

15 year old male hepatocellular | ATCC: HB-
Hep G2 carcinoma hepatitis B negative | 8065 233137

57 year old male differentiated

) hepatocellular carcinoma (well

HuR-7 differentiated) hepatitis B JCRBO403 6286115

negative

Normal human hepatocytes
HH4 immortalized by HPV E6/E7 Dr. N. Fausto 17991716
fg[:ep Hepatocellular carcinoma ATCC: HTB-52 | 327080
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Mouse Hepatocytes
Cell line Origin Source PMID
hTGFa transgene driven by ATCC: CRL-
AML12 MT1 2954 7904757
NMH Normal BALB/c liver 7775596

*references as PMID number.

Supplementary Table 3.3: Oligonucleotide primers used for real time analysis.

Tagman primers
Target Gene catalog number
PDGFRA (human) Hs00183486 m1l
PDGFRB (human) Hs01019589 m1l
18S (human) Hs99999901 sl
Gapdh (mouse) Mm99999915 g1
Pdgfra (mouse) Mm01211694 _ml
Pdgfrb (mouse) Mm00435546 m1
Acta2 (mouse) Mm01546133_ml
Collal (mouse) Mm00801666 gl
Col4 (mouse) MmO01210125 mil
Gfap (mouse) Mm00441818 ml
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Supplementary Table 3.4: Summary of PDGFRa and PDGFRB immunoreactivity in
human liver specimens

Patient Tumor Cirrhosis Stromal Stromal Other
present PDGFRa PDGFRf
1] no yes +++ +
5| yes ++ + No non-tumor
9 | yes no + N.D.
13 | yes yes + 0
14 | yes + + No non-tumor
15 | yes yes + 0
16 | yes N.D. +
17 | yes N.D. 0
18 | yes yes N.D. 0
19 | yes N.D. 0
20 | yes yes + 0
21 | yes yes +++ 0
22 | no yes + 0
23 | yes no ++ +
24 | yes +
25 ] no yes + 0
26 | yes yes +
27 | yes yes + +
28 | yes + ++ No non-tumor
29 | yes no ++ 0
30 | yes + +
31 | yes yes + +
32 | yes yes + +
33 | yes yes + N.D.
34 | yes yes +++ N.D.
35| yes yes + N.D.
36 | yes + N.D.
37 | yes yes ++ +
38 | yes no + +
39 | yes yes + ++
40 | yes yes + +
41 | yes yes +++ +
42 | yes yes + +
43 | yes yes +++ 0
44 | no + +
45 | yes N/A No non-tumor
46 +
47 | yes N.D.
48 | yes no + N.D.
49 | yes no N.D.
50 | ves yes +++ N.D.
51 | yes no 0 N.D.
52 | yes no 0 N.D.
53 | yes +++ N.D.

Resected liver specimens with HCCs were formalin-fixed paraffin embedded and evaluated for cirrhosis
and HCCs. IHC for PDGFRa and PDGFRp was performed as described in methods. Relative staining
intensity is indicated as weak (+), moderate (++), strong (+++), or absent (0).

56



Supplementary Table 3.5: Imnmunoblot detection of PDGFR expression in
macroscopically dissected human tumors and surrounding liver

Patient | Tissue | PDGFRa | PDGFRp
1 Non-tumor
Tumor
Non-tumor
Tumor
Non-tumor
Tumor
Non-tumor
Tumor
Non-tumor
Tumor
Non-tumor
Tumor
Non-tumor
Tumor
Non-tumor
Tumor
Non-tumor
Tumor
Non-tumor
Tumor
Non-tumor
Tumor
Non-tumor
Tumor
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=
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O|OIO|O|O0|O|O|+|O|O|O|O|O|O|+|O|+|+|+|[+|O|+]|+| +

=
N

HCCs (Tumor) and surrounding liver (Non-Tumor) macrodissected from patients were frozen and
processed for immunoblot analysis as described in Methods. Intensity is indicated as present (+) or
absent (0).
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Supplementary Table 3.6: PDGF stimulates proliferation® in stellate cell lines,
but not primary hepatocytes or hepatoma cell lines

