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ABSTRACT

Cholangiopathies, such as primary sclerosing cholangitis (PSC), are
progressive liver diseases that target the cholangiocyte and are characterized
by inflammation, proliferation, fibrosis, and senescence, for which only limited
treatment options are available. Studies have shown microRNA 16 (miR-16) plays a
prominent role in profibrotic liver diseases in addition to fibroblast growth factor
1 (FGF1), which contributes to hepatic fibrosis through the activation of hepatic
stellate cells (HSCs). However, the role of miR-16 in conjunction with FGF1 in the
progression of cholangiopathies such as PSC, is unknown. Therefore, the goal of this study
was to evaluate the role of FGF1 in the progression of biliary damage and assess its
correlation with miR-16 in mouse models of liver pathology. Male multi-drug resistant 2
(Mdr2”) or bile-duct ligated (BDL) C57BL/6 mice (12 weeks old) and
corresponding controls were treated with either an FGF1 agonist, FGF receptor
antagonist (AZD4547), or FGF1 monoclonal antibody (Mdr2”- and control). We
measured: (i) FGF1, FGF receptors (FGFR), miR-16, and angiogenesis via
immunofluorescence (IF), quantitative polymerase chain reaction (gPCR), or
enzyme-linked immunosorbent assay in liver sections, isolated cholangiocytes,
and serum; (ii) biliary proliferation by immunohistochemistry (IHC) for
cytokeratin-19 and qPCR for proliferation genetic markers Ki67 and proliferating
cell nuclear antigen (PCNA) in isolated cholangiocytes; (iii) inflammatory
markers by qPCR and IHC in total liver homogenates and liver sections; (iv)
biliary senescence via senescence associated 3 galactosidase, IF, and gPCR,;



and (v) fibrosis using Sirius Red and qPCR for collagen type 1 alpha 1 (Col1a1)
and alpha smooth muscle actin («SMA). In vitro, we treated cholangiocytes and
HSCs with FGF1 monoclonal antibody and measured genes of
proliferation/senescence. We found significant increases in FGF1/FGFR

expression, biliary proliferation, angiogenesis, liver inflammation, and fibrosis in

Mdr2-/- mice with corresponding decreases in miR-16. However, Mdr2-/- mice
treated with either an FGFR antagonist or anti-FGF1 mAb displayed a significant
reduction in liver fibrosis, senescence, inflammation, angiogenesis, and biliary
proliferation. We have demonstrated that disruption of FGF1/FGFR signaling
ameliorates fibrosis, proliferation, senescence, angiogenesis, and inflammation
in a mouse model of cholestasis, and disruption or activation of the FGF1/FGFR
pathway correlates with increased/decreased miR-16 gene expression. In
conclusion, the FGF1/FGFR signaling pathway may provide novel therapeutic

targets in the fight against PSC.
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CHAPTER |

INTRODUCTION AND LITERATURE REVIEW

Cholangiopathies

Cholangiopathies are a group of chronic liver diseases that target the
cholangiocyte, a small heterogeneous subset of cells that line the biliary tree and function
in bile modification, liver repair, and interactions with the hepatic environment through
exogenous and endogenous communications.! Cholangiopathies affect all ages, from
infancy in the form of biliary atresia, to cholangiocarcinoma, where the average age of
patients is 65 years or older at the time of diagnosis. Six main cholangiopathies share
several characteristics, including a pro-inflammatory response, proliferation and
differentiation, tissue repair, fibrosis, and bile flow impediment.!-®* Due to the invasive,
aggressive, varying nature of cholangiopathies, relatively few treatment options are
available. The resultant end-stage liver failure often culminates in costly yet dangerous
liver transplantation.

Primary Sclerosing Cholangitis

Primary sclerosing cholangitis (PSC) is a chronic fibrotic cholangiopathy that
affects intra- and extrahepatic bile ducts. A PSC diagnosis occurs predominantly in men,
with a median age of 30-40 years, and is oftentimes coexistent with inflammatory bowel
disease.3* Due to a lack of effective medical therapies, liver transplantation is the only
curative option for advanced-stage PSC, with 5-year survival rates of around 70%.’
However, organs are in short supply, and currently three people per day will die waiting

for a viable liver. Furthermore, roughly 25% of PSC patients who receive a liver transplant
1



will experience pathological reoccurrence. These patients also have an increased risk of
cholangiocarcinoma and colorectal cancer.® Further complicating medical management
of PSC is episodic cholangitis and portal hypertension.®

It is not uncommon for PSC to progress silently, with up to 50% of PSC patients
presenting as asymptomatic. Serologically, an elevation in alkaline phosphatase may be
the only abnormal biochemical level present in a panel. However, this is not a reliable
marker of disease progression or severity as liver enzyme fluctuations are common and
may fall within normal parameters.® In addition to serological variations, patients with
more advanced disease report an increase in overall fatigue, pruritus, hepatic pain, and
tenderness in the upper right abdominal quadrant.?”’

Cholangiocytes

Cholangiocytes, the target cell of cholangiopathies such as PSC, comprise only 3-
5% of cellular residents in healthy liver tissue. These cells are heterogeneous in nature,
differing in their physical appearance, geographical proximity, and biological functions.
Deep within the liver lie the canals of Hering, where canicular bile is transported from the
apical membrane of the hepatocytes to the portal tracts for further modification by resident
cholangiocytes.® Cholangiocytes secrete various ions through hormone regulation to
modify the bile as it flows through the biliary tree.

The biliary tree, aptly named for its branching hepatic protrusions, exists both
inside and outside the liver. The intra-hepatic portion begins with microscopic ductules
that emerge from Hering's canals and are lined entirely by cholangiocytes. The diameter
of the ductules increases as the bile travels further away from its hepatic source.

Interlobular ducts then converge into septal ducts. From there, bile travels through area
2



ducts and segmental ducts where the trunk is joined by first the right and then the left
hepatic duct as the biliary tree exits the liver and the common bile duct eventually empties
its contents into the duodenum.®

The ducts of the biliary tree, first divided into intra- and extrahepatic ducts, are
further divided into both small (<15 um) and large (>15 um) intrahepatic bile ducts.
Cholangiocytes respond to differences in diameter with variations in their morphological,
phenotypical, and biochemical responses. Cholangiocytes lining the small bile ducts, or
those less than 15 ym in diameter, are referred to as small cholangiocytes. These cells
tend to be more cuboidal in shape and have a higher nucleus to cytoplasm ratio when
compared to their larger cohorts.'%-12 Large cholangiocytes, which line the large bile ducts,
are more columnar, ciliated, and have internal organelles and organization not found in
their smaller counterparts. Additionally, large cholangiocytes, but not the small, will
express various receptors such as the secretin receptor, somatostatin receptor, anion
exchanger 2, and cystic fibrosis transmembrane conductance regulator. Large
cholangiocytes' proliferative and secretory pathways respond to signaling changes in
cyclic adenosine 3’,5-monophosphate (CAMP), whereas the primary regulation of small
cholangiocytes is mediated by the IP3 (D-myo-inositol 1,4,5-
trisphosphate)/Ca?*/calmodulin-dependent protein kinase | pathway.'®'3'4 These
independent pathways provide for differing responses to insult or injury. It has been
previously shown that large but not small cholangiocytes respond with an increase in
biliary mass in response to activated cAMP signaling.’®'® One of the most well-studied
modification pathways is the secretin (SCT)/secretin receptor (SR) pathway, whereby

through the binding of secretin to the secretin receptor located on the basolateral
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membrane, cAMP forms, leading to the expulsion of chloride ions into the luminal space,
creating a concentration gradient that activates bicarbonate anion exchanger 2 allowing
for the passive movement of water and the absorption of bile salts, amino acids, and
glucose.'”10
PSC Pathology

As previously noted, PSC is a complex hepatic pathology involving a myriad of
processes and pathways. Due to the idiopathic nature of PSC, there is currently no
definitive diagnostic test. Patients with PSC may have elevated serum alkaline
phosphatase, serum aminotransferase, or IgG levels, although some patients will present
with these biochemical tests within normal parameters.'®'® During PSC progression,
cholangiocytes play various roles, contributing to the different pathological phenotypes
commonly found within the hepatic microenvironment.

Ductular Reaction

Ductular reaction is the hepatic phenomenon in which the injured liver
compensates by increasing the number of ductules and matrix deposition through hepatic
adult stem-like cells and an increased immune cell presence, leading to periportal fibrosis
and cirrhosis. Research has shown ductular reaction differs from canonic regeneration by
relying on the activation of biliary epithelial cells, termed hepatic progenitor cells, instead
of hepatocyte-mediated regeneration.? In addition to immune cell activation, ductular
reaction matrix deposition in PSC patients coincides with increased expression of
extracellular matrix (ECM) genes, including Col1a1 and Fn1.%!

Hepatic Fibrosis




Hepatic fibrosis is a direct result of the biological imbalance between the deposition
and break down of the ECM. Hepatic fibrosis is a necessary step in the restoration of the
normal parenchyma following insult or injury. However, during chronic liver diseases,
such as PSC, multiple pathways will contribute to hepatic stellate cell (HSC) activation,
resulting in an overproduction of ECM that, left unchecked, leads to the formation of
nodules, altered blood flow, and permanent scarring.?? HSCs have long been identified
as critical players in liver fibrogenesis, moving from a quiescent state where they act as
a vitamin A and fat storage vessel to an activated myofibroblast phenotype that actively
participates in the deposition of collagen.?32* Due to intense research in the field of liver
fibrogenesis, scientists now know that while the HSC is a primary player in liver fibrosis,
it acts in concert with a host of other cells within the hepatic environment creating a
complex network of pathways, thereby reducing the efficacy of a single target or
treatment.

