Uncovering Mechanisms Behind Simple Steatosis Progression to
Non-Alcoholic Steatohepatitis
By © 2020
Nancy Magee Emole
B.Sc., Chemistry, Dillard University, 2014

Submitted to the graduate degree program in Toxicology and the Graduate Faculty of
the University of Kansas in partial fulfillment of the requirements for the degree of Doctor

of Philosophy.

Chair: Yuxia Zhang, PhD

Wen-Xing Ding, PhD

Bruno Hagenbuch, PhD

Michele Pritchard, PhD

Chad Slawson, PhD

Date Defended: 19 May 2020



The dissertation committee for Nancy Magee Emole certifies that this is the approved
version of the following dissertation:

Uncovering Mechanisms Behind NAFL Progression to NASH

Chair: Yuxia Zhang, PhD

Graduate Director: Bruno Hagenbuch, PhD

Date Approved: 05 June 2020



Abstract

Non-alcoholic fatty liver disease (NAFLD) is the most common type of chronic liver
disease in the Western countries. NAFLD encompasses the entire spectrum of fatty liver
disease in individuals without significant alcohol consumption, ranging from nonalcoholic
fatty liver (NAFL) to non-alcoholic steatohepatitis (NASH) and cirrhosis. The molecular
events that influence disease progression from NAFL to aggressive NASH remain poorly
understood; leading to a lack of mechanism-based targeted treatment options for NASH.
Therefore, an increased understanding of NASH pathogenesis is pertinent to improve

disease interventions in the future.

The first objective of this dissertation was to identify key signatures associated with
disease progression from NAFL to NASH. Using a diet high in fructose, cholesterol, and
fat (HFCF) for up to 9 months, we were able to induce NAFLD spectrum similar to humans
in C57BL/6J mice. Specifically, the mice sequentially developed steatosis,
steatohepatitis, steatohepatitis with fibrosis, and eventually spontaneous liver tumor as
time on the HFCF diet progressed. These data indicate this NAFLD mouse model with
disease progression from NAFL to NASH recapitulates key metabolic, and histologic

changes seen in humans and could be used for further studies.

It is well known that NASH is characterized by steatosis plus inflammation with or
without fibrosis. Nuclear receptor, small heterodimer partner (SHP, NROB2), plays a
complex role in lipid metabolism and inflammation. The expression of SHP is negatively
correlated with NAFLD progression, indicative of a biological relevance of SHP in NAFLD.
Therefore, the second objective of this dissertation was to understand the mechanism
behind SHP suppression in NAFLD. Using palmitic acid (PA) or lipopolysaccharide (LPS)
combined with pathway inhibitors, we observed that only the inhibition of c-Jun N-terminal
kinase (JNK) activation rescued Shp expression. Mechanistically, we found that the
downstream target of JNK, c-JUN, directly binds to the promoter region of Shp, preventing

activation of Shp by liver receptor homolog-1.

The next objective of this dissertation was to understand the role of hepatic SHP in
NAFLD. By treating mice that lack or overexpress hepatic SHP with normal chow or HFCF

diet, we sought to determine SHP’s role in regulating steatosis and inflammation. We



uncovered that hepatocyte Shp deletion (ShpeP’-) in mice resulted in increased
chemokine (C-C motif) ligand 2 (CCL2) secretion which led to a massive infiltration of
macrophages and CD4" T cells to the liver. Additionally, ShpHer--mice developed reduced
steatosis, but surprisingly increased hepatic inflammation and fibrosis after being fed the
HFCF diet. Supporting this data was the RNA-seq analysis which revealed that pathways
involved in inflammation and fibrosis were significantly activated in the livers of ShpHer-/-
mice fed a chow diet. After being fed the HFCF diet, wildtype mice displayed up-regulated
peroxisome proliferator-activated receptor g (Pparg) signaling in the liver; however, this
response was completely abolished in the HFCF-fed ShpHer-- mice. Additionally, ShpHer-
I~mice had consistent hepatic nuclear factor kB (NF-kB) activation. To further characterize
the role of Shp specifically in the transition of steatosis to NASH, mice were fed the HFCF
diet for 4 weeks followed by Shp deletion. Surprisingly, Shp deletion after steatosis
development exacerbated hepatic inflammation and fibrosis without affecting liver
steatosis.

RNA sequencing of hepatic mMRNA from mice on the HFCF for 1 month (NAFL) and 3
months (transitioning to NASH) revealed that the key signatures associated with the
progression of steatosis to steatohepatitis were related to extracellular matrix organization
and immune responses such as leukocyte aggregation, chemotaxis, phagocytosis, and
dendritic cell differentiation. Interestingly, our data also revealed that genes regulated by
transcription factor forkhead box M1 (Foxml) and negative elongation factor complex
member E (Nelfe) were significantly altered during the disease progression. This was
observed in a mouse NAFLD model as well as in patients with NAFLD. As of now, both
regulators have been explored in hepatocellular carcinoma, and studies indicating
FOXM1 as a regulator of insulin signaling are surfacing. However, the paucity of studies
relating FOXM1 and NELFE to NAFLD development and progression warrants additional

investigation.