PDGF-AA PDGF-AB PDGF-BB PDGF-CC Positive
control 2
Human 3 fold 3 fold 3 fold increase* | 3 fold 3 fold
stellate increase* increase* increase* increase*
cells (LX-2)
Rat stellate 5 fold 5 fold 5 fold increase* | 5 fold 10 fold
cells increase* increase* increase* increase*
(2G)
Primary No stimulation | No stimulation | No No 2.5 fold
hepatocytes stimulati stimulati increase
(mouse) on on
AML12 No stimulation | No stimulation | No stimulation No stimulation | 5 fold
hepatocytes increase*
(mouse)
NMH No stimulation | No stimulation | No stimulation No stimulation | 10 fold
hepatocytes increase*
(mouse)
HH4 No stimulation | No stimulation | No stimulation No stimulation | 5 fold
hepatocytes increase*
(human)
SK-Hep cells No stimulation | No stimulation | No stimulation No stimulation | 10 fold
(human) increase*

1 Cell proliferation was measured by DNA synthesis using tritiated thymidine incorporation (130).
The data is the average of three different experiments that were each done in triplicates. Fold change
represents the increase when compared to unstimulated cells for each cell line.

2+positive control” indicates that DNA synthesis was stimulated in each cell line or primary culture with a
growth factor previously reported to simulate proliferation. Growth factors used for each cell and the
concentrations are as follows: mouse hepatocytes, EGF (20 ng/mL); AML12 cells, EGF (20ng/mL); NMH
cells, HB-EGF (20 ng/mL); rat stellate cells (2G), 1% fetal calf serum; human stellate cells (LX-2), 1%
FCS; SK-Hep (human hepatoma cells of endothelial origin), 10% fetal calf sera.
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Chapter 4

Conclusions and Future Directions

Understanding the mechanisms underlying liver fibrosis is critical to mitigating the
growing healthcare burden of chronic liver disease and hepatocellular carcinoma. The PDGFRa
pathway has been implicated in the development of fibrosis, as PDGF signal transduction is
important in activation of HSCs in response to hepatocyte injury. Evidence from in vitro
experiments indicates that PDGF-C elicits a different response via PDGFRa signal transduction
than does PDGF-A (59). CUB domains have been reported to influence signaling pathways (68,
71, 147). As PDGF-C contains a CUB domain, we speculate that the CUB domain maybe one
reason PDGF-A and PDGF-C have independent roles in fibrosis or biology. For my thesis work,
my first hypothesis was that the CUB domain of PDGF-C functions to amplify PDGFRa signal
transduction. My second hypothesis was that PDGFRa signal transduction is a primary driver of
liver fibrosis. To my knowledge my studies are the first to directly addressed PDGFRa’s
function in the liver's response to injury. In this chapter, | will discuss the implications of my
thesis research and propose possible future studies of PDGF signal transduction in liver fibrosis

and the broader significance of this work.

Major Findings

1. PDGF-C CUB domain contributes to PDGFRa signal transduction
We found that in the context of development, both domains of PDGF-C, the CUB and GFD,
seem to contribute to PDGFRa signal transduction. Our findings are in contrast to earlier
reports that the CUB domain interferes with the ability of the GFD to activate PDGFRa when
PDGF-C is in its full length form (58). In my studies we utilized a mouse model that produces
only the CUB domain of PDGF-C, Pdgfc™"**, to evaluate this question. We found that the

PDGF-C CUB domain induces sufficient PDGFRa signal transduction to prevent some of the
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developmental defects seen in PDGF-C KO mice (Pdgfc™™N2®) (87, 95, 148). Furthermore,

tmllex T/nGFP

when Pdgfc mice were intercrossed with hemizygous Pdgfra (Pdgfra"” ) mice, we

observed peri-natal lethality in pups that expressed the CUB domain of PDGF-C and one allele
of Pdgfra. These results suggest that PDGFRa activity is important to the mechanism(s) used
by the CUB domain of PDGF-C to prevent lethality. The precise biochemical mechanism(s) of

the PDGF-C CUB domain influencing PDGFRa signal transduction remain unknown.