Angiogenesis

Angiogenesis is the formation of new blood vessels from preexisting vessels within
a tissue or organ, typically responding to hypoxic or inflammatory conditions. In functional
tissues, a delicate balance between pro- and anti-angiogenic factors supports a largely
quiescent microenvironment that is disrupted during hypoxic and inflammatory conditions
such as cancer and fibrosis.?>?% During inflammation, vascular permeability increases,
and chemokine production from the surrounding environment draws a variety of pro-
angiogenic immune cells such as monocytes, macrophages, and mast cells.?” These cells
secrete factors such as angiogenin, transforming growth factor beta1 (TGF-1), and

interleukin-6 (IL-6) that activate angiogenic pathways.?® Previous research has
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demonstrated treatment with angiogenic inhibitors such as tyrosine kinase inhibitors
reduces liver fibrosis in a rat model of portal hypertension.?®

Inflammatory Response

PSC is marked by both fibrosis and inflammation. These two key elements impair
bile formation and flow, progressing liver dysfunction towards cirrhosis and creating a
malignant microenvironment.?® Liver injury activates resident immune cells, such as
Kupffer cells, along with circulating lymphocytes, neutrophils, and dendritic cells. These
cells further activate HSCs, resulting in increased production and deposition of collagen.?’
This cycle is initiated and exacerbated by the cholangiocytes, who take on a
neuroendocrine phenotype in response to hepatic injury, interacting with the surrounding
environment through pro-inflammatory mediators such as tumor necrosis factor alpha and
IL-6. These cytokines then act in both an autocrine and paracrine fashion, further
activating cholangiocytes and neighboring HSCs.32

Biliary Senescence

Another important hallmark of PSC is biliary senescence. Senescence is a
fascinating phenomenon whereby healthy cells, in response to endogenous or exogenous
stressors, enter a state of permanent arrest. These include a variety of triggers such as
DNA damage, repair processes, or oncogenic activation.3® Unlike quiescence, which is a
reversible phase G1, p270-associated cyclin-dependent kinase (CDK) inactivation
response, senescence depends on either p16 or p21 CDK inactivation, is irreversible and
may occur in either phase G1 or G2 of the cell cycle.3* Although senescent cells cannot
proliferate, they remain metabolically active and participate in regional signaling, often

influencing neighboring cells. Senescing cells also undergo variation in genetic
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expression when compared to their functional counterparts, including an increase in CDK
inhibitors p16 and p21.3% PSC patients have significantly increased numbers of senescent
cells, when compared to normal controls, as demonstrated by Laish et al., further
increasing the odds of developing hepatic malignancies later in life.3¢

One way that senescent cells participate in the regulation of the hepatic
microenvironment is through the acquisition of a senescence-associated secretory
phenotype, or SASP. SASP has a duplicitous role within the organism, working first to
promote an immunological response to tumorigenic cells, stimulate wound healing, and
aid in tissue regeneration. As the organism ages, this secretory phenotype can contribute
to chronic inflammation, support a malignant environment, and increase angiogenesis.®’

Animal Models of PSC

Currently, no one mouse model comprises a majority of PSC pathologies, further
adding to the current challenges of elucidating novel treatment options. Ideally, an animal
model will mimic the most common characteristics of PSC, such as bile duct hyperplasia,
strictures, liver enzyme panel abnormalities, inflammation, cirrhosis, and cholestasis.383°
Murine models can be further separated into mechanical injury models, chemical injury
models, and genetic modification models.

Mechanical Injury Mouse Models

The most common mechanical injury model for PSC is the bile-duct ligation (BDL)
mouse model. In this model, healthy young animals, typically male, undergo abdominal
surgery in which the peritoneal cavity is exposed, the liver is lifted, and the common bile
duct exposed. The bile duct is then separated from the hepatic artery and the portal vein

before 5-0 suture is used to tie off the bile duct in two locations, one above the other.
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Following abdominal closure and recovery, the animal will develop serum markers
common in hepatic injury, an influx of inflammatory cells, and the deposition of collagen
through the parenchyma. Within two weeks, liver protein extracts display marked
increases in collagen, type |, a-SMA, vimentin, and oncogene LCN2, as shown through
western blotting.*? A significant drawback to this acute mechanical injury is the rapidity by
which the liver undergoes functional and pathological changes. Contrary to PSC, a
chronic, long-term hepatic pathology of unknown origin, BDL is an acute, rapid onset
mechanical injury better suited to modeling cholangiocyte proliferation, portal pressure,
and extrahepatic cholestasis.*'

Chemical Injury Mouse Models

Due to the limitations of mechanical injury in a chronic setting, chemical models
were developed. One standard, well-developed model is the 3,5-diethoxycarbonyl-1,4-
dihydrocollidine (DDC) feeding mouse model. This model relies on regular DDC feeding
from 1 to 8 weeks, based upon the severity of the injury and desired outcome. After four
weeks, DDC-fed animals develop onion-skin fibrosis, a characteristic finding in PSC
patients.*? In contrast to the mechanical blockage caused by the tying off of the common
bile duct, continuous exposure to a DDC diet inhibits ferrochelatase, a mitochondrial
enzyme that catalyzes the formation of heme from ferrous iron and protoporphyrin.
Protoporphyrin is poorly soluble and consequently precipitates in the canaliculi and bile
ducts.

In addition to onion-skin fibrosis, DDC feeding increases infiltrating mononuclear
cells, activated myofibroblasts, and pericholangitis. However, a significant downfall to the

DDC feeding model is the lack of immune components found in human patients, often in
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the form of fibro-obliterative lesions.** Another chemically induced state of sclerosing
cholangitis is the lithocholic acid (LCA) mouse model. In this model, Swiss albino mice
are fed a 1% (w/w) LCA diet for either 1, 2, or 4 days. Like the DDC model, physical
obstruction within the ducts, in the form of crystals, causes injury to the biliary epithelial
cells, or cholangiocytes. Similar to human pathology, serum alanine aminotransferase
increases along with alkaline phosphatase and bilirubin levels are elevated. Electron
microscopy has revealed tight junction disruption and reduced expression of ZO-1. On
par with BDL mice, a-SMA protein was present in more significant amounts than controls,
along with Ki-67-positive periductal cells.** Unfortunately, as with mechanical injury, LCA
is a rapid-onset disease state that, due to its aggressive nature, results in extreme
mortality at >90% at two weeks, rendering it unsustainable for long-term chronic studies.*®
Due to the complications with chemical injury models, researchers must look to other
routes to better model PSC.

Genetic Injury Mouse Model

One of the more popular genetically modified mouse models for PSC is the Abcb4-
/ model on an FVB/NJ background. These mice, referred to as Mdr2”, express orthologs
to the human gene Mdr3, both of which code for a phospholipid transporter of canicular
origin. These ABC transporters act as flippases that remove individual phospholipids from
the outer leaflet of the membrane to the extracellular space. There they are taken up by
monomers of bile salts that interact with one another to create a micelle within the
extracellular space. The micelles further rearrange to incorporate cholesterol, which is
secreted by the ABC transporters Abcg5 and -8. These micelles provide a protective

element to the hepatocyte bilayer membrane against the toxic nature of the bile salts.*
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The bile of Mdr2 knockout mice lacks phosphatidylcholine and exhibits lower levels of
secreted cholesterol. This absence of canalicular phospholipid flippase then results in the
spontaneous development of hepatic injury, in the form of an increase in collagen
deposition within the liver parenchyma, bile duct proliferation, disruption of tight junctions,
and increased angiogenesis.*” The main criticism of the Mdr2”- mouse model as a model
of PSC is that in later stages these animals will consistently develop hepatocellular
carcinoma, indicating the activated pathways within the model are not representative of
the human connection between PSC and cholangiocarcinoma (CCA).48

A connection has previously been established between individuals with
inflammatory bowel disease and some form of cystic fibrosis gene (CFTR) mutation and
the later development of PSC. To model this, genetically modified mice (CF) with either
homozygous and heterozygous mutations in the CFTR gene were given either Peptamen
or Peptamen plus dextran sodium sulfate (DSS) for periods of 7 to 21 days to induce
biliary injury. While the standard protocol is to provide DSS in the animal's drinking water,
CF mice consume varying amounts of water throughout the day. To normalize the doses
among the groups, Peptamen was used as a carrier. DSS statistically increased alkaline
phosphatase levels, bile duct proliferation, and inflammatory infiltrate.*® However, despite
the many similarities to human liver pathology, CF mice are lacking in crucial areas. Unlike
their Mdr2”- counterparts, CF mice do not spontaneously develop liver fibrosis at early
ages and thus researchers must either rely on chemical injury stimulation or breed older
animals and wait longer for pathological findings. Also, CF mice are at higher risk for

developing intestinal obstruction and must rely on liquid feeding upon weaning.%°
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Alternative Models

Aside from the standard murine models, there are two uncommon animals that
naturally develop sclerosing cholangitis that may be useful in teasing out the underlying
etiology of PSC. The first animal of note is the ordinary house cat. Similar to human
pathology, feline cholangitis is a slow-developing, inflammatory disease that results in
increased serum liver enzymes and fibrosis of the bile ducts. Although the root cause of
feline cholangitis may be of bacterial origin, or due to liver flukes, pancreatitis, or
inflammatory bowel disease, a large percentage of these cases have no known cause. %'
While these animals are not traditionally used in PSC research, feline cholangitis may
prove to be a valuable translational model for human sclerosing cholangitis. 52 The last
model of note is baboon sclerosing cholangitis. While extremely rare, research has
recorded two cases of male baboons spontaneously developing sclerosing cholangitis
with increased serum liver enzymes, inflammatory infiltrate, ductular proliferation, and
fibrosis. These baboons were both males, further reflecting the prevalence of PSC in male
homo sapiens. Similarly, it is agreed that PSC is a product of both genetic and
environmental factors, and while these baboons were not related, they were both part of
the same dietary research group in southwest Texas. While this disease was not induced
in these animals, and they are not bred to be PSC research animals, their spontaneous
disease more closely matched the histopathological features of human PSC than has
been previously seen. Their tissues may offer insight into PSC that we cannot find in the

models mentioned above. %3
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Fibroblast Growth Factors

Fibroblast Growth Factor 1

Fibroblast growth factor 1 (FGF1) belongs to a family comprised of twenty-three
structurally related proteins that regulate various biological functions, including growth,
proliferation, migration, and survival.>* Members of the FGF family signal through a group
of four tyrosine kinase receptors consisting of a single a-helix spanning the membrane,
three subdomains protruding into the extracellular space, and an intracellular tyrosine
kinase domain. Activation of the intracellular domain is commonly achieved by
extracellular binding of the FGF.5%5¢ Dimerization follows binding of the ligand to the
receptor, inducing transautophosphorylation, which results in the activation of
downstream pathways. Activation of the FGF receptor (FGFR) by either paracrine or
autocrine sources of FGF relies upon the presence of heparan sulfate. Heparan sulfate
is a crucial component of the FGF-FGFR complex, linking an FGF to domain 2 of the
FGFR chain, thereby stabilizing the complex and increasing the interaction between the
ligand and its receptor.®” In contrast to the remaining members of the FGF family, FGF1
and -2 lack the hydrophobic amino acids at the N-terminus of the peptide that are
necessary for trafficking to the endoplasmic reticulum. From here, the secretory proteins
are further transported to the Golgi apparatus to be packaged into vesicles for
extracellular secretion.%®5% Instead, members of the FGF1 subfamily are transported
directly across the cell membrane using a complex consisting of S100A13 and
synaptotagmin-1. FGF1 has also been found within the cell nucleus, where it is believed

to regulate differentiation and apoptosis.®® Once released from the cell's interior, FGF1
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alone can bind to and activate any of the four FGFR subtypes. This unique characteristic
allows FGF1 to exert its influence in every tissue and organ system within the organism.

Benefit, Dysfunction, and Disease

FGF1 plays a duplicitous role within the body, functioning protectively in various
conditions such as type 2 diabetes mellitus, hepatoxicity, wound healing, and
homeostasis, among others. Conversely, FGF1 has also been implicated in inflammatory
conditions such as psoriasis, rheumatoid arthritis, and colorectal cancer.