The data presented within this dissertation indicate that the decrease of SHP in
NAFLD is due to JNK activation of c-Jun which inhibits Shp transcription. Importantly, we
demonstrate that, depending on the stage of NASH, hepatic Shp plays an opposing role
in steatosis and inflammation. Mechanistically, Shp deletion in hepatocytes activates NF-

kKB and impairs Pparg activation, leading to the dissociation of steatosis, inflammation,



and fibrosis in NASH development. Lastly, RNA-seq analysis of our mouse NAFL and
early-stage NASH models reveals the prospective involvement of transcription factors,
FOXM1 and NELFE in NASH development. Overall, this dissertation research provides
new insights into understanding the regulation of NAFLD progression from NAFL to NASH
with the intention to aid in development of novel preventative, diagnostic, and therapeutic
strategies for NASH.
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Chapter 1: Introduction

This chapter is adapted from our previously-published article in an open-access journal:
Magee N, Zou A, Zhang Y. Pathogenesis of nonalcoholic steatohepatitis: interactions
between liver parenchymal and nonparenchymal cells. BioMed research international,
2016, 2016: 5170402. PMCID: PMC5086374. www.hindawi.com/



https://www.hindawi.com/journals/bmri/2016/5170402/

Non-alcoholic fatty liver disease

Non-alcoholic fatty liver disease (NAFLD) is the most common type of chronic liver
disease in Western countries and is a major health concern in both adults and, tragically,
in children (1,2). The most recent study found that the global prevalence of NAFLD was
25% and in patients with type 2 diabetes mellitus (T2DM), 55.5% (3). Encompassing the
entire spectrum of fatty liver disease in individuals without significant alcohol
consumption, NAFLD is further histologically categorized into nonalcoholic fatty liver
(NAFL; steatosis without hepatocellular injury) and nonalcoholic steatohepatitis (NASH)
which is characterized by the presence of hepatic steatosis and inflammation with
hepatocyte injury (ballooning) with or without fibrosis (4). NAFL is considered the benign
and reversible stage, which arises due to an excessive accumulation of triglycerides in
hepatocytes (4). In contrast, NASH is a more advanced stage of NAFLD, since the
chances of developing more serious diseases such as cirrhosis, hepatocellular carcinoma
(HCC), and cardiovascular diseases increase in patients with NASH (4). A study showed
the mean annual rate of fibrosis progression in NASH is 9%, and NASH overall mortality

is 25.6 per 1,000 person-years (5).

The pathogenesis of NASH is complex (6-8). Additional progress has been made to
understand the role of the immune system during NASH progression. For example,
inflammation, which occurs in NASH patients and in animal models of human NASH, is
induced by various mediators including endotoxins, adipokines, inflammatory cytokines,
chemokines, and other inflammatory mediators (9). The cellular sources of these
molecules are broad and include hepatocytes, hepatic stellate cells, portal fibroblasts,
adipocytes, and immune cells such as neutrophils, macrophages, natural killer cells,
natural Killer T cells, and lymphocytes (10). Moreover, what has greatly improved our
understanding of NASH is an increasing recognition of the importance of interactions
between liver parenchymal and nonparenchymal cells as well as crosstalk between
various immune cell populations in liver as well as other organs such as brain, adipose,
and gut (11-13).



Hypotheses describing pathogenesis of NASH

The mechanisms leading to NASH are multifactorial. A retrospective study using liver
biopsies from patients with NAFL or NASH suggests that rather than being distinct
entities, NAFL and NASH represent different stages in the progression of NAFLD (14). It
is known that an important factor which drives NAFLD progression is hepatocyte damage
(15). In the initial phase, hepatocyte damage triggers the release of damage-associated
molecular pattern molecules (DAMPSs) into the microenvironment, which stimulates
macrophage activation (16). This process is influenced by both direct metabolic effects in
the liver, such as excessive oxidative stress driven by lipotoxic metabolites (17,18), as
well as indirect effects coming from other tissues such as inflammatory initiators released
by adipose tissue (19), the intestine (20), and the immune system (21). As a result of
these complicated effects, there have been multiple hypotheses describing the

pathogenesis of NASH, such as the “two-hit”, “three-hit”, and “multiple-hit” hypotheses.

The “two-hit” hypothesis was originally proposed in 1998 (22). This hypothesis infers
that the first hit is insulin resistance which leads to aberrant lipid accumulation in the liver,
and is followed by a second hit driven by lipotoxic metabolite-induced mitochondrial
dysfunction and oxidative stress leading to hepatocyte death and inflammation (22,23).
In the healthy liver, dead hepatocytes are normally replaced by replication of existing,
mature hepatocytes; thus, normal liver function is maintained. In NASH, however, the
replication of mature hepatocytes is inhibited and accompanied by the expansion of a
progenitor cell population (24). The progenitor cells can either differentiate into
hepatocyte-like cells or into cholangiocytes, which aid in the recovery of normal liver
function. However, the abnormal expansion of progenitor cells contributes to more
unfavorable outcomes such as HSC activation and liver fibrosis (25). Thus, a “third hit”,
which drives NASH pathogenesis, involves inadequate hepatocyte proliferation after cell
death triggered by insulin resistance-induced aberrant lipid accumulation and excessive

oxidative stress (26).

More recently, several different inflammatory mediators released from adipose tissue
and the liver/gut axis have been implicated in NASH pathogenesis. Thus, a “multiple-hit”
hypothesis involving organ-organ interactions in NASH is also appreciated (27). In this



model, NASH pathogenesis is initiated through triggering excessive oxidative stress by
lipotoxic metabolites. This, in turn, drives hepatocyte death, inflammation, and fibrosis.
Additional pathogenic factors from other organs, such as gut-derived endotoxins resulting
from increased gut permeability and gut dysbiosis, adipokines secreted from adipose

tissue, are all considered crucial to NASH pathogenesis (28).

Lipotoxic hepatocyte injuries, oxidative stress and ER stress

Lipotoxicity, characterized by excessive free fatty acid accumulation within
hepatocytes, is known to generate toxic lipid metabolites and cause hepatocyte injury via
ballooning, and, consequently, initiation of NASH. Ballooned hepatocytes are a cardinal
histologic feature of lipotoxic hepatic injury, and the magnitude of ballooned hepatocytes
correlates with disease severity. In fact, semi-quantitation of hepatocyte ballooning is
used to calculate the NAFLD activity score (NAS), a measure of disease severity (29),

supporting the importance of this phenomenon in disease progression.