2. PDGFRais a major contributor to liver fibrosis
PDGFRa has been reported to induce systemic fibrosis in mice (115), but its contribution to liver
fibrosis has not been extensively investigated. When the ligands that activate PDGFRa are
overexpressed in the liver, fibrosis results; implicating PDGFRa as an important mechanism of
liver fibrosis (36, 37, 39). PDGF-B can activate both PDGFRa and PDGFR, but expression of
a constitutively active form of PDGFR in the liver did not result in increased liver fibrosis (142).
We thus hypothesized that PDGFRa is a driver of fibrosis in liver, and data presented in this
thesis support this hypothesis. Increased expression of PDGFRa correlates with human liver
disease, and Pdgfra expression is increased in injured mouse liver (Chapter 3). We also
localized PDGFRa expression to NPCs in both mouse and human. Finally, genetic deletion of
one copy of Pdgfra decreases collagen deposition in chronically injured mouse livers, as well as
the expression of fibrotic markers Collal, Pdgfra, and aSMA. These results suggest that

PDGFRB may have a different role in liver fibrosis than the PDGFRa/ PDGF-A PDGF-C axis.

Future Directions

My work demonstrates that PDGFRa drives liver fibrosis, but raises a number of
guestions that require further investigation. These questions, and potential experimental

approaches that would address them are discussed in this section.
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1. Does the CUB domain of PDGF-C physically interact with PDGFRa?

My thesis work suggests the PDGF-C CUB domain interacts directly or indirectly with
PDGFRa or a protein in the PDGFRa pathway (Chapter 2). CUB domains have been identified
in a number of proteins and thought to facilitate binding to other proteins (69, 110-113). Not
much is known about which proteins might interact with the CUB domain of PDGF-C. Based on

tmllLex

the cDNA sequence of Pdgfc in Pdgfc mice (Figure 2.4), the amino acid sequence of the
Pdgfc™** protein product (PDGF-C™") (Figure 4.1) would lack the proteolytic cleavage site and

two-thirds of the growth factor domain, suggesting an absence of GFD activity.

A hypothetical model based on a combination of the protein crystal structure of the a2
CUB domain of neurophilin 1 (PDB 2QQM) and the PDGF-B growth factor domain (PDB 3MJK)
indicates that the PDGF-C™" monomer is expected to have a dramatically altered structure
compared to wild type PDGF-C (Figure 4.2). Further, the dimer of PDGF-C is expected to
require cysteines to form intra- and inter-chain disulfide bonds like other PDGF dimers (122).
The cysteines that form the disulfide bonds are lacking in the PDGF-C™" sequence (Figure 4.3).
Thus the tertiary structure necessary for receptor interaction in PDGF paralogs PDGF-A and

PDGF-B is not present in PDGF-C™" (99, 101).

Multiple techniques could be employed to interrogate the direct interaction between the
CUB domain of PDGF-C and PDGFRa. Molecular cloning would allow us to add peptide tags to
the N and C termini of the CUB domain that would allow the use of tagged CUB domains to co-
immunoprecipitate PDGFRa in cells that over express PDGFRa such as baby hamster kidney
(BHK) cells (149). Additionally these proteins could be used in analysis of direct binding
between PDGFRa and CUB domain using surface plasmon resonance. ,In such experiments,
the tagged CUB domain would be attached to a surface and PDGFRa in solution would flow

over the surface. Interactions between the two proteins are detected by changes to the surface
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tension. The results will identify whether the PDGF-C CUB domain physically interacts with

PDGFRa.

A complementary approach would be to perform saturation binding assays and
Scatchard analyses. We would express and label the CUB domain with radioactivity, and ligand
binding studies can be carried out with BHK cells expressing PDGFRa, PDGFR, or the
parental BHK cell line (149, 150) and excess ‘cold’ CUB domain. Specific binding constants
would be calculated for CUB binding to PDGFRa in BHK cells, which would indicate a PDGF-C
CUB/ PDGFRa interaction. Typically, radioactivity is measured after washing cells either in the
presence or absence of a non-labeled competitor. The measurement of cell associated
radioactivity can define the dissociation constant, receptor binding sites, and quantify the CUB
domain binding sites on the cell surface (151). Additionally, use of non-labeled PDGF ligands
would determine whether any PDGF ligands interfere with CUB domain binding to PDGFRa.
These studies would provide biochemical evidence of direct interaction with the PDGF-C CUB

domain with PDGFRa.