Type 2 diabetes affects more than 400 million adults worldwide, having nearly
doubled in the last three decades, creating a financial burden and healthcare crisis.
Recently, it has been found that FGF1 plays an active role in glucose control in diabetic
rodents, where just a single injection of FGF1 lowered blood glucose levels within seven
days and continued to exert those benefits at the four-month mark.6' In addition to
participation in glucose regulation, research has demonstrated a protective role for FGF1
in acetaminophen (APAP)-induced injury in C57BL/6 mice. FGF1 was injected
intraperitoneally following APAP injections of 500 mg/kg body weight. Compared to non-
treated APAP-injured animals, FGF1 treatment lowered levels of inflammatory cytokines,
oxidative damage, and ER stress suggested to contribute to hepatic necrosis.®? FGF1
has also been shown to benefit wound healing when combined with fibroin hydrogels in
a rat model of full-thickness skin excision. FGF1 presence alone was sufficient to
significantly increase proliferation and migration of fibroblast L929 cultured cells when
compared to silk fibroin alone, but the combination of silk fibroin with FGF1 more than
doubled the ability of cells to migrate and proliferate, which not only also significantly

increased wound healing in the rat model, but also reduced the overall amount of scar
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tissue deposition at day 23.83 In addition to its previous roles, FGF1 has also been shown
to participate in metabolic homeostasis through the PPARy-FGF1 axis. Jonker et al.
discovered that FGF1 knockout mice, while phenotypically normal, responded to high-fat
diet feedings with an aggressive diabetic response, which failed to resolve upon
reintroduction to regular chow. They further reported that the regulatory mechanism
necessary for metabolic homeostasis was PPARYy acting through the FGF1 gene. Loss of
functionality of this gene, or expression of FGF1, increased hepatic steatosis and insulin
resistance. 64

In contrast to the beneficial role FGF1 plays in type 2 diabetes, research has
identified FGF1 as a participant in various disease states, such as psoriasis. Psoriasis is
an inflammatory skin condition, that includes hyperplasia and scaling, in which elevated
levels of IL-26 have been shown to increase the expression of FGF1, -2, and -7. Further
analysis of normal human epidermal keratinocytes linked FGF1 to IL-26 in a dose-
dependent manner.  FGF1 has also been implicated in the participation of bone loss
during periods of active inflammation in patients suffering from rheumatoid arthritis.
Rheumatoid arthritis is an autoimmune disorder characterized by leukocyte and
macrophage migration to the synovial fluid that results in irreversible destruction of bone
and cartilage. In addition to vascular endothelial growth factors, FGF1 has been identified
as a critical player in rheumatoid arthritis pathology. FGF1 increases synoviocyte
proliferation and overall angiogenesis, while activation of FGFR1 regulates bone
resorption. 88 Similar to the previous conditions, FGF1 participates in ulcerative colitis, an
inflammatory disease of the digestive tract that significantly increases the patient's risk of

colorectal cancer. Cancer-associated fibroblasts have been shown to secrete FGF1,
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which promotes tumorigenesis. Tumor cells isolated from patient samples showed
increased levels of FGF1 and -3, which perpetuated the autophosphorylation of FGFR4.
This stimulation resulted in mitogen-activated protein kinase activation, among others,
which in turn promoted colorectal cancer cell growth. 67

Despite the role FGF1 plays in various pathologies, global FGF1 knockout mice
exhibit normal phenotypes and functionality. However, numerous disease states are
associated with FGFR mutations, such as Pfeiffer syndrome, Apert syndrome, and

achondroplasia, to name but a few. 68

miRNA

MicroRNAs were first discovered over 40 years ago in C. elegans when
researchers found what they thought was a traditional protein code but instead discovered
a small RNA sequence that coded for a regulatory nucleotide. 8%7° These sequences,
coined microRNAs (miRNAs), are typically only 20-23 nucleotides in length, and their
primary function is to regulate the protein expression through either translational
interference or degradation. In the canonical pathway, miRNAs arise from intron
sequences and after transcription are processed by a complex that includes a binding
protein and Drosha enzyme. This complex cleaves the base of hairpin to allow for
exportation into the cytoplasm for further processing by an endonuclease called Dicer. ”!
From here, argonaute family proteins help to form RISC (RNA-induced silencing complex)
which through conformational change separates the miRNA into two strands and discards

the unwanted, or passenger, strand. 72
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miRNA's are not specific for one mRNA, and one miRNA may have the ability to
target dozens, if not hundreds of MRNA molecules. "3 These individual regulators of gene
expression can regulate a host of biological functions such as proliferation, metabolism,
apoptosis, development, and migration.

miR-16

The microRNA miR-16 is part of the miR-15 family of microRNAs located on
chromosome 13 between exons 4 and 5 of the reverse strand. ”* Members of the miR-15
family have been identified as tumor suppressors with anti-angiogenic properties. > As a
result, these microRNAs are often the targets of deletion or dysregulation in various
pathologies such as cancer. 7677

Dysfunction and Disease

miR-16 has been implicated not only in cancers but also in a variety of
autoimmune diseases as well. ’® Normal expression of miR-16 inhibits cellular
proliferation and inflammation by targeting PDCD4, which suppresses inflammatory
macrophages. ° One significant autoimmune disorder in the scope of PSC is
inflammatory bowel disease. Inflammatory bowel disease encompasses both ulcerative
colitis and Crohn’s disease. Recent studies have shown a strong correlation between
disease activity and fecal miR-16 levels suggesting the viability of miR-16 as a marker
of disease pathology. &

miR-16 also plays a role in hepatic fibrosis. During disease or injury, HSCs
transform from their normally quiescent phenotype where they function to store retinyl
esters to myofibroblasts, an actively proliferating, contractile, inflammatory cell whose job

is the deposition of collagen fibers within the parenchyma. ' Research in rodents has
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demonstrated a significant deficiency in miR-16 levels in myofibroblasts when compared
to HSCs. Restoration of basal miR-16 levels resulted in a downregulation in collagen type
| and Il production. &

A key element of PSC is the proliferation of the bile ducts in response to the altered
microenvironment. This is identified through an increase in cytokeratin-19- (CK-19-)
positive cells present in the ductules throughout the biliary system. 8 Samples of human
hepatocellular carcinoma have been shown to have significant decreases in miR-16, and
subsequent testing has indicated miR-16 mimics may reduce the proliferative capacities
of these tumor cells. 8

Based upon the previous literature regarding the role of FGF1 in inflammation,
proliferation, and angiogenesis, along with the duplicitous role FGF1 plays in various
pathologies, we proposed the following specific aims: (i) to evaluate the role that
FGF1/FGFRs play in the ductular reaction, fibrosis, and inflammation in a mouse model
of PSC; (ii) to evaluate the effect of inhibition of FGF1/FGFRs on biliary proliferation,
fibrosis, inflammation, and senescence in a mouse model of PSC; and (iii) to determine
the role that miR-16 plays in concert with FGF1/FGFR activation or inhibition. Our studies
provide evidence that FGF1 is upregulated in our injury models, and administration of
recombinant human FGF1 (rhFGF1) further exacerbated the inflammation, proliferation,
and fibrosis in the BDL animals. Conversely, treatment with a pan FGFR antagonist
lowered the injury parameters in both the acute and chronic injury models and increased
miR-16 compared to controls. Therefore, modulation of the FGF1 axis may provide a

novel treatment in the fight against cholangiopathies such as PSC.
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CHAPTER Il MATERIALS AND METHODS

Materials

Immunohistochemistry supplies and reagents for tissue culture were obtained from
ThermoFisher Scientific (Waltham, MA). Animals were treated with a recombinant human
FGF1 protein (rhFGF1, fibroblast growth factor acidic protein, GF002, Millipore Sigma), a
mouse FGF acidic/FGF1 neutralizing antibody (AF4686, R&D Systems, Minneapolis,
MN),8 or a pan FGFR antagonist (AZD4547, ab216311, Abcam, Burlington, CA).8¢ Total
RNA was isolated using the mirVana miRNA lIsolation Kit (Invitrogen, Carlsbad, CA) and
reverse-transcribed with an iScript Reverse Transcription Kit from Bio-Rad Laboratories
(Hercules, CA). miRNA cDNA was synthesized with a Tagman™ Advanced miRNA
cDNA Synthesis Kit (A28007, ThermoFisher Scientific). The antibodies against CK-19
(ab52625), desmin (ab185033), F4/80 (ab6640), FGFR1 (ab10646), FGFR2 (ab10648),
FGFR3 (ab180906), FGFR4 (ab44971), p16 (ab211542) as well as enzyme-linked
immunosorbent assay (ELISA) kits for FGF1 (ab226587) and TGF-f1 serum analysis
(ab119557) were purchased from Abcam. The FGF1 Alexa Fluor 555-conjugated
antibody (bs-0229R-A555) was purchased from Bioss Antibodies (Woburn, MA). The
angiogenesis (ANG) antibody (SC-74528) was purchased from Santa Cruz
Biotechnology (Dallas, TX). CD31 (NB-100-1642) antibody came from Novus Biologicals
(Centennial, CO). The senescence associated-p-galactosidase (SA-B-Gal) staining kit
was purchased from Cell Signaling Technology (Boston, MA). Primer information is listed

in Table 1.
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Table 1: List of mouse and human primers used.

Gene Species Detected Transcript Source
a-SMA Mouse NM_007392 Qiagen
ANG Mouse NM_007447 Qiagen
CDKN1a (p21) Mouse NM_007669 Qiagen
CDKN2a (p16) Mouse NM_009877 Qiagen
Collal Mouse NM_007742 Qiagen
FGF1 Mouse NM_010197 Qiagen
FGFR1 Mouse NM_010206 Qiagen
FGFR2 Mouse NM_010207 Qiagen
FGFR3 Mouse NM_008010 Qiagen
FGFR4 Mouse NM_008011 Qiagen
GAPDH Mouse NM_008084 Qiagen
IL-1B Mouse NM_001314054 Qiagen
IL-6 Mouse NM_008361 Qiagen
Ki67 Mouse NM_001081117 Qiagen
miR-16 Mouse 477860_mir Thermo Fisher
miR-control Mouse mmu481815_mir Thermo Fisher
PCNA Mouse NM_011045 Qiagen
PECAM (CD31) Mouse NM_008816 Qiagen
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Table 2: List of mouse and human primers used (continued).