Increased dietary intake of free fatty acids, as well as de novo lipogenesis and adipose
lipolysis, together with impaired free fatty acid oxidation, cause an increase in the
accumulation of free fatty acids in hepatocytes. Hepatocytes store free fatty acids as
triglycerides. An interesting study indicated that triglycerides themselves are unlikely to
be the cause of hepatocyte injury in NASH (30). Instead, hepatocyte triglyceride
accumulation may act as a protective mechanism to counter free fatty acid-induced
lipotoxicity (30,31). However, once the threshold of lipid storage is exceeded, the
excessive accumulation of free fatty acids leads to production of toxic lipid metabolites,
such as ceramides, diacylglycerols, lysophosphatidylcholine, and oxidized cholesterol
metabolites (24,30). These toxic lipid metabolites promote the overproduction of reactive

oxygen species (ROS), which cause liver injury.

Of all the mechanisms related to NASH, oxidative stress has been most widely studied
(17,18,32,33). Oxidative stress is triggered by an imbalance between pro-oxidants and
antioxidants. It is now clear that oxidative stress can mediate liver injury through at least
two major mechanisms, direct cell injury and indirect changes of cell signaling pathways.

For example, ROS induces activation of nuclear factor kB (NF-kB), a master regulator in



the production of proinflammatory cytokines including interleukin-1b (IL-1b), tumor
necrosis factor a (TNF-a), and interleukin-6 (IL-6) (34). Liver-specific inhibition of NF-kB
is expected to ameliorate high fat diet (HFD)-induced hepatic inflammation (35,36).
However, the role of NF-kB in NASH pathogenesis is more complicated than researchers
originally thought. There is also evidence to suggest that inflammation is required for liver
regeneration, which is mediated through anti-apoptotic and pro-proliferative
characteristics of NF-kB (37).

Free fatty acid-induced oxidative stress also acts as an upstream mechanism to
activate endoplasmic reticulum (ER) stress in NASH. ER stress is initiated by conditions
associated with protein overload or increased amount of unfolded proteins. Activation of
ER stress response causes adaptation and recovery of homeostasis; however, severe or
prolonged ER stress can ultimately lead to cell death. Recently, attention has turned to
the ER due to increasing evidence demonstrating that ER stress is a common feature in
NAFLD (38). For example, one study showed that two ER stress markers, X-box binding
protein 1 (XBP1) and stanniocalcin 2 (STC2), are increased in human NASH (39). This
study also found that other ER stress proteins, including activating transcription factor 4
(ATF4), C/EBP homologous protein (CHOP), and phosphorylated c-Jun N-terminal
kinase (JNK) and eukaryotic translation initiation factor 2 alpha (elF2a), were not
significantly changed in NASH samples (39). Additional studies found activation of ER
stress can trigger various inflammatory pathways, such as JNK and NF-kB signaling
pathways, further enhancing NASH progression (38,40,41). On the other hand, reduced
inflammation ameliorates ER stress-induced liver injury. Kandel-Kfir (2015) showed that
interleukin-1 alpha (ll-1a) deficient mice display reduced inflammation, hepatocyte death,
and liver damage in an ER stress-induced steatohepatitis model (42). Intuitively,
researchers have used various natural antioxidants found in coffee, tea, and soy in
several rodent NAFLD models and found beneficial effects on lipid metabolism, glucose
metabolism, fibrosis, and even HCC (43). These studies help to understand a complex
puzzle of NASH pathogenesis, aiding in the elucidation of ER stress risk factors involved

in NASH development. Nonetheless, further study is needed and encouraged.



Inflammatory mediators and immune alterations

Accumulated studies demonstrate that immunological mechanisms, including innate
immunity (mediated by neutrophils, macrophages, natural killer cells and natural killer T
cells), adaptive immunity (mediated by T and B cells), NLR family pyrin domain containing
3 (NLRP3) inflammasome activation, and the gut-liver axis, are implicated in the NAFLD
progression (44,45). For example, portal inflammatory infiltrates in human NASH patients
are characterized by both broad leukocyte subset markers (CD68, CD3, CD8, CD4,
CD20, and neutrophil elastase) and selected inflammatory markers (matrix
metalloproteinase 9 and interleukin [IL]-17) (46). The balance of the various immune cell
populations and their products involved in inflammatory signaling pathways is crucial as

it is a determinant of NASH attenuation or progression (47).
Macrophages and gut microbiota

Macrophages, also termed mononuclear phagocytes, represent a major cell type of
innate immunity. Hepatic macrophages consist of resident macrophages called Kupffer
cells and infiltrated bone marrow-derived monocytes/macrophages. Kupffer cells are
named after their discoverer, Carl Wilhelm von Kupffer, who originally identified the cells
as “sternzellen” or “star cells,” now known to be HSC, but later were correctly identified
as macrophages by scientist Tadeusz Browicz (48,49). Kupffer cells, dendritic, natural
killer and natural killer T cells, are located within the sinusoidal space of the liver. Given
that Kupffer cells are the body’s primary line of defense against microorganisms that
would cause a gut-derived immune response, this location is optimal for the macrophages
to carry out their functions in liver. During liver injury, Kupffer cells are important in the
initial response by rapidly producing cytokines and chemokines which induce the
recruitment of other immune cells, including monocytes, into the liver. Both the infiltrating
macrophages and the resident Kupffer cells produce proinflammatory and anti-
inflammatory cytokines, contributing to the chronic inflammation such as that seen in

alcoholic liver disease, NAFLD, and other pathological conditions affecting liver (50-52).