The results of the proposed experiments should identify whether the CUB domain
physically interacts with PDGFRa. If the CUB domain binds to PDGFRa, it suggests that the
CUB domain has a function in PDGFRa signal transduction. My own work (Chapter 2) suggests
that the CUB domain of PDGF-C amplifies the PDGFRa signal. This could be due to an
interaction in which PDGF-C is secreted in a latent form, the CUB domain binds to PDGFRa,
and brings the GFD in close proximity to the PDGFRa IgG domains to directly bind following
cleavage of the two domains. On the other hand The PDGF-C CUB domain could associate
after cleavage with the GFD as PDGF-A non-covalently associates with a furin cleaved segment
of PDGF-A (152). In support of this hypothesis PDGFA associated protein 1 (PDAP1), a soluble

protein with an affinity for PDGFA, has been reported to amplify the proliferative response

62



induced by PDGF-AA (153). Alternatively, the PDGF-C CUB domain could bind to and facilitate
an interaction between PDGFRa and co-receptor, as has been reported for PDGFR[ and tissue
trans glutaminase (Tgmz2) (154). An interaction between the CUB domain and the PDGFRa
would add nuance to PDGFRa signaling as it is becoming increasingly apparent that PDGFRa

signaling is a gradient of intensity rather than a binary on/off signal.

2. Does PDGF-C growth factor domain (GFD) enhance liver fibrosis?

PDGF-C overexpression causes liver fibrosis and development of HCC in mice (39). In
my thesis work, | have also shown that reduction of PDGFRa decreases fibrosis caused by CCl,
injection. | have also shown that the PDGF-C CUB domain plays a role in development
(Chapter2), but the individual contributions of either the GFD or the CUB domain of PDGF-C to

tmllLex

liver fibrosis is unknown. Using Pdgfc mice (expressing PDGF-C CUB in the absence of

GFD), we can test whether twice weekly injections of CCl, for 4 weeks induces liver fibrosis to

the same extent as control mice. If we compare CCl,-induced liver fibrosis in the Pdgfc™"** t

o]
control animals with endogenous Pdgfc, we would anticipate decreased liver fibrosis in
Pdgfc™** compared to control mice. In the context of this hypothesis it is important to note that

other investigators found that liver fibrosis induced by BDL was unaffected by loss of PDGF-C,

introducing the possibility that the method of injury is important to the formation of fibrosis(155).

Another approach to determine whether the PDGF-C GFD enhances liver fibrosis is to
engineer a transgenic mouse analogous to the PDGF-C transgenic mouse already described by
our lab (39). Overexpression of just the GFD of PDGF-C would indicate the contribution of the
GFD to liver fibrosis. Full length PDGF-C overexpression in the liver induces liver fibrosis that
increases in severity with time. Inserting the DNA sequence for exons 1, 5, and 6 of Pdgfc into
a plasmid vector under the control of the albumin enhancer promoter would result in a

transcriptional product containing only the coding region for the PDGF-C signal peptide and the
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PDGF-C GFD. Injecting this construct into the pronucleus of a mouse zygote should result in a
transgenic mouse that over expresses only the PDGF-C GFD. The PDGF-C GFD mice can
then be analyzed for liver fibrosis and compared to the severity of liver disease in PDGF-C Tg
mice and wild type mice at multiple time points. The results should determine the effect of the
PDGF-C GFD on liver fibrosis and indicate whether overexpression of the GFD is similar to

overexpression of PDGF-A, PDGF-B, or full length PDGF-C.