TGF-B1 Mouse NM_011577 Qiagen
TRP53 (p53) Mouse NM_011640 Qiagen
VEGFA Mouse NM_009505 Qiagen
ANG Human NM_001145 Qiagen
CDKN1a (p21) Human NM_000389 Qiagen
CDKN2a (p16) Human NM_000077 Qiagen
Collal Human NM_000088 Qiagen
FGFR1 Human NM_015850 Qiagen
FGFR2 Human NM_000141 Qiagen
FGFR3 Human NM_000142 Qiagen
FGFR4 Human NM_002011 Qiagen
FN-1 Human NM_002026 Qiagen
GAPDH Human NM_002046 Qiagen
IL-1B Human NM_000576 Qiagen
IL-6 Human NM_000600 Qiagen
Ki67 Human NM_002417 Qiagen
PCNA Human NM_182649 Qiagen
miR-16 Human 478727 _mir Thermo Fisher
miR-control Human 478323 mir Thermo Fisher
MCP-1 Human NM_002089 Qiagen
TGF-B1 Human NM_000660 Qiagen
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Animal Models

All animal procedures were performed following protocols approved by the Texas
A&M University Institutional Animal Care and Use Committee. Male C57BL/6 (25-30 g),
wild-type (WT) mice, and FVB/NJ (control for Mdr2’- mice) were purchased from Jackson
Laboratories (Bar Harbor, ME). Male Mdr2”- mice came from in-house breeding colonies
established at the Texas A&M University College of Medicine, originating from mice
purchased from Jackson Labs. All mice were housed in a temperature-controlled
environment, with 12:12 hour light-dark cycles with access ad libitum to water and
standard mouse chow. C57BL/6 mice underwent BDL as described & with minipump
implantation occurring post ligation. In accordance with previous rodent research, WT
and BDL mice received minipumps delivering either recombinant human FGF1 (100
mg/kg/day) 888990 or AZD4547 (100 ng/kg BW/day).8¢ At the age of approximately 12
weeks, male FVB/NJ and Mdr2”- mice were treated with an FGFR antagonist (AZD4547,
100 ng/kg BW/day)*! in sterile saline via an intraperitoneal Alzet® osmotic minipump for
seven days, or anti-FGF1 monoclonal antibody (5 pg/100 uL saline)® via tail-vein
injection °2 every other day for one week. Mice were euthanized either 7-days post-BDL
or minipump implantation. Animals receiving monoclonal antibody treatment were
euthanized 48 hours following final injections. Liver/body weight ratios were recorded

(Table 2), and serum, total liver, and cholangiocytes were collected.

21



Table 3: Liver to body weight ratios.

Liver weight | Body weight Liver to body
(9) (9) weight (%)
WT (n=10) 1.35+£ 047 | 26.35+4.16 514 +2.11
WT + rhFGF1 (n=10) 1.76 £ 0.37 | 29.46 +7.43 5.71+2.28
WT + AZD4547 (n=9) 1.62+0.50 | 26.97 +7.25 6.29 + 2.65
BDL (n=10) 1.54+£0.44 | 2490 +6.96 6.26 + 2.27
BDL + rhFGF1 (n=10) 1.47+£0.14 | 23.81+1.53 6.15+0.89
BDL + AZD4547 (n=9) 1.60+£0.38 | 24.13+3.10 6.71+£0.26
FVB/NJ (n =10) 1.49+049 | 28.65+2.39 519+ 1.19
FVB/NJ+ AZD4547 (n = 12) 2.01+£0.50 | 29.23+2.90 6.93 £ 2.24*
FVB/NJ + anti-FGF1 mAb (n=9) | 1.54 +0.40 | 28.71+2.24 5.35+1.37
Mdr27 (n = 10) 3.32+0.61 | 30.97 +2.84 10.76 £ 2.32*
Mdr2” + AZD4547 (n = 9) 1.59+049 | 27.87 +3.09 5.67 +1.57*%
Mdr27- + anti-FGF1 mAb (n=9) | 2.14+0.65 | 29.48 + 3.71 7.26 +2.78%

*p<.05 vs. Normal or WT mice.

#p<.05 vs. Mdr2’- mice.
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Isolation of cholangiocytes

Virtually pure preparations of murine cholangiocytes were isolated as described
using immunoaffinity separation. 3 The antibody utilized recognizes an unidentified
antigen expressed by all intrahepatic cholangiocytes (IgG2a, a gift from Dr. R. A. Faris,
Brown University, Providence, RI). Following isolation, a portion of isolated
cholangiocytes was counted, resuspended, and placed in a shaking water bath for 6
hours before the cells were spun down and the supernatant was removed and stored for

later use in various ELISAs.

Immunoreactivity/expression of FGFR1-4 and FGF1 and measurement of FGF1
levels in serum and cholangiocyte supernatants

We evaluated: (i) the immunoreactivity of FGFR1-4 and FGF1 in frozen liver
sections (5 um thick, six sections, four randomized animals from each treatment group)
co-stained with markers of cholangiocytes (CK-19) °* or HSCs (desmin); % (ii) FGF1
levels in serum and cholangiocyte supernatants from selected treatment groups (n=9) by
ELISA; and (iii) mRNA expression of FGFR1-4 and FGF1 (normalized to glyceraldehyde-
3-phosphate dehydrogenase, GAPDH) by gPCR in three isolated, purified cholangiocyte
preparations from selected groups of animals (n=3 each preparation). When possible,
control and treatment sections were mounted on the same slide for consistency in
staining. If sections could not be mounted together, all staining was done concurrently, to
maintain environmental consistencies. Negative controls consisted of sections stained
with secondary antibody only. Images were visualized using an Olympus Fluoview

FV3000 Confocal Scanning Microscope (Integrated Microscopy Imaging Laboratory,
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Texas A&M); qPCR was performed on a QuantStudio 6 Flex Real-Time PCR System

(ThermoFisher Scientific).

Measurement of intrahepatic bile duct mass (IBDM) and biliary proliferation

IBDM was measured in either paraffin-embedded (WT and BDL mice) or frozen
liver sections (FVB/NJ and Mdr2”- mice) by immunostaining for CK-19-positive areas (5
um thick, two slides, ten fields per group from 9 animals), which was quantified using
VisioPharm software, version 2018.09 (Westminster, CO). ®® The mRNA expression of
proliferation markers (proliferating cellular nuclear antigen, PCNA, and Ki67, normalized
to GAPDH) was measured in cholangiocytes from the selected groups of animals by
qPCR (3 cumulative cholangiocyte preparations [n=3 per preparation] for a total of 9

animals, n=9). %

Evaluation of liver fibrosis and miR-16 expression

Collagen deposition was evaluated by Sirius Red staining in paraffin-embedded
liver sections (5 um, ten fields of view from 9 animals per group) and quantified using
VisioPharm software. Markers of liver fibrosis (a-SMA; Col1a1; and TGF-B1, normalized
to GAPDH) were measured by gPCR in total liver samples from the selected groups of
animals (3 cumulative cholangiocyte preparations, n=9). ” TGF-B1 serum levels were
determined using a commercially available ELISA kit (Abcam). Since miR-16 is
downregulated in HSCs and contributes to the progression of liver fibrosis,®® we

measured biliary miR-16 expression (normalized to U6) by gPCR.%°
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Measurement of biliary senescence and liver inflammation and angiogenesis
Macrophage presence was analyzed by evaluating the number of F4/80-positive
cells in paraffin-embedded liver sections (5 um thick, ten fields from 9 animals) and
quantified using VisioPharm software.'®® SA-B-Gal staining was performed in frozen liver
sections (10 um thick, six fields of view from 4 animals) using a commercially available
SA-B-Gal staining kit (Cell Signaling Technology) following the manufacturer's protocol
and quantified with VisioPharm software. We measured by gPCR the mRNA expression
of inflammatory cytokines (IL-1B and IL-6)'' and senescence markers (p21, p16, and
p53)'%2 in isolated cholangiocytes from the selected groups of animals (3 cumulative
cholangiocyte preparations, n=9 mice). GAPDH was used as a housekeeping gene. We
evaluated angiogenesis by measuring the immunoreactivity of platelet-endothelial cell
adhesion molecule 1 (CD31) by immunofluorescence in frozen liver sections (4-5 um
thick, ten fields of view from 4 animals) and mRNA expression of the angiogenic factors,
VEGFA and angiogenin (ANG), and the endothelial cell marker CD31 (normalized to

GAPDH) in total liver samples from the selected groups of animals (n=9 mice).

Ingenuity pathway analysis networks miR-16 with FGFR/FGF1

Using Qiagen’s Ingenuity Pathway Analysis (IPA), relationships were identified
between miR-16 and FGFR1 and FGF1. Results are shown as directional solid or dashed
arrows indicating direct or indirect relationships with symbols representing kinases,

growth factors, and mature miRNA.
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In vitro studies in cell lines of human intrahepatic biliary cells (H69) and human
hepatic stellate cells (HSCs)

We evaluated FGFR1, 2, 3, and 4 gene expression in the immortalized standard
intrahepatic cell line H69 (a gift of Dr. Gregory Gores, Mayo Medical School, Rochester,
MN)'® and in HSCs'® by RT-PCR. Human H69 and human HSCs (purchased from
ScienCell Research Laboratories, Carlsbad, CA) were cultured in 6-well plates with
medium containing 5% fetal bovine serum and allowed to grow to 70-80% confluency.
Before measuring the expression of proliferation, senescence, fibrosis, and angiogenesis
markers via qPCR, the 6-well plates were serum-starved overnight, then cells were

treated for 24 h with rhFGF1 protein (Abcam, 10 pg/ml).

Human samples

Human liver tissue samples (OCT-embedded tissue blocks) from late-stage PSC
patients (n=4) were obtained through Dr. Burcin Ekser under a study protocol approved
by the Institutional Review Board at Indiana University School of Medicine, Indianapolis,
IN. Tissues from healthy controls (OCT-embedded tissue blocks, n=4) were purchased
from Sekisui Xeno Tech (Kansas City, KS). Information about human subjects can be
found in Table 3.

The expression of FGF1 and corresponding receptors (FGFR1, 2, 3, and-4) was
evaluated by immunofluorescence in liver sections (4-5 um thick, co-stained with CK-19
or desmin, six fields of view from 4 samples) from healthy controls or PSC patients.
Antibodies were diluted 1:100 in 5% donkey serum in 1x phosphate-buffered saline,

containing sodium-chloride, potassium chloride, disodium hydrogen phosphate, and
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potassium dihydrogen phosphate (PBS) overnight at 4°C. Antibodies specific for rat and
human FGF1 (ab9588), mouse, rat, and human FGFR1 (ab829), mouse, rat, and human
FGFR2 (ab10648), and human FGFR3 (ab180906) were purchased from Abcam, and
mouse, rat, and human FGFR4 (11098-1-AP) from Proteintech (Rosemont, IL). We also
assessed the expression of miR-16 by gPCR in total liver samples from healthy controls

and late-stage PSC samples.

Statistical analysis

All data are expressed as the mean + standard error of the mean (SEM).
Differences between groups were determined using student's unpaired t-test for analysis
of two groups and one-way analysis of variance (ANOVA) when more than two groups
were analyzed, followed by the Tukey-Kramer post hoc test. A p-value of <0.05 was

deemed significant.
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Table 4: Human subject information.