The liver is constantly exposed to antigens and low levels of endotoxins from the
gut as 70% of the liver’s blood is supplied from the portal vein. In normal conditions, small

amounts of endotoxins from the gut bacteria enter the liver and most of them are



eliminated by Kupffer cells. Thus, the resident Kupffer cells play a critical role in
maintaining liver homeostasis and immunological tolerance in the liver. However, the
altered composition of microbiota, increase of gut permeability, and hyper responsibility
of Kupffer cells to the gut-derived endotoxin can interrupt this tolerance. Recently, gut
microbiota analysis revealed that individuals with NAFLD have a lower percentage of
Bacteroidetes with higher levels of Prevotella and Porphyromonas species compared to
healthy controls (53). Another study found that the inflammasome-mediated dysbiosis of
gut microbiota exacerbates hepatic steatosis and inflammation through enhancing liver
TNFa production (54). The prolonged exposure to ethanol is known to promote hepatic
macrophage hypersensitivity to LPS from the gut and induce a high production of TNFa,
leading to alcoholic liver disease (55). Interestingly, patients with NASH harbor modified
microbiota that produce endogenous ethanol, suggesting a role for alcohol-producing

microbiota in the pathogenesis of NASH (56).

The contribution of macrophages to NAFLD progression is a late outcome of
steatosis but an early participant in NASH development, although altered macrophage
function has been documented in many stages of NAFLD (57). Macrophages are
extraordinarily versatile cells and exhibit various phenotypes ranging from a pro-
inflammatory classical M1 type to an anti-inflammatory alternative M2 type, depending on
the conditions of local microenvironment (58). The M1 macrophages are abundant in HFD
liver and play a critical role in driving inflammation and hepatocyte injury (59). M2-
polarized macrophages counterbalance M1 macrophage-induced inflammation,
promoting resolution of inflammation and tissue repair (60). Increasing M2 macrophages
promotes M1 macrophages apoptosis which protects against NAFLD progression (59).
The influence of hepatocyte on macrophages polarization was recently demonstrated in
human differentiated macrophage THP-1 cells (61). In this study, HepG2 cells, a human
hepatoblastoma-derived cell line, were pretreated with ER-stress inducers tunicamycin
and thapsigargin. The THP-1 cells were then exposed to the conditional medium from
HepG2 cells and subsequently displayed a M2 phenotype, mediated by the peroxisome
proliferator-activated receptor g (PPARg) signaling pathway. The authors further
demonstrated that macrophage M2 activation is initiated by cytokines IL-10 and IL-4

releasing from prolonged ER stressed hepatocytes.



Macrophage-mediated inflammation in NASH is associated with toll-like receptor
(TLR) activation; this is particularly true for TLR4 (62). During liver injury, macrophages
release proinflammatory cytokines such as IL-1b, TNFa, and IL-6 through the activation
of TLR4 (63). When prolonged, this contributes to T cell activation and results in
hepatocyte death and subsequent activation of hepatic stellate cells (64). Accordingly,
TLR4 inhibition or macrophage depletion reduces hepatic damage and prevents NASH
development (65,66). Interestingly, during NASH, liver macrophages engulf an excessive
amount of oxidized low-density lipoprotein (ox-LDL) and form “foam cells” (67). These
macrophage-derived foam cells predominantly contain enlarged lysosomes filled with
cholesterol and cholesterol crystals. Additional evidence showed that increased
cholesterol storage inside lysosomes of Kupffer cells is associated with hepatic
inflammation in the context of NASH (68,69)

Taken together, hepatic macrophages play a critical role in maintaining immune
homeostasis of the liver. The important function they play in the pathogenesis of NASH
makes them an attractive therapeutic target for NASH treatment. More research on
macrophage phenotypes and functions is required to better understand these cells to

develop novel macrophage-based therapeutic interventions.
Neutrophils

Neutrophils (also known as neutrophilic granulocytes or polymorphonuclear
leukocytes) are the first immune cells to infiltrate the liver after acute injury. The
contribution of neutrophils in NASH pathogenesis is studied in human NASH and in
mouse models. One study found neutrophils infiltrate into the livers of patients with NASH
and frequently surround steatotic hepatocytes, resembling the crown-like structures in
obese adipose tissue (70). Moreover, the neutrophil-to-lymphocyte ratio is higher in
patients with advanced fibrosis (71). Transgenic mice expressing human neutrophil
peptide-1 (HNP-1) display enhanced hepatic fibrosis through inducing hepatic stellate
cells proliferation in a choline-deficient and L-amino acid-defined diet-induced mouse
model of NASH (72). In contrast, deletion of elastase, a protease secreted by neutrophils

in HFD-induced obese mice, improves liver tissue inflammation with a lower infiltration of



neutrophils and macrophages (73). Beyond this, a better understanding of neutrophil
function in the pathophysiology of NASH is still needed and requires further study.

T and B lymphocytes

T and B lymphocytes mediate the adaptive immune response. For instance, T helper
cells, a sub-group of T lymphocytes, can drive the activation of the other immune cells.
They accomplish this through, for example, by helping B cells switch antibody classes, by
activating cytotoxic T cells, and by maximizing macrophage phagocytosis through
cytokine release (74). Depending on the cytokine environment, T helper cells can assume
a proinflammatory phenotype (Thl), characterized by the release of INF-g and
transforming growth factor-b (TGF-b) or an anti-inflammatory phenotype (Th2),
characterized by the release of IL-4, IL-5, and IL-10 (75). The balance between Thl and
Th2 T cells is important to maintain immune system homeostasis. For example, Thl and
Th2 enhancement can affect macrophage polarization; in particular, Thl induces
macrophages M1 polarization via the release of INF-g (75).

The distinct role of different T cell populations in the pathogenesis of NASH has been
recently appreciated (8). For instance, in human NASH liver biopsy sections, the portal
tract infiltrates are dominated by CD8 (+) lymphocytes (46). Limiting CD8 (+) T-cell
expansion by dendritic cells protects mouse liver from NASH development (76). Th17
cells, a subtype of T helper cells, facilitate leukocyte recruitment through the secretion of
various cytokines including IL-17 (IL-17A, IL-17F), IL-21, IL-22, and TNF-a. Hepatic Th17
cell infiltration is found in NASH (77). In addition, IL-17 secretion exacerbates hepatic
steatosis and inflammation, whereas IL-17 neutralization attenuates LPS-induced liver
injury (77). Furthermore, Il-17a’”* mice were resistant to the development of
steatohepatitis, whereas wild-type mice showed progression from NAFL to NASH via the
induction of the 1l-17 and downstream mediators (78). Another study reports the
progression from NAFL to NASH is marked by an increase of ratio of Thl7/resting

regulatory T cells in peripheral blood and liver (79).