3. What are the cell specific contributions of PDGFRa activation to liver injury?

My work suggests that PDGFRa expression in HSCs is required for liver fibrosis, through

aWT/nGFP CrWT/nGFP

the use of Pdgfr mice. However, Pdgfr mice cannot be used to address the

effect of cell-specific expression of PDGFRa on liver fibrosis because they carry a mutation that
affects every cell in the mouse. To demonstrate a liver cell-specific role for PDGFRa in fibrosis,
cell specific gene ablation is required. Our approach will be to use mice engineered to express
a tamoxifen-inducible Cre recombinase fused to a mutated human estrogen receptor under the
human GFAP promoter (156), and similar human GFAP promoter constructs have been shown
to be active in HSCs (157). Intercrossing these mice to mice with both alleles of Pdgfra flanked

by loxp sites, Pdgfra™

mice, should result in offspring from which Pdgfra can be removed from
GFAP expressing cells after mice are exposed to tamoxifen. Deletion of Pdgfra from GFAP
positive liver cells targets some or all populations of HSCs. If PDGFRa signaling is critical in

GFAP expressing HSC populations, we would expect a decreased fibrotic response to chronic

injury or genetically induced fibrosis, and a reduction of activated HSCs.

Another approach to demonstrate a role for PDGFRa would be to use mice engineered
to express conditionally active PDGFRa (115); these mice have normal PDGFRa expression
until a Cre recombinase excises the transcriptional stop cassette 5’ of a mutated D849V

PDGFRa. Once the stop codon is removed constitutively active Pdgfra is expressed from the
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endogenous Pdgfra locus, hence only cells that normally express Pdgfra will have increased
PDGFRa activation. Breeding PDGFRa D849V mice to mice expressing Cre recombinase
under the human GFAP promoter would allow for inducible activation of PDGFRa in HSCs. As
HSCs normally express PDGFRa, they should express constitutively active D849V-PDGFRa
after exposure to tamoxifen. Constitutive activity of PDGFRa in HSCs is expected to induce
severe liver fibrosis, which would increase in severity with the number of GFAP positive HSCs
that removed the stop cassette. Evidence from mice overexpressing the PDGFRa ligand
PDGF-C suggest that the activated HSC population persists over time and increases the
severity of liver fibrosis (39). The results of these experiments would determine the contribution
of GFAP positive cells to liver fibrosis. The severity of fibrosis in these genetic models will also

indicate whether a GFAP negative population of cells contributes to liver fibrosis.

My thesis work together with other published data from the Campbell lab clearly show
that PDGFRa is expressed in HSCs. The work described so far does not exclude any
contribution of Pdgfra expression by other liver cell types, such as hepatocytes, endothelial cells,
or Kupffer cells. Combining Cre-lox technology with available mouse models could illuminate
any potential cell-specific contribution of other liver cell types expressing PDGFRa to liver
disease. To demonstrate the hepatocyte contribution of PDGFRa, mice have been engineered
to express Cre recombinase fused to a mutated human estrogen receptor under the
endogenous albumin locus in the mouse (158). If these mice were crossed with PDGFRa
D849V mice, any PDGFRa transcribed after exposure to tamoxifen would be constitutively
active in hepatocytes. If hepatocyte-specific expression of PDGFRa is important to liver tumor
formation, as suggested by others, then constitutively active PDGFRa should decrease the time
to form liver tumors or induce larger liver tumors in response to carcinogens, for example.
Likewise promoters specific for endothelial cells, such as Vegfr2, or Kupffer cells, such as Lyz2,

could drive Cre-recombinase and confirm or refute a PDGFRa contribution to fibrosis in these
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cell types (159, 160). These approaches would be expected to induce liver fibrosis if there is
endogenous expression of PDGFRa. On the other hand, if these cell types do not express
PDGFRa, they will not express constitutively active PDGFRa D849V and there will be no
difference in liver disease between experimental and control mice. These approaches could

also be coupled with chemical and genetic fibrosis models.

Discussion

PDGF signaling affects biology in a highly cell specific manner, and some cell lineages
express only one of the receptors. Figure 4.4 summarizes a number of studies performed in
mice and the effect of manipulating PDGFRa on development and ECM production (87, 95, 115,
148). Proliferation and differentiation are sensitive to Pdgfra expression in oligodendrocyte
progenitor cells (OPCs), which exclusively express PDGFRa (81, 82). When cells express both
receptors however, it is more difficult to discern the relative effects of one PDGFR or the other.
In vitro migration of cells has been reported to be directly related to the relative number of
PDGFRs expressed on the cell surface. When PDGFRa or PDGFR[ are expressed at similar
levels in smooth muscle cell cultures PDGF ligands -AA, -AB, and -BB all stimulate the same
level of migration and proliferation (161). However, when PDGFRf is expressed at three to five
times the expression level of PDGFRa ligands -AB, and -BB stimulate significantly more

migration and proliferation than —AA (161).