Sample ID Gender Age Blood Type Ethnicity
PSC EB29 F 56 O N/A
PSC EB37 M 33 A N/A
PSC EB43 F 45 O N/A
PSC EB62 M 61 O N/A

Healthy African

H1255 F 56 N/A
Control American
Healthy

H1293 F 52 N/A Caucasian
Control
Healthy

H1296 M 46 N/A Caucasian
Control
Healthy

H1299 F 17 PSC Caucasian
Control

N/A = Not available; PSC = Primary Sclerosing Cholangitis.
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CHAPTER Il RESULTS

Evaluation of FGF receptor immunoreactivity and FGFR1-4 gene expression

FGFR1, 2, 3, and 4 were evaluated by immunofluorescent immunoreactivity in
cryopreserved total liver OCT sections, costained with either desmin, (a marker of
activated HSCs), or CK-19 (a marker of cholangiocytes) in either BDL or Mdr2”- mice and
their corresponding controls (Figures 1 and 2). There were increases in immunoreactivity
in receptors 1 through 4 in the cholangiocytes, which was especially prevalent in receptor
3 of the BDL animals. HSCs had increased immunoreactivity in receptors 1, 2, and 4, and
to a much lesser extent, receptor 3 when compared to the WT control tissue. There were
increased numbers and sizes of bile ducts, and an increased presence of desmin* HSCs
in the BDL animals when compared to controls (Figure 1). Merged images show
prominent purple colocalization of cholangiocytes and FGFR1.

In the Mdr2”- model there is a similar trend of increased CK19 and desmin* cells
when compared to the FVB control with increased immunoreactivity in both HSCs and
cholangiocytes of receptor 1 (Figure 2). Receptor 2 has no discernible immunoreactivity
in the cholangiocytes in the control sample, yet there is clear staining in the HSCs. There
is increased immunoreactivity in the Mdr2”- sample when compared to the FVB, in both
the HSCs and the cholangiocytes of FGFR2. Visually there appears to be no obvious
immunoreactivity of receptor 3 in either the HSCs or cholangiocytes in the FVB control,
which is only slightly increased in the Mdr2”- animals. Receptor 4 immunoreactivity is
increased in both cholangiocytes and HSCs in the knockout animals when compared to

their FVB controls (Figure 2).
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By gPCR, there was enhanced mRNA expression of FGFR1, 2, 3, and 4 in

cholangiocytes from BDL and Mdr2’- compared to control mice (Figure 3).
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Figure 1: Immunoreactivity of cholangiocytes FGFR 1-4 in OCT liver sections
from BDL and WT type mice

There was immunoreactivity of FGFR1-4 in cholangiocytes (co-stained with CK-19
antibodies) and at lower levels in HSCs (co-stained with desmin antibodies) in liver
sections from C57BL/6 and BDL mice. Receptor expression was increased in BDL mice

compared to the C57BL/6 control mice. Scale bar =5 um.
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Figure 2: Evaluation of FGFR 1-4 in OCT liver sections from Mdr2’- and FVB
controls

There was immunoreactivity for FGFR1-4 in cholangiocytes and at lower levels in HSCs
(co-stained with CK-19 and desmin, respectively) in liver sections from both FVB/NJ
and Mdr2”- mice. Scale bar = 5 um.
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Figure 3: BDL and Mdr2”’- mice have increased FGFR 1-4 gene expression
compared to controls via gPCR in isolated cholangiocytes

There was enhanced mRNA expression of FGFR7-4 in cholangiocytes from both BDL
and Mdr2”- mice compared to control mice. Data are mean + SEM of 4 gPCR reactions

from 3 cumulative preparations of isolated cholangiocytes from 9 mice. *p<0.05 vs.
C57BL/6 or FVB/NJ mice.
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FGF1 immunoreactivity, serum levels, and mRNA expression from isolated
cholangiocytes

By immunofluorescence, FGF1 immunoreactivity was evaluated in total liver OCT
sections from FVB controls and Mdr2”- animals, along with AZD4547 treatment groups.
These images clearly show increased immunoreactivity of FGF1 colocalized with the
CK19 positive bile ducts (in blue) that is absent in the hepatic stellate cells (in green).
Treatment with AZD4547 significantly reduces the immunoreactivity in both the FVB and
Mdr2 treatment groups when compared to controls (Figure 4). FGF1 serum levels were
evaluated in FVB and Mdr2”- mice in addition to AZD4547 treatment groups. There was
a significant increase in levels from Mdr2”- animals compared to controls. These levels
were dramatically reduced with AZD4547 treatment (Figure 5). Genetically modified Mdr2
animals have increased mRNA expression of FGF1 when compared to FVB controls,
which was brought to below normal values following treatment with FGFR antagonist
AZD4547. No significant changes were noted in either serum or mRNA in FVB/NJ mice

treated with AZD4547 (Figure 5).
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Figure 4: Evaluation of FGF1 immunoreactivity in OCT liver sections from FVB,
Mdr2--, and treatment groups

There was enhanced immunoreactivity for FGF1 (red) in cholangiocytes in liver sections
co-stained with CK-19 (blue) from Mdr2”- mice, immunoreactivity that was decreased by
treatment with AZD4547. No immunoreactivity for FGF1 was observed for HSCs in liver
sections co-stained with desmin (green). Scale bar = 5 um.
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Figure 5: FGF1 serum levels and mRNA expression increased in Mdr2-/- mice,
decreased by treatment with AZD4547

There were increased FGF1 serum levels [A] and upregulated gene expression [B] in
Mdr2”- mice compared to controls. Data are mean + SEM of 3 experiments from 9
animals for FGF1 serum levels. Data are mean + SEM of 4 gPCR reactions from 3
cumulative preparations of isolated cholangiocytes from 9 mice. *p<0.05 vs. C57BL/6
or FVB/NJ mice.
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Changes in IBDM and biliary proliferation

As denoted by the blue arrows and in agreement with previous studies, %87 there
was enhanced IBDM in BDL compared to WT mice (Figure 6), which was further
exacerbated by rhFGF1 compared to control animals. WT mice also had increased IBDM
following treatment with rhFGF1 when compared to control which was significantly
reduced by receptor antagonist AZD4547 in both BDL and WT groups (Figure 6). IBDM
was markedly higher in the Mdr2”- compared to FVB/NJ mice (blue arrows), which was
reduced in Mdr2”- mice treated with AZD4547 or anti-FGF1 monoclonal antibody (Figure
7). To confirm these findings, the mMRNA expression of Ki67 and PCNA was evaluated via
gPCR. Ki67 is a nuclear protein produced by actively dividing cells. Figure 8 shows
isolated cholangiocytes from the Mdr2 knockout animals significantly overexpress Ki67
when compared to FVB controls, levels that are reduced by more than half in control and
injury groups by treatment with AZD4547. PCNA, or proliferating cell nuclear antigen, is
a highly conserved nuclear protein found in replicating cells that serves as cofactor for
DNA polymerase delta. As with Ki67, there was increased PCNA gene expression in
Mdr2”- mice compared to FVB, that were significantly reduced to more than half in both

the FVB + treatment group and Mdr2”- + treatment group. (Figure 8).
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Figure 6: rhFGF1 increases intrahepatic bile duct mass in WT and BDL animals
which is lowered by AZD4547 in BDL and WT groups

There was increased IBDM in BDL mice compared to C57BL/6 (WT) mice and in both
C57BL/6 and BDL mice treated with recombinant human FGF1 compared to control
animals, increases that were significantly reduced by AZD4547. Data are mean + SEM
of 9 total liver sections, 10 fields of view, original magnification, 20x. *p<0.05 vs. C57BL/6;
#p<0.05 vs. BDL. Black arrows outlined in yellow indicate CK-19-positive bile ducts.
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Figure 7: FGFR antagonist and FGF1 antibody decrease IBDM in Mdr2”- mice in
FFPE liver sections

IBDM was higher in Mdr2”- mice compared to FVB/NJ mice, which was reduced by
AZDA4547 or anti-FGF1 monoclonal antibody. Data are mean + SEM of 9 total liver
sections, 10 fields of view, original magnification, 20x. *p<0.05 vs. FVB/NJ mice; #p<0.05
vs. Mdr2”- mice. Yellow arrows indicate CK-19 positive bile ducts.
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Figure 8: AZD4547 reduces gene expression in proliferation markers in Mdr2-
and FVB treated animals compared to controls

There was increased expression of Ki67 and PCNA mRNA in isolated cholangiocytes
from Mdr2”- mice compared to control mice that was significantly decreased in mice
treated with AZD4547. Data are mean + SEM of 4 gPCR reactions from 3 preparations
of isolated cholangiocytes from 9 animals. *p<0.05 vs. FVB/NJ mice; #p<0.05 vs. Mdr2"-
mice.
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Evaluation of liver fibrosis via Sirius red and gPCR

As noted previously, resident hepatic stellate cells, upon leaving their quiescent
state, enter an activated state in which they begin to produce and deposit collagen
within the parenchyma. As seen in Figure 1, there was an increase in desmin* hepatic
stellate cells in BDL injured animals compared to WT control. Therefore, an increase in
collagen in liver sections from BDL animals would be expected. Compared to the WT
controls, BDL animals have significantly increased levels of collagen deposition, as
shown by Sirius red staining (Figure 9). Administration of recombinant human FGF1
further increased collagen deposition, in both the WT and BDL animal groups.
Treatment with AZD4547 brought significant reductions in both groups when compared
to controls (Figure 9).

Figure 10 evaluated AZD4547 treatment in our chronic mouse model. The FVB
animal groups show little to no collagen deposition as seen in the Sirius red staining and
denoted by the graphical representation. However, Mdr2’- knockout animals have large
amounts of collagen deposition as demonstrated by the vibrant red staining in the
bottom left panel (Figure 10). Treatment with AZD4547 significantly reduced the amount
of collagen present within the tissue, with even further reduction in the anti-FGF1
monoclonal antibody treatment group (Figure 10).

To confirm the Sirius red images, we next looked at the expression of various
fibrosis markers in total liver. Flash frozen liver chunks were homogenized, and total
RNA was isolated. Various fibrosis genes were measured such as alpha smooth muscle

actin (aSMA), collagen 1 alpha 1 (Col1«a1), and transforming growth factor beta 1, or

TGF-p1. aSMA has been shown to be associated with the TGF-$ pathway and
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enhances the contractility of hepatic stellate cells. In Figure 11 there was a significant
increase in aSMA in Mdr2 knockout animals compared to FVB, treatment with FGF
receptor antagonist brough these levels back to control.