By driving T cell activation and secreting proinflammatory cytokines or chemokines, B
cells play a critical role in NASH pathogenesis (8,80). Lipid peroxidation products, arisen

from phospholipid oxidation, interact with cellular proteins and are one of the sources of
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neo-antigens able to promote an adaptive immune response in NASH (81). As evidence,
40%-60% of patients with NASH have circulating antibodies against lipid peroxidation-
derived antigens such as malonyldialdehyde or 4-hydroxynonenal (82). Furthermore, the
high titers of these antibodies are in parallel with increased risk to develop advanced liver
fibrosis (33). Recently, the contributions of B cells to obesity, diabetes and NAFLD are
extensively examined using animal models. Winer (2011) demonstrated that B cells
rapidly increase in serum and adipose tissue of mice fed a HFD (83). In this study, B cell
deficient mice (B null) fed HFD display a reduced insulin resistance, and adoptive transfer
of B cells or IgG isolated from mice fed HFD into B null mice can reverse that phenotype
and induce insulin resistance (83). B-cell-activating factor (BAFF, TNFSF13B) is a cell
survival and maturation factor for B cells, and overproduction of BAFF is associated with
systemic autoimmune disease (84). Recently, an increase of serum level of BAFF was
identified in human NASH, and the serum BAFF level correlates with B cell content in
liver (85). In addition, BAFF receptor deficient mice display improved obesity and insulin
resistance induced by HFD but also, unexpectedly, show enhanced hepatic steatosis,
which indicates a protective role of BAFF in hepatic steatosis (85,86). However,
contradictory observations on the B-cell's contribution to insulin resistance and NAFLD
have also emerged. Bhattacharjee (2014) found that B cell defect mice [CBA/CaHN-
Btk*idY (xid mice)] fed high fructose drinking water develop the same level of glucose
intolerance and insulin resistance as wild-type mice (87), which suggests that B cells do
not play a role in NAFLD progression. The reason for these contradictory observations
could be, in part, due to the differences in B cell deficient mutant mouse strains and
different diet-induced NAFLD models.

NLRP3 inflammasome

NLRP3 inflammasome is a large, intracellular multiprotein complex expressed in both
parenchymal and non-parenchymal cells of the liver. In response to various cellular
danger signals, NLRP3 inflammasomes activate caspase-1 and release mature IL-1b and
IL-18 (88). Interestingly, recent studies revealed NLRP3 inflammasome activation as an
emerging factor contributes to NASH development. For example, the expressions of
NLRP3 components, pro-ll-1b and pro-1l-18, are markedly increased both in mouse

models and humans with NASH (89,90). Moreover, NIrp3 knockout mice or Il-1a or 1l-1b
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knockout mice are protected from diet-induced liver injury, inflammation, and fibrosis
(90,91). Another study demonstrates that selective inhibition of caspase-1 alleviates
hepatic steatosis, inflammation, and fibrosis in a diet-induced mouse model of NASH (92).
These studies strongly suggest that NLRP3 inflammasome may serve as a potential

therapeutic target for the treatment of NASH.
HSCs and Fibrosis in NASH Progression

Liver fibrosis is a condition in which an excessive amount of extracellular matrix
(ECM) proteins, like type | collagen, accumulate in the liver. This buildup of ECM occurs
in most types of chronic liver diseases including NAFLD (93). Although many cell types,
including the hepatocytes and sinusoidal endothelial cells have been identified as
contributors of ECM components, liver myofibroblasts, originally from HSCs (from the
word of Latin origin, stella, meaning star), portal fibroblasts (PFs) or mesothelial cells are
the major source of ECM (94). The role HSCs play in fibrosis is unequivocal. Data have
demonstrated that HSC activation precedes fibrogenesis and that a lack of HSC activation
halts the process (95-97). Lipid accumulation, as that seen in NAFLD, triggers a
profibrogenic response from HSCs (98), therefore an overview of fibrogenesis in NASH

is critical to understanding NASH progression.

HSC activation involves two phases: the initiation phase and the perpetuation phase
(99). During the initiation phase, HSCs proliferate and become myofibroblast-like in
response to proliferative and fibrogenic cytokines. Only activated HSCs express alpha2-
macroglobulin, P100, CD95L, and reelin, making these proteins good identifiers for HSC
activity (96,100,101). There are many cells involved in activating HSC. For
example, hepatocytes, liver sinusoidal endothelial cells, macrophages, NK cells and
lymphocytes play roles in the activation process (102). Those cells secrete mediators
that affect HSC activation. Of the mediators that are released, platelet-derived growth
factor (PDGF) and transforming growth factor beta (TGF-B) are the two best-described
growth factors. PDGF is involved in the signaling process required for HSC proliferation,
while TGF-B promotes collagen production (103). The increase of ECM components
(fibrillar collagens such as type | collagen) and inhibitors of matrix-degrading enzymes,
like tissue inhibitor of matrix metalloproteinases (TIMP), occurs in the second phase of
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HSC activation—an event resulting in matrix accumulation, especially at sites where

many activated HSCs reside (93).