The PDGF signal transduction pathway is strictly regulated, such that a modest increase
or decrease in PDGFR activation leads to significant abnormalities in mice. PDGFRa is
important for migration and survival of neural crest cells and for skeletal development, and cell
specific deletion of PDGFRa affects the function of the pancreas and development of the heart
(80, 91, 125). PDGFR is critical to development, particularly for the hematopoietic and

vascular systems, and cell specific deletion of PDGFR in the epicardium results in immature
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coronary arteries with fewer vascular smooth muscle cells than wild type mice (90, 123).
Embryonic stem cells hemizygous for PDGFR cannot compete with wild type PDGFR cells to
produce capillary pericytes (79). Systemic constitutive activation of PDGFR is also detrimental
in that it increases the number of undifferentiated adipose and mural cell progenitors (124).
PDGFRa causes systemic fibrosis that is particularly noticeable in intestine, skin, muscle and
heart, however activation has to be conditionally induced in late prenatal or adult animals as
constitutive PDGFRa activation causes lethality (115). PDGFRa and PDGFRf activation
stimulate transcription of similar immediate early genes (162), and the intracellular domains of
the PDGF receptors are interchangeable (163). We suggest that the different phenotypes
observed in mice with increased or decreased PDGFRa compared to PDGFR( signaling are

due to cell specific expression of either PDGFRa or PDGFR.

As mentioned, PDGF signaling affects biology in a highly cell specific manner both
spatially and temporally. PDGFRs are detected in ischemic cardiomyopathy, pulmonary fibrosis,
and kidney fibrosis (116-118), and blocking PDGFRs decreases collagen deposition after
myocardial infarction, in pulmonary fibrosis, and in kidney fibrosis (119-121). These results
suggest that the PDGFRa sighal transduction pathway plays a prominent role in fibrosis in
multiple organs. Thus, deviation from wild type activity of PDGFRa by increasing or decreasing

signal transduction leads to developmental phenotypes and disease.

Another level of complexity is added by the different PDGF ligands. The ligands PDGF-
A,-B, and —C all bind PDGFRa, and are all found in alpha granules of platelets (164, 165). A
number of other cells express PDGF-A,-B, and —C, including HSCs, smooth muscle cells and
monocytes/macrophages (166, 167). Redundant binding affinities for PDGFRs and expression
of multiple PDGF ligands by a single type of cell suggest that there might be some flexibility to

the PDGF signal transduction pathway. This notion is not supported by reports that individual
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deletion of PDGF -A, -B, or -C cause developmental deficiencies, however (85, 86, 168).
Furthermore, deletion of just the heparin binding exon of Pdgfa, while leaving the rest of the
Pdgfa sequence intact, has subtle effects on organ development, but these effects are amplified
by decreasing expression of Pdgfra or Pdgfc (148). In light of this information, it is not surprising
that deletion of only part of the Pdgfc gene results in a different phenotype than a complete

tmllLex

Pdgfc deletion. Our observation that Pdgfc mice, which express mRNA encoding the
PDGF-C CUB domain alone, have increased viability compared to Pdgfc™"?% mice suggests
that the CUB domain of PDGF-C has a signaling function. The CUB domain in thus has the
potential to enhance normal development in the absence of the GFD. Wild type levels of Pdgfra
are required as Pdgfra”"’""°" mice are not viable without the PDGF-C GFD (Figure 4.4). This in

Vivo evidence suggests that altering the activity of PDGFRs in either direction can be

detrimental, and there is a narrow range of activation that promotes normal development.