The extra cellular matrix of an organ is a complex network of various components
such as collagen, elastin, fibronectin, and laminins etc. The major component is
collagen, typically type | which is made up of two chains, collagen type | alpha I, and
collagen type | alpha 2. In total liver we looked at the expression of Col1«1, and as with
the aSMA, there was a dramatic increase in Mdr2”- animals compared to controls,
which was decreased by more than half with AZD4547 treatment. Next was
consideration of TGF-$1. TGF-B1 has been shown to participate in the fibrogenic
pathway through the activation of col1a1. As with col7a1 expression, there was a
significant increase in TGF-A1 in the Mdr2”’- animals compared to FVB, that was
decreased in the AZD4547 group (Figure 11).

Elevated TGF-B1 serum levels were noted in the Mdr2”- knockout animals
compared to controls. Like the PCR results, Mdr2”- animals treated with AZD4547 had

decreased TGF-B1 levels, along with animals in the anti-FGF1 mAb group (Figure 11).
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Figure 9: rhFGF1 increases collagen deposition in FFPE liver sections from BDL
and WT mice which is reduced by FGFR antagonist

There was enhanced collagen deposition in BDL compared to C57BL/6 mice, as well as
C57BL/6 and BDL mice treated with recombinant human FGF1 compared to control
animals, increases that were significantly reduced by treatment with AZD4547. Data are
mean = SEM of 6 total liver sections, 10 fields of view from 9 animals, original
magnification, 20x. *p<0.05 vs. C57BL/6 mice; #p<0.05 vs. BDL mice. Red arrows
indicate collagen deposition around bile ducts.
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Figure 10: AZD4547 and anti-FGF1 mAb reduce collagen deposition in FVB and
Mdr2”- mice compared to controls

In Mdr2’- mice there was enhanced liver fibrosis compared to FVB/NJ mice, which was
reduced by treatment with AZD4547 or anti-FGF1 monoclonal antibody. Data are mean
+ SEM of 6 total liver sections, 10 fields of view from 9 animals, original magnification,

20x. *p<0.05 vs. FVB/NJ mice; #p<0.05 vs. Mdr2”- mice. Red arrows indicate collagen
deposition around bile ducts.
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Figure 11: AZD4547 decreases gene expression and serum protein of fibrosis
markers via gPCR or ELISA in isolated cholangiocytes or supernatants from FVB,
Mdr2--, and treatment groups

There was increased mRNA expression [A] of a-SMA, Col1a1, and TGF-G1 (in total liver
samples) and TGF-B1 serum levels [B] in Mdr2”- mice compared to FVB/NJ mice,
increases that were significantly decreased by AZD4547 or anti-FGF1 monoclonal
antibody compared to untreated Mdr2”- mice. Data are mean + SEM of 4 gPCR reactions
from 3 cumulative preparations of isolated cholangiocytes from 9 animals. Data are mean
+ SEM of 3 experiments from 9 animals for TGF-1 serum levels. *p<0.05 vs. FVB/NJ
mice; #p<0.05 vs. Mdr2”- mice.

45



IHC and gPCR evaluation of inflammation

F4/80 is an antibody used to identify macrophage populations within total liver
sections. Via IHC, there was noted to be an increase of F4/80" cells in WT animals treated
with recombinant human FGF1 when compared to WT, along with a significant reduction
in the WT + AZD4547 group (Figure 12). There is also a significant increase in the BDL
group when compared to the WT animals, which is further increased by treatment with
rhFGF1. Not only is there a greater population of macrophages throughout the tissue, in
the BDL and BDL + recombinant human FGF1 there is increased staining present around
the bile ducts. AZD4547 significantly reduces the macrophage presence when compared
to WT controls.

Similarly, in Mdr2”- mice, there was a significant influx of macrophage presence
(as denoted by dark blue arrows) compared to FVB controls Both AZD4547 and anti-
FGF1 monoclonal antibody significantly decreased murine macrophage populations
(Figure 13). Percent F4/80" cells were determined using the number of positive
pixels/total pixels x 100. Visio Pharm set the threshold based on application algorithms
and these remained consistent for each set of images.

By gPCR the gene expression of interleukin 6 (/L-6) was evaluated. The production
of IL-6 is an immediate immune response to tissue injury or infection, and while this plays
a critical role in an organism’s immune defense, ongoing synthesis is detrimental in cases
of chronic inflammation. /L-6 expression in isolated cholangiocytes from the Mdr2"
animals was significantly increased, and treatment with AZD4547 lowered expression in
both the FVB and Mdr2” treatment groups when compared to controls (Figure 14). Next

was the evaluation of interleukin-1p expression (IL-1p), followed by IL-1 serum levels.
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Like IL-6, IL-1B is a pro-inflammatory cytokine necessary for an organism’s defense
against infection and injury. Left unchecked, IL-1p exacerbates tissue damage during
chronic disease. In both serum and isolated cholangiocytes, Mdr2’ animals had
increased IL-18, and in both cases treatment with AZD4547 brought it down to below FVB

control levels (Figure 14).
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Figure 12: rhFGF1 increased murine macrophages in WT and BDL animals; FGFR
antagonist decreases populations in WT and BDL

There was increased F4/80 immunoreactivity in liver sections from BDL compared to WT mice,
which was ameliorated by treatment with AZD4547. F4/80 immunoreactivity increased in both
C57BL/6 and BDL mice treated with the rhFGF1. Data are mean + SEM of 6 total liver sections,
10 fields of view, from 9 animals, original magnification, 20x. *p<0.05 vs. C57/BL6 mice; #p<0.05
vs. BDL mice. Green arrows indicate F4/80-positive cells.
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Figure 13: Anti-FGF1 mAb and FGFR antagonist decreases F4/80+ cells in FVB
and Mdr2-/- animals compared to controls

There was increased F4/80 immunoreactivity in the Mdr2”- compared to FVB/NJ mice, which was
reduced by treatment with either AZD4547 or anti-FGF1 mAb. Data are mean + SEM of 6 total
liver sections, 10 fields of view from 9 animals, original magnification, 20x. *p<0.05 vs. FVB/NJ
mice; #p<0.05 vs. Mdr2” mice. Navy blue arrows indicate F4/80 positive cells.
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Figure 14: By qPCR and ELISA there was a decrease in inflammatory markers and
serum protein in Mdr2-/- animals treated with AZD4547

[A] The mRNA expression of IL-6 and IL-1/4 was higher in cholangiocytes from the Mdr2™”
compared to FVB/NJ mice but decreased in cholangiocytes from Mdr2” mice treated with
AZDA4547. Data are mean + SEM of 4 gPCR reactions from 3 cumulative preparations of
cholangiocytes from 9 animals. *p<0.05 vs. Mdr2” mice. [B] Mdr2” mice had increased serum
IL-1B levels compared to control mice, which were decreased in Mdr2” mice treated with
AZD4547 compared to vehicle-treated Mdr2”- mice. Serum levels were measured in 3 samples
from 9 different animals. *p<0.05 vs. FVB/NJ mice; #p<0.05 vs. Mdr2”- mice.
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Evaluation of senescence via total liver SA-B-Gal and qPCR in isolated
cholangiocytes

In OCT liver sections from FVB, Mdr2”, and AZD4547 treatment groups, we looked
for the presence of senescence associated 3 galactosidase, or SA--Gal.  galactosidase
is a lysosomal enzyme that can cleave the glycosidic bond in X-gal, forming galactose
and an oxidation product resulting in a bright blue color. Figure 16 shows an increase in
blue product, indicating the increased presence of SA-B-Gal in the Mdr2” liver sections
when compared to the FVB control. This is significantly reduced in the FVB + AZD4547,
which has no detectable blue staining, and the Mdr2"- + AZD4547 treatment group, where
very little color is detected in the tissue and as seen in the graphical representation of the
data (Figure 15). Despite the idea that senescence is an arrest of the cell cycle, this data
does not dispute our previous findings of increased proliferation of the bile ducts. It is
clearly seen in the Mdr2” section, that only a portion of the cholangiocytes express this
senescence marker. The surrounding cells and other ducts remain pink, indicating they
are in a functional proliferative state. Furthermore, while these cells may be arrested, they
are continuing to be metabolically functional, and have been shown to have increased
secretions of inflammatory cytokines such as IL-6 and IL-1.

In OCT liver sections by immunofluorescence, the immunoreactivity of p16 was
determined. There is an increase of p16 immunoreactivity (red) in and around the cells of
the bile ducts (blue) in the Mdr2”- knockout animals compared to FVB controls. This was
reduced by treatment with AZD4547 in both groups (Figure 16).

The gene expression of p16, p21, and p53 was measured in isolated

cholangiocytes via gPCR. p16 is a major contributor to cell cycle regulation through the
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binding of cyclin-dependent kinase 4/6 which inhibits a necessary protein complex from
forming that phosphorylates pocket protein Rb. In absence of phosphorylation, Rb
proteins bind to E2F 1, preventing this transcription factor from promoting gene expression
of the necessary genes involved in cell cycle S-phase entry. There was an upregulation
of p16 in the Mdr2”’- animals, with a significant decrease in AZD4547 treatment group
(Figure 17). The expression of p21 was also considered. p21 regulates cellular
proliferation through its direct interaction with cyclin dependent kinases, and its ability to
associate with PCNA and inhibit its function, thereby stopping DNA replication. As with
p16, there was increased levels of p21 in our Mdr2”- knockout animals, levels which were
brought within FVB control level by treatment with AZD4547 (Figure 17).