Extensive studies have investigated how HSCs are activated in NAFLD. Lipid
metabolites accumulation in hepatocytes induces TGF-B signaling and impairs
adiponectin activity, supporting a key role for lipotoxicity in the development of hepatic
fibrosis (104). Recent data demonstrate a positive correlation between the Notch
signaling pathway and HSC activation. In TGF-B-activated HSCs, Notch pathway
components are significantly increased and inhibition of Notch signaling decreases HSC
activation (105). Bernd et al., demonstrated that TGF-B-activated kinase 1 (TAK1)/c-Jun
N-terminal kinase (JNK) and p38 pathways work collaboratively in HSC activation.
TAK1/INK promotes HSC proliferation while p38 decreases HSC proliferation (106).
Another recent study suggests that osteopontin and high mobility group box 1 (HMGB1)
releasing from necrotic hepatocyte also play a key role in HSC activation (107). Most
recently, Dr. Diehl and co-workers discovered that ballooned hepatocytes generate sonic
hedgehog (Shh), a ligand of the hedgehog-signaling pathway, which promotes HSC
activation and drives NASH progression in mice (108). Those studies support the notion
that HSCs shift from a quiescent state to an ECM-producing machine in NASH, and the
regulation for that process is quite complex. Interestingly, one study reported that SHP
inhibits the transcription and nuclear translocation of hedgehog effector protein, glioma-
associated oncogene homologue (Gli), which is a contributor to several malignancies in
humans(109). Therefore, whether SHP prevents HSC activation via inhibition of the
hedgehog/Gli signaling is worth exploring.

Transcriptional regulators in NAFLD

To date, there are more than 1,600 known transcription factors and their general
structures and functions are highly conserved amongst metazoans (110,111). The
general structure of a TF includes a transactivation domain, signal-sensing domain, and
DNA-binding domain. The DNA-binding sequences for more than two-thirds of TFs have
been identified and research efforts towards uncovering others are highly encouraged
(110). Expectedly, TFs play important roles in regulating critical processes such as cell

growth, development, and mobility, nutrient sensing and homeostasis, inflammation, as



13

well as obesity and insulin sensitivity (112). Hence, it is highly probable that alterations of
TFs can lead to the onset of diseases such as NAFLD.

Nuclear receptors are ligand-activated transcription factors. Structurally, nuclear
receptors contain a variable N-terminal transactivation domain, a DNA-binding domain,
and a conserved C-terminal ligand-binding domain (113,114). There are 48 nuclear
receptors identified in humans thus far, which are categorized into four mechanistic
subtypes (I-IV) (115). Nuclear receptors are popular targets for drug development since
endogenous ligands for up to 24 nuclear receptors have been identified (115), and their
critical roles in disease progression or amelioration are surfacing (116). Generally, type |
nuclear receptors are steroid receptors, including the estrogen receptor, androgen
receptor, progesterone receptor, mineralocorticoid receptor, and glucocorticoid receptor.
Type | nuclear receptors reside within the cytosol of the cell bound to chaperone proteins
when inactive. Once bound by a ligand, the type | nuclear receptor enters the nucleus
where it forms a homodimer and binds to hormone response elements within the promoter

of a target gene (117).

Type Il nonsteroidal nuclear receptors are located within the cell’'s nucleus regardless
of activation state. Once bound by a ligand, the type Il nuclear receptors undergo a
conformational change and target respective response elements on DNA. Typically, the
type Il nuclear receptors form heterodimers with retinoid X receptor (RXR) to carry out
their functions (118). Many metabolism-regulating nuclear receptors belong to the type II
nuclear receptors, such as the well-studied peroxisome proliferator-activator receptors
(PPAR), liver X receptors (LXR), and farnesoid X receptors (FXR). PPARs (alpha, beta,
and gamma) are regulated by different genes and are expressed more abundantly in
specific tissues. PPARa is highly expressed in the liver, PPARg in adipose tissue, and
PPARD/® within the skeletal muscle. Together, the PPARs regulate lipid metabolism,
glucose homeostasis, and insulin sensitivity (119). LXRs are most abundantly expressed
in liver and are master regulators of de novo lipogenesis. Mechanistically, LXRs bind to
the LXR response element (LXRE) on sterol regulatory element-binding protein 1c
(SREBP1C), a central regulator of lipid synthesis (120). Interestingly, one study
demonstrated that PPARa, a main regulator of fatty acid beta-oxidation, directly inhibits
LXR/RXR binding to LXRE on SREBP1c by competing with the LXR ligand. The study
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not only demonstrated another mechanism of regulation of SREBP1c but also that
nuclear receptors can interact with the ligand binding region of other nuclear receptors
(121). This is important since there is a class of nuclear receptors with no known
endogenous ligand. Further studies addressing whether nuclear receptors may serve as

“ligands” or activators of orphan nuclear receptors are encouraged.

Types Ill and IV nuclear receptors include nuclear receptors with unknown
endogenous ligands, classified as “orphan” nuclear receptors. These receptors can form
homodimers or heterodimers but do not require dimerization to bind to DNA (118).
Evolutionarily, orphan nuclear receptors are most common type of nuclear receptors in
the most primitive invertebrate species. In fact, Evans and Mangelsdorf indicated that of
the all nuclear receptors found in C. elegans and Drosophila, less than 1% are found to
be ligand-dependent (122). Small heterodimer partner (SHP, NROB2) is an orphan
nuclear receptor whose role is regulating various metabolic pathways are becoming
illuminated (123-125). However, SHP lacks the DNA-binding domain which classical
nuclear receptors contain; thus, it remains unclear whether SHP is a type Il or IV nuclear
receptor. In this dissertation, we thoroughly investigate the role of hepatocyte-specific
SHP in our murine NAFLD model.