We have shown that HSCs express both PDGFRs, though PDGFRa activation seems to
be a more potent activator of fibrosis than PDGFRf. | propose a model in which cell-specific
PDGFRa is a key factor in development of liver fibrosis. Thus small perturbations in PDGFRa
activity via increased ligand expression or increased HSC activation initiates a loop of fibrosis.
PDGFRa expression induces HSC proliferation, migration, and PDGFRa-stimulated PDGFRa
expression (Figure 4.5). Autocrine stimulated transcription of PDGFRa continues the cycle of

PDGFRa induced proliferation and migration, and leads to fibrosis.
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Pdgfc MLLLGLLLLTSALAGQRTCTRAESNLS SKLOLSS DKEQNGVQDPREERVVT ISCNCS THSDKED
Pdgfc™"®  M111CLLLLTSALACORTCTRAESNLS SKLOLSSDREQNGVQD D REERVV T I SCHCS THSDKED
Pdgfc HTYPRNMVLVWRLVAVDENVRIQLTFDERFGLEDPEDDICKYDFVEVEEPSDGSVLGRWCGSGT

Pdgfc™"®*  HTYDPRNMVLVWRLVAVDENVRIQLTFDERFGLEDPEDDICKYDFVEVEEPSDGSVLGRWCGSGT

Pdgfc VDCKQTSKENEIRIRFVSDEYFPSEDCFCIHYSIIMPQUTETTSPSVLPPSSLSLDLLNNAVTA
Pdgfc™!**  yPGRQTSKENEIRIRFVSDEYFPSEPGFCIHYSIIMP-——————————==—=——mmmm—mmm
Pdgfc FSTLEELIRYLEPDRWQVDLDSLYKPTWQLLCKAFLYCKKSinizzzveL v
Pdgfctm1Lex ________________________________________________________________
Pdgic  VSIAEELERTDTIFWG LLVKR GGNCA LENCNECG VPRKVIKKYHEVLGLRPKTGVEGL
e VLQLRPETSVEGL
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Figure 4.1. Amino acid sequence of wild type PDGFC and PDGF-C™". Both wild type (PDGFC) and
PDGF-C™" (Pdgfc'™"*) sequences contain the CUB domain (grey). Only the wild type PDGFC has the
proteolytic cleavage site (pink) and all eight cysteines (yellow) required for disulfide bond formation.
Pdgfc™*** PDGFC contains some of the GFD sequence, but only two cysteines.

3. loop 1 and loop 2

mut

Figure 4.2. Hypothetical model of a monomer of wild type PDGFC and PDGF-C™™". Both wild type
and PDGF-C™" sequences contain the CUB domain. Only the wild type PDGFC (left) has the proteolytic
cleavage site and the disulfide bond formation required for the cysteine knot motif. PDGF-C™" contains

some of the GFD sequence, but only two cysteines.
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Figure 4.3. Hypothetical model of a dimer of wild type PDGF-CC and PDGF-C™". Only the wild type
PDGFC (left) has the cysteines that form disulfide bonds for both the cysteine knot motif and
intermolecular bond formation between two PDGF GFDs. PDGF-C™" contains some of the GFD
sequence, but only two cysteines which do not have the endogenous paired cysteines for disulfide bond

formation.
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PDGFRa signal transduction

Pdgfra KO PdgfcimNagy +/+
PdgfcimiLex +/+- PdgfraGFP/+ D849V-PDGFRa
Pdgfctm1 Lex +/+
Too little Wild Too much
, Type N
o .r b
K’f‘f‘ \,\\‘
P Y
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Vital cells to development Vital cells to development
Normal development

have reduced proliferation, have increased proliferation,
migration, survival, and migration, survival, and ECM
ECM secretion secretion

Figure 4.4. PDGFRa Activity has a narrow range compatible with developmental viability. Mouse
models altering PDGFRa activity decrease viability in developing embryos. Pdgfc™"** mice are on the
edge of the viable range (blue), but decreasing Pdgfra copy number (PdgfctmlNagy; PdgfraGFP“) decreases
the viability of mice without the PDGF-C GFD. Pdgfc™"*® mice fall just outside the viable range.
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Figure 4.5. PDGFRa as the limiting PDGF pathway component in the liver environment. High
endogenous expression of PDGFR and expression of PDGF ligands -AA, -AB, -BB, and —CC coupled
with low endogenous levels of PDGFRa lead to cells primed to react to PDGFRa stimulation. Activation
of PDGFRa induces increased expression of Pdgfra.
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