The expression level of p63 was also assessed. p53, is a well-known tumor
suppressor gene, and has been previously established as a transcription factor by binding
to promoter regions or interacting with coactivators of target genes. An increase in p53
leads to the downstream transcriptional activation of p21, which pushes the cell to arrest,
protecting the cell from further DNA damage. As with p21, there is a similar expression
pattern of p53 increase in the isolated cholangiocytes from the Mdr2”- knockout animals
compared to FVB controls, followed by significant decreases in the AZD4547 treatment

groups (Figure 17).
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Figure 15: AZD4547 treatment reduces SA-B-Gal+ cells in total liver OCT sections

By SA-B-Gal staining in liver sections, there was enhanced biliary senescence in Mdr2-"
compared to FVB/NJ mice, which was decreased by treatment with AZD4547. Data are
mean + SEM of 4 total liver sections, 6 fields of view, original magnification 20x. *p<0.05
vs. FVB/NJ mice; #p<0.05 vs. Mdr2” mice.
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Figure 16: AZD4547 decreases p16 immunoreactivity in FVB and Mdr2-/- mice by
immunofluorescence

By immunofluorescence for p16 in liver sections, there was enhanced biliary senescence
in Mdr2”- compared to FVB/NJ mice, which was decreased by treatment with AZD4547.
Data are mean + SEM of 4 total liver sections, 6 fields of view, original magnification 20x.
*p<0.05 vs. FVB/NJ mice; #p<0.05 vs. Mdr2”- mice.
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Figure 17: FGFR antagonist reduces gene expression in senescence markers in
treatment groups compared to FVB and Mdr2-/- controls

There was increased mRNA expression of p716, p21, and p53 in cholangiocytes from
Mdr2-- compared to FVB/NJ mice, which was decreased with AZD4547 treatment. Data
are mean = SEM of 4 gPCR reactions from 3 preparations of cholangiocytes from 9
animals. *p<0.05 vs. FVB/NJ mice, #p<0.05 vs Mdr2”- mice.
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CD31 immunoreactivity and genetic markers of angiogenesis

The final hallmark of PSC we examined in our mouse models was angiogenesis.
The immunoreactivity of CD31, or platelet endothelial cell adhesion molecule 1 was
examined. CD31 is a member of the immunoglobulin superfamily found on platelets,
leukocytes, and vascular endothelial cells. While not a marker of angiogenesis, an
increase in CD31 demonstrates an increase in vascular endothelial cell presence. Mdr2-
" mice show increased immunoreactivity for CD31 (in red) surrounding the bile ducts (in
blue). Administration of AZD4547 decreased the immunoreactivity compared to the
control samples (Figure 18A). By gPCR there were increased expression levels of
CD31 in Mdr2” total liver samples, with corresponding decreases in Mdr2”- + AZD4547
treatment group. Next angiogenin (ANG) was measured by qPCR in total liver.
Angiogenin was discovered in 1985 and was the first tumor-derived protein shown to
stimulate growth of new vessels. Angiogenin is a potent angiogenic factor that has been
shown to be induced by other growth factors including vascular endothelial growth
factor and FGF1. In the Mdr2”- knockout total liver samples there was a significant
increase in ANG which treatment with AZD4547 significantly decreases (Figure 18B).

There was a slight increase in angiogenin immunoreactivity in both BDL and
Mdr2 liver sections compared to corresponding controls (Figure 19A). In isolated
cholangiocytes there was increased expression in both VEGFA and ANG in the Mdr2-
group. Both FVB and Mdr2” groups treated with the FGFR antagonist had significant

decreases compared to controls (Figure 19B).
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Figure 18: FGFR antagonist reduces vascular endothelial marker
immunoreactivity and gene expression of CD31 and angiogenin compared to FVB
and Mdr2-/-

[A] Immunoreactivity of CD31 (in liver sections) and [B] mRNA expression of ANG and
CD31 (in total liver) increased in Mdr2”- mice compared to the corresponding FVB/NJ
mice; parameters that were significantly reduced by AZD4547. Scale bar = 5 um. [B] Data
are mean + SEM of 4 gPCR reactions from 3 preparations of isolated cholangiocytes or
total liver from 9 animals. *p<0.05 vs. FVB/NJ, #p<0.05 vs Mdr2” mice.
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Figure 19: Angiogenin immunoreactivity increases in BDL and Mdr2-/- mice;
AZDA4547 decreases angiogenesis gene expression in Mdr2-/- treatment groups

[A-B] Immunoreactivity of ANG (in liver sections) and mRNA expression of ANG and
VEGFA (in isolated cholangiocytes) increased in Mdr2”- mice compared to the
corresponding FVB/NJ mice; parameters that were significantly reduced by AZD4547; the
immunoreactivity of ANG increased in BDL liver sections compared to WT mice. Scale
bar =5 um. [B] Data are mean + SEM of 4 qPCR reactions from 3 preparations of isolated
cholangiocytes or total liver from 9 animals. *p<0.05 vs. the corresponding control value,

#p<0.05 vs Mdr2”- mice.
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In vitro studies in human H69 and HSCs

In HB9 cells, we looked at inflammatory markers, IL-6, and IL-14, and monocyte
chemoattractant protein-1, a regulatory chemokine in the migration and infiltration of
macrophages. In all three genes, recombinant human FGF1 increased expression
compared to untreated controls (Figure 20A). It was also noted that proliferation marker
Ki67, angiogenesis maker, ANG, and fibrosis markers Col1a1 and TGF-f41. Treatment
with recombinant human FGF1 increased expression compared to untreated cells. For in
vitro senescence markers we measured the gene expression of p16, and p21. Both were
increased in response to 24-hour treatment with recombinant human FGF1 when
compared to untreated controls (Figure 20A).

In hepatic stellate cells we also evaluated Ki67, ANG, and MCP-1. Like the
human cholangiocytes, 24-hour exposure to recombinant human FGF1 increased
expression over control cells. This pattern of expression was also seen in the markers
of fibrosis Col1a1, FN-1, and TGF-£1, which were increased in the rhFGF1 group when

compared to untreated controls (Figure 20B).
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Figure 20: rhFGF1 increases proliferation, fibrosis, angiogenesis, inflammation,
and senescence markers in human cell lines compared to untreated controls

[A] In H69 cells treated with rhFGF1, there was enhanced mRNA expression of
proliferation, fibrosis, senescence, and angiogenesis markers compared to untreated
cells. [B] In HSCs treated with rhFGF1, there was increased mRNA expression of
proliferation, fibrosis, inflammation, and angiogenesis markers compared to untreated
cells. [A-B] Data are mean + SEM of 4 gPCR reactions from 3 preparations of H69 or
HSCs. *p<.05 versus control H69 or HSCs.
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FGFR1-4 and FGF1 immunoreactivity are increased in PSC patients

In Figure 21, in PSC human total liver sections, we saw increased
immunoreactivity of FGF receptors 1, 2, 3, and 4 (in green), with cholangiocyte
colocalization of receptors 1-3 (in red). There was also increased FGF1 immunoreactivity
in the PSC samples when compared to healthy controls. This immunoreactivity was

colocalized with the cholangiocytes and found in the surrounding tissue (Figure 22).
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Figure 21: By immunofluorescence, PSC patients have increased
immunoreactivity of FGFR 1-4 in bile ducts compared to healthy controls

There was increased FGFR1-4 immunoreactivity (co-localized with CK-19) in PSC
patients compared to healthy controls. Scale bar = 75 um.
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Figure 22: PSC patients have increased FGF1 immunoreactivity in bile ducts
compared to healthy controls

We observed increased immunoreactivity for FGF1 in bile ducts (co-stained with CK-19)
in liver sections from PSC patients compared to healthy controls. Scale bar = 75um.
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Ingenuity pathway analysis software

To explore whether there was correlation between FGF1 and miR-16 we used
Ingenuity Pathway Analysis, or IPA, software by Qiagen. |IPA software utilizes expansive
databases created by high-throughput sequencing and microarray data. The software
then surveils for pathways which can consist of activation, interaction, inhibition, and
regulation between proteins, genes, drug mechanisms, or chemical compounds. The
targets we entered for analysis were miR-16 and FGF1. The IPA map displayed miR-16
activation or causation interactions with FGFR1, VEGFA, and VEGFC. FGFR1 also had
similar interactions with FGF1, which in turn was shown to act on or inhibit FGFR1. Details
from our map showed FGF1 was shown to have indirect interaction with VEGFA, VEGF,
and VEGFC (Figure 23).

There is decreased miR-16 gene expression in isolated cholangiocytes from Mdr2-
l~animals compared to FVB controls. BDL animals also had reduced miR-16 expression
compared to WT which was further reduced in both WT and BDL by administration with
recombinant human FGF1 (Figure 24).

Similar to our animal models, there is reduced miR-16 expression levels from total

liver samples from four PSC patients when compared to four healthy controls (Figure 25).
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Figure 23: Ingenuity pathway analysis map

Ingenuity pathway analysis map demonstrating relational connections between FGFR1,
FGF1, miR-16, and angiogenic factors.
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Figure 24: Chronic and acute injury decreases miR-16 expression in isolated
cholangiocytes, rhFGF1 further lowers expression

There was: (i) decreased expression of miR-16 in cholangiocytes from both BDL and
Mdr2’- mice compared to control mice; and (ii) reduced expression of miR-16 in
cholangiocytes from both C57BL/6 and BDL mice treated with rhFGF1 compared to the
corresponding control mice.
cumulative preparations of isolated cholangiocytes from 9 animals. *p<0.05 vs. WT mice;
#p<0.05 vs. BDL mice.
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Figure 25: PSC patients have decreased miR-16 gene expression via qPCR in
total liver

There was decreased expression of miR-16 in total liver samples from PSC patients
compared to controls. Data are mean + SEM of 3 experiments from serum from 4 human
controls and 4 PSC patients. *p<0.05 vs. controls.
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CHAPTER IV
CONCLUSIONS

To further understand the molecular underpinnings of cholangiocyte
pathophysiology during cholestasis, we investigated the FGF1 pathway in cholestatic
animal models and its correlation with miR-16 levels. Our study demonstrated: (i) there
was an upregulation of FGFR1-4 in cholangiocytes from BDL and Mdr2”- mice, with a
corresponding decrease in miR-16; (ii) cholangiocytes but not HSCs displayed
immunoreactivity for FGF1; (iii) administration of rhFGF1 increased ductular reaction,
hepatic inflammation, and fibrosis in WT and BDL mice compared to control animals,
phenotypes that were decreased following AZD4547 treatment; and (iv) increases in
FGF1 serum protein, immunoreactivity in total liver, and gene expression in isolated
cholangiocytes. Additionally, there were increased levels of FGF1 in supernatants
collected from isolated cholangiocytes as well as increased biliary senescence/ductular
reaction, hepatic inflammation, and fibrosis in Mdr2”- mice; parameters that were either
significantly decreased or trended down (TGF-1 serum and gene expression levels) in
response to treatment with AZD4547 or anti-FGF1 monoclonal antibody. In late-stage
human PSC samples, there was increased immunoreactivity of FGFR1-4 and FGF1 and
decreased expression of miR-16. In vitro, we have demonstrated that rhFGF1 increased
the mMRNA expression of proliferation, senescence, fibrosis, and angiogenesis markers in
HG69 cells and HSCs compared to nontreated cells. These findings attest to a critical role
for FGF1 signaling in promoting biliary liver injury possibly through interaction with miR-

16.
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In support of our findings, several studies have demonstrated a role for various
FGFs and their corresponding receptors in signaling pathways that modulate a variety of
cholestatic liver diseases. 105106107 One such study showed the relationship between
FGF15/19 and its receptor, FGFR4. Their study, like our own, demonstrated
cholangiocytes express FGFR4 which in turn is activated in an autocrine fashion resulting
in the regulation of sterol 27-hydroxlyase (Cyp27), a regulatory bile acid biosynthesis
enzyme produced by cholangiocytes. ' In addition, FGFR1, 2, and 4 were shown to be
upregulated in various CCA cell lines and to regulate CCA growth by an autocrine
mechanism. 97 Parallel to our results in BDL and Mdr2” mice, several studies
demonstrated a role for all four FGFRs in the activation of HSCs. 1% Our data showing
increased FGF1 levels in serum and cholangiocyte supernatants are supported by
numerous studies that evaluated the levels of other FGF isoforms during disease states.
For instance, one such study demonstrated increased expression/serum levels of hepatic
FGF19 in patients with primary biliary cholangitis (PBC) that correlated with severity of
disease. % Similarly, FGF19 serum levels were higher in cirrhotic PBC patients
compared to healthy or non-cirrhotic PBC patients. ' Furthermore, serum FGF21 is
elevated during ischemia/reperfusion-induced liver injury in patients 2 hours post-liver
transplantation.’"°