Therapeutic options

There is no Food and Drug Administration (FDA)-approved pharmacological treatment
for NASH. However, therapeutic options exist to manage NASH symptoms such as
probiotics for gut dysbiosis, physical activity and weight loss for obesity and diabetes
(126). Targeting PPARs are of specific interest due to the suspected roles that these
nuclear receptors have in preventing hypertriglyceridemia and type 2 diabetes (two risk
factors for NAFLD) (127,128). Targeting hepatic macrophages is also one of the focus
areas for therapeutic options (129). This is especially true since hepatic macrophages are
involved in many processes throughout NAFLD progression. Another suggestion is to
target the main cells responsible for hepatic fibrosis, hepatic stellate cells. Proposed
methods include, but are not limited to targeting TGF-b1, PDGF, and PPARs (specifically
PPARg) (130).
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As we have discussed, oxidative stress is a key feature of NAFLD progression.
Vitamin E is an antioxidant, which prevents oxidative stress associated with JNK
activation. In 2010, NIDDK sponsored a PIVENS trial (PPARg agonist pioglitazone,
Vitamin E, or Placebo for NASH, NCT00063622) in 247 adults with NASH without
diabetes. The improvement in histologic features of NASH was assessed with the use of
a composite of standardized scores for steatosis, lobular inflammation, hepatocellular
ballooning, and fibrosis. It turned out vitamin E was superior to placebo for the treatment
of NASH in adults without diabetes (131). A later study found that the treatment response
in vitamin E group is correlated with the loss of sonic hedgehog positive (Shh+)
hepatocytes and an improvement against hedgehog (Hh)-promoted NASH progression
(132,133). Another promising therapeutic option includes glucagon-like peptide-1 (GLP-
1)-based therapies, which promote hepatocyte survival via reduction of hepatic fat

accumulation and unfolded-protein response (126,134).
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Statement of purpose

Our knowledge of NASH pathogenesis has been greatly advanced through animal
models and in vitro studies, as well as through the examination of liver specimens from
patients with NAFLD. The pathogenesis of NASH and its progression to fibrosis are very
complex and occur in response to a chronic inflammatory state in the setting of obesity,
insulin resistance, hepatic steatosis and oxidative stress (Fig. 1-1). In any case, the ability
to treat a disease relies heavily on the knowledge of disease etiology. So far, the main
treatment options are to relieve or prevent the symptoms of NAFLD via changing diet,
weight loss, exercise, or bariatric surgery (135). Progress in this aspect has greatly
improved recently. However, more remains to be uncovered regarding the connections
between, and the orders of, the pathways involved in NASH pathogenesis particularly for
patients whose liver disease does not respond to these behavioral or surgical options.
Additionally, when these proposed treatment options were considered, there was not
sufficient data or evidence to show the treatments are effective to ameliorate NASH in
human patients (136). As we have discussed above, the pathogenesis of NASH involves
multiple mechanisms that affect both liver parenchymal and nonparenchymal cells, thus
a multi-pronged strategy to design and implement multimodality pharmacologic
approaches targeting multiple mechanisms could possibly be more successful than
single-agent use. Nonetheless, it is hoped that this dissertation will provide an increased
understanding of NASH pathogenesis and progression, particularly, on the mechanisms
triggering immune response and liver fibrosis. In all, we aim to provide better targets for

therapeutic intervention in this increasingly common disease.
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Figure 1-1: Schematic illustration of NASH pathogenesis.

Multiple hits lead to hepatocyte damage involving excessive oxidative stress driven by
lipotoxic metabolites. Injured hepatocytes release damage-associated molecular pattern
molecules (DAMPSs) that initiate an inflammatory response leading to direct recruitment
of neutrophils, macrophages, and other components of the innate immune response.
Macrophages and damaged hepatocytes, especially ballooned hepatocytes, instigate the
release of pro-fibrogenic cytokines and ligands, such as Hedgehog and osteopontin.
Hepatic stellate cells are subsequently activated and produce excessive extracellular
matrix leading to progressive fibrosis. In addition, macrophages promote a
proinflammatory microenvironment that initiates an adaptive immune response, likely
mediated by T and B lymphocytes.
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Chapter 2: Materials and Methods
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Animal studies
NAFLD mouse model

C57BL/6J (#000664) mice were purchased from Jackson Laboratory. Shpfloxflox mice
were generously provided by Drs. Johan Auwerx and Kristina Schoonjans at the Ecole
Polytechnique de Lausanne and backcrossed into C57BL/6J background for 10
generations. Mice were exposed to a standard 12-hr light/dark cycle (light on 6 AM to 6
PM) and maintained in a temperature-controlled (22-23°C) facility with free access to food
and water. Experiments on mice were performed on males at the age of 8-10 weeks
unless stated otherwise (n=5-6/group). To generate hepatocyte-specific Shp knockout
(ShpHer’) and wildtype (WT) controls, Shpfloxflox mice were administered with either
Adeno-Associated Virus serotype 8 (AAV8) expressing Cre recombinase driven by the
thyroxine-binding globulin (Tbg) promoter (AAV8-Tbg-Cre) or control AAV8 (AAV8-Thg-
null) at a dose of 2 x10*! genome copies/mouse through tail vein injection. Both AAV8-
Tbg-Cre (AV-8-PV1090) and AAV8-Tbg-null (AV-8-PV0148) were obtained from
University of Pennsylvania Vector Core. Blood and liver samples were collected after
mice had been fasted for 16 hours. All experiments were performed in accordance with
relevant guidelines and regulations approved by the Institutional Animal Care and Use
Committee (IACUC) at the University of Kansas Medical Center.

In dietary NAFLD models, C57BL/6J mice were either placed on a methionine choline-
deficient (MCD) diet (Harlan Laboratories, TD. 90262) for 1 month or placed on a diet
enriched in high-fat, cholesterol and fructose (Research Diet, D09100301, 40 kcal% fat,
2% cholesterol, 20 kcal% fructose, HFCF) for 1 to 9 months. In a steatosis-to-NASH
transition model, Shpfo¥flox mice were fed HFCF diet for 4 weeks to develop liver steatosis
and followed by tail vein injection of AAV8-Tbg-Cre or AAV8-Tbg-null control. Mice
remained on the HFCF diet for an additional 8 weeks. In the SHP-overexpression
experiment, AAV8 including AAV8-Tbg-Flag-SHP and AAV8-Thg-GFP were obtained
from University of Pennsylvania Vector Core. C57BL/6J mice were on the HFCF diet for
1 month, followed by administration of either AAV8-Tbg-Flag-SHP or control AAV8-Thg-

GFP at a dose of 2x10!! genome copies/mouse through tail vein injection. The mice
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remained on the HFCF diet for 3 months. In each experiment, the control mice were fed
normal chow (Research Diet #D12450J, 10 kcal% fat).

Mouse primary hepatocyte culture and adenovirus infection

The University of Kansas Medical Center Cell Isolation Core performed hepatocyte
isolation from Shpflox/flox mice using the method described (137) with a slight modification.
In brief, mouse liver was perfused with 25 ml of solution | (9.5 g/l Hank's balanced salt
solution, 0.5 mmol/l EGTA, pH 7.2), followed by 50 ml of solution Il (9.5 g/l Hank's
balanced salt solution, 0.14 g/l collagenase 1V, and 40 mg/l trypsin inhibitor, pH 7.5). After
digestion, single-cell suspension was filtered through a 100-uym Falcon cell strainer
(Fisher scientific 08-771-19), and the cells were centrifuged at 50g for 5 min at 4°C to
pellet hepatocytes. Hepatocytes were then seeded in collagen type 1 coated dishes. After
2-hour incubation, cell culture medium was replaced with fresh William’s E medium
(Sigma W4128) with various adenoviruses at a multiplicity of infection (MOI) of 20. At
second day hepatocytes were either treated with 5uM of NF-kB inhibitor BAY 11-7082
(Sigma, B5556) for 6 hours or 0.5 mM of oleic Acid (Sigma, O1008) conjugated with
bovine serum albumin (Fisher, BP9704-100) for 24 hours. Cells were then collected for

RNA isolation or oil red O staining.
Perfusion and separation of hepatocytes, HSCs, and Kupffer cells

Cell isolation and purification was performed at Kansas University Medical Center Cell
Isolation Core using the method described above. After centrifugation, the supernatant
was then centrifuged at 300g for 10 min at 4°C to enrich non-parenchymal cells. To isolate
hepatic stellate cells and Kupffer cells, the non-parenchymal cells were gently
resuspended in phosphate buffered saline (PBS) solution containing 1% bovine serum
albumin (BSA) and mixed with Percoll (Sigma P1644), followed by a two-step Percoll
gradient (50% Percoll and 35% Percoll) and centrifuged at 900 g for 30 min at 4°C. Three
different cell bands were obtained after centrifugation. Hepatic stellate cells were enriched
on top of the Percoll gradient and Kupffer cells were located near the bottom of the

centrifugation tube. Cell fractions were then harvested and washed twice.
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Cell lines, chemicals, plasmids, adenoviruses, and antibodies

Mouse macrophage RAW 264.7 (ATCC TIB-71) was maintained in Dulbecco’s
modified Eagle’s medium (DMEM) with 100 U of penicillin G-streptomycin sulfate/ml and
10% heat-inactivated fetal bovine serum (FBS). AML12 (ATCC CRL-2254), a cell line
established from hepatocytes from a mouse transgenic for human TGF alpha, was
maintained in DMEM containing 10 % FBS supplemented with 0.005 mg/ml insulin, 0.005
mg/ml transferrin, 5 ng/ml selenium, and 40 ng/ml dexamethasone. Reagents including
palmitic acid (P5585), lipopolysaccharide (L2654), JNK inhibitor SP600125 (S5567),
NFkB inhibitor BAY 11-7082 (B5556), phosphatidylinositol 3-kinase (PI3K) inhibitor
LY294002 (440202), and D-Glucose anhydrous (346351) were purchased from Sigma.
The luciferase reporters containing a 2-kb fragment of mouse Shp proximal promoter
(Shp-Luc) or a 3-kb fragment of mouse Ccl2 proximal promoter (Ccl2-Luc) were
engineered in our laboratory and confirmed by sequencing, respectively. Expression
plasmids for c-Jun, Flag-LRH1, Flag-SHP, HA-p65, and EIA-like inhibitor of differentiation
1 (EID1), and adenoviruses for GFP and SHP were described previously (138). The
Pparg adenovirus (#1354), Cre adenovirus (#1045), and vector control adenovirus
(#1240) were purchased from Vector Biolabs.

Raw cell migration assay

Raw cells were serum-starved for 24 h and 200,000 cells were seeded on Transwell
inserts (8-um-pore size; Corning 24 well format, Fisher Scientific, 07-20-150) in FBS free
medium. The lower chamber of transwell contained conditional medium from hepatocyte
culture, supplemented with or without recombinant mouse CCL2 (40 ng/ml) or anti-mouse
CCL2 antibody (500 ng/ml). Cells were cultured at 37 °C for 12-hour or 24 h. The migrated
cells were fixed in 10% neutral buffered? formalin (Fisher scientific SF100) for 10 min
before staining with 0.1% crystal violet (Fisher Scientific, AC21212-0250) for 10 min,
followed by washing with PBS. A cotton swab removed the cells on topside of the filter.
The pictures of migrated cells were taken by Microfire/Qcam CCD Olympus BX60

microscope (Olympus, Lake Success, NY). Five fields per sample were captured at 10x
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magnification. Quantitation of cell migration was determined by measuring pixel density
of crystal violet-stained cells using Image J software.

Transient transfection and promoter activity assays

AML12 cells in 24 well plates were transfected with luciferase reporters along with
various expression plasmids using Lipofectamine 2000 (Invitrogen). Firefly luciferase and
Renilla luciferase were examined in cells after 24 h transfection using dual luciferase
(Firefly-Renilla) assay system (Promega, Madison, WI). Data are displayed as the ratio
of firefly luminescence divided by Renilla luminescence. Each point was the average of

triplicate and one representative was shown.
Histological examinations of NAFLD features
NAS Scoring

Fresh liver tissues were fixed with 10% neutral buffered formalin (Fisher scientific