The FGF family is comprised of 22 FGF members, which act as critical paracrine
signals in liver pathophysiology.""" FGF1 is a controversial and complex player. For
example, one study showed that FGF1 ameliorates liver steatosis, fibrosis, and apoptosis
in a diabetic mouse model of liver injury.'? Also, FGF1 improves intrahepatic cholestasis

by downregulation of bile acid levels.'"® The beneficial effects of FGF1 and other FGF
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isoforms (e.g., FGF21) on steatosis and steatohepatitis were also observed in mouse
models of nonalcoholic fatty liver diseases.’'* Yet another study showed that elevated
levels of FGF19 suppress bile acid synthesis through inhibition of the CYP7A1 gene, thus
providing beneficial effects for PBC patients. '° Conversely, another study demonstrated
overexpression of FGF 19 in skeletal muscle resulted in the development of hepatocellular
carcinoma in transgenic mice. ''® An additional study by Yu et al. revealed that animals
lacking either FGF1 and/or FGF2 had significantly reduced liver fibrosis compared to
control animals in a carbon tetrachloride (CCls)-induced chronic injury model.''® Parallel
to our findings of decreased liver fibrosis and angiogenesis with an FGFR antagonist, a
recent study showed that Brivanib (a selective inhibitor of VEGF receptor and FGFR
tyrosine kinases) inhibits liver fibrosis and angiogenesis through the inhibition of VEGF-
and FGF-induced HSC proliferation in three unique models of liver fibrosis, including BDL.
17 Concerning the biliary epithelium, several studies demonstrated that stimulation of
FGF/FGFR signaling not only has a role in the expansion of some forms of CCA but also
contributes to the onset of pathological hallmarks, such as inflammation, cellular
senescence, and fibrosis, during cholestatic, non-neoplastic injury.!'®

In our study, FGF1-induced liver fibrosis (observed in normal and cholestatic
animals) may be due to enhanced biliary proliferation/ductular reaction and biliary
senescence (concomitant with enhanced expression/levels of the SASP factor, TGF-$1),
thus activating HSCs and liver fibrosis by a paracrine mechanism.' HSCs can be
activated by a variety of cells, each providing a route for FGFR signaling. Neighboring
hepatocytes can release reactive oxygen species (ROS) or TGF-B following insult or

injury, driving fibrogenesis ''° which in turn overexpress FGF9 which activates FGR4 on
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hepatocytes in a paracrine mechanism, which respond with an increase in TGF-
signaling. '?° An influx of Kuffer cells also contributes to HSC activation through the
generation of ROS and cytokines such as TGF-B. ''® Cholangiocytes, in response to injury
participate in senescence, increasing their expression of pro-inflammatory cytokines IL-6
and IL-8, '?' resulting in the increase in inflammatory cells such as Kuffer cells. 122

On the other hand, the decrease in liver fibrosis observed in cholestatic mice after
treatment with an FGFR antagonist or an anti-FGF antibody is likely due to the
concomitant reduction in the ductular reaction/biliary senescence and reduced release of
SASP factors. Our current and previous studies support this tight correlation between
changes in ductular reaction/biliary senescence and activation of HSCs by a paracrine
pathway.®* Supporting this concept, decreased biliary senescence signaling by
downregulation of p16 (an inhibitor of cyclin-dependent kinases, CDK) in Mdr2”’- mice by
administration of p16 Vivo-Morpholino reduced ductular reaction and liver inflammation
and fibrosis. '"® Research has also shown disruption of the TGF-B pathway by
LY2157299, a small molecule that targets TGF-p receptors, reduces liver injury and
overall senescent cell populations through macrophage clearance of senescent cells. 123

Although we have shown that FGF1 increases liver inflammation in our cholestatic
mouse models, there are contrasting data regarding the role of FGF1 signaling and
inflammation. Liang et al. previously demonstrated reduced FGF1 serum levels in type 1
and type 2 diabetic patients, and a reduction in FGF1 protein expression and serum levels
in their mouse model of renal inflammation. Furthermore, they reported treatment with
FGF1 reduced diabetes-induced inflammation in the renal system. 24 Additional research

has shown FGF1 can inhibit macrophage recruitment in adipose tissue decreasing the
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overall inflammatory response. This was done through transcriptional down-regulation of
CCL2 in adipose tissue. '° In support of our findings, a study has shown that disruption
of FGF signaling by FGFR inhibitors reduces inflammatory responses (induced by
concanavalin A) in HSCs. 26

Having demonstrated the correlation of increased FGF1 and decreased miR-16 in
cholangiocytes from both BDL and Mdr2”- mice, we next evaluated the expression of miR-
16 with Ingenuity Pathway Analysis (IPA) software (Figure 12). IPA software utilizes
expansive databases created by high-throughput sequencing and microarray data. The
software then surveils for pathways representing activation, interaction, inhibition, and
regulation between proteins, genes, drug mechanisms, or chemical compounds. >’ The
targets we entered for analysis were miR-16 and FGF1. Our IPA map supported our
reported data and displayed miR-16 activation or causation interactions through
unidirectional solid arrows directed at FGFR1, VEGFA, and VEGFC. FGFR1 was also
reported to have similar interactions with FGF1, which in turn was shown to act on or
inhibit FGFR1 as indicated by a bi-directional arrow (Figure 23). FGF1 was shown to have
indirect interaction (dashed arrows) with VEGFA, VEGF, and VEGFC. IPA predicts or
reports interactional relationships so to further explore the connection between miR-16
and FGF1 we used additional commercially available TargetScan software to predict
base-pairing between miR-16 and human FGF1. TargetScan reported a Context ++ score
percentile of 90 out of 100. The higher the percentile score the more favorable the
reported site match than any other sites on that miRNA. 128

Like the conundrum of FGF1 in hepatic injury, there are controversial data

regarding the role of miR-16 in liver injury and repair. In contrast to previous studies and
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our findings showing the downregulation of miR-16 in Mdr2” and BDL mice (in
cholangiocytes) and human PSC total liver samples, other studies have shown that: (i)
mice with acute liver failure displayed higher levels of miR-16; and (ii) miR-16 knockdown
reduced hepatic apoptosis and tumor necrosis factor synthesis by a Bcl-2-dependent
mechanism.'?® The difference in miR-16 expression between this study and others
(including our current findings)®%-13%-13" may be due to the acute injury, and the significantly
reduced time period between injury and sacrifice, hours vs. days, which likely resulted in
the activation of different signaling pathways.’?® Zhu et al. also showed patients with
active hepatis C viral infections had significant increases in miR-16 in peripheral blood
mononuclear cells and commercially available cultured human liver cell lines. Using a
similar network analysis program, they determined that hepatocyte growth factor and
Smad7 were the targets of miR-16. They also were able to manipulate hepatocyte growth
factor and Smad7 expression levels in cultured cells through mimics or inhibitors of miR-
16. However, while they analyzed a cultured liver cell line, they did not determine miR-
16 levels in either animal models or patient samples other than peripheral blood
mononuclear cells. 32 Similar to our findings, Kim et al. demonstrated downregulation of
miR-16 in both CCls-treated animals and patients with severe liver fibrosis compared to
WT controls and patients with mild fibrotic phenotypes.'®3 Furthermore, Hepatitis B virus
X protein reduces the expression of miR-16, triggering the malignant transformation of
the hepatocyte cell line HepG2 in vitro.'3° Lastly, recent research in a CCls rat injury model
has shown miR-16 regulates key signaling pathways, such as TGF-B, in the

transformation of HSCs to myofibroblasts. Restoration of miR-16 in isolated

73



myofibroblasts decreased fibrosis-related cytokines like TGFp2 and collagens, including
Col1a1. 134

While this project established only a correlation between miR-16 and FGF1, we
did demonstrate an increase in the immunoreactivity of FGFR1-4 in cholangiocytes and
HSCs in addition to upregulated cholangiocyte gene expression in our mouse models.
Previous research has established lung cancer fibroblast connections between
hepatocyte growth factor (HGF), miR-16, and FGFR1. Following the establishment of an
HGF/miR-16 connection, researchers explored the mechanism of inhibition. They
reported miR-16 transfection of CAF154-hTERT fibroblasts significantly reduced the
FGFR1 protein expression via western blot while leaving FGF1 and -2 ligand expression
intact. Their data also showed the connection between HGF and miR-16 was the miR-16
regulation of MEK1 which then regulated HGF secretion. They concluded miR-16 possibly
regulated HGF through the regulation of downstream targets FGFR1 and MEK1. '35
Chamorro-Jorganes et al also reported miR-16 overexpression in human umbilical vein
endothelial cells significantly decreased the mRNA expression of FGFR1. They further
demonstrated inhibition of miR-16 resulted in significant increases of FGFR1 via western
blot and qPCR. Furthermore, they suggested miR-16 controls proliferation and migration
of endothelial cells through FGFR1 signaling. '*% Lastly, mesothelioma, an aggressive
malignancy with limited treatment options has been previously shown to have
downregulation of miR-15/16 family. TargetScan reported FGFR1 and 4 to be predicted
targets of miR-16 so using mimics in mesothelioma cells in vitro, researchers confirmed

a corresponding decrease in FGFR1 and 4. They then went on to target a combination of
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FGFR1 and the well-established miR-16 target, Bcl-2, in vitro and found a synergistic
effect on the cancer cell growth. 137

In summary, we have shown that treatment with rhFGF1 increases PSC
phenotypes in a mechanical injury mouse model, while treatment with the FGFR
antagonist AZD4547 decreased these phenotypes in both BDL and Mdr2’ animals.
Furthermore, we demonstrated an inverse correlation in FGF1 and miR-16 levels from
isolated cholangiocytes. Due to the duplicitous roles both FGF1 and miR-16 play in
various inflammatory/fibrotic conditions there is ample opportunity for future research
endeavors in this area. One potential target that may prove useful in identifying the link
between miR-16 and FGF1 is the role of HSCs. Further exploration might include
determining molecular crosstalk between cholangiocytes and HSCs and the role of miR-
16 utilizing extracellular vesicle isolation and analysis. Manipulation of miR-16 in vitro and
in vivo, with either transfected inhibitors, mimics, or vivo morpholinos, along with more
broad analysis such as gene arrays, protein profiler assays, and luciferase assays may
aid in targeting individual pathways or determining protein/genetic response. With this
information, modulation of miR-16 through an FGF1-mediated pathway may yield new

therapeutic targets for managing cholangiopathies such as PSC.
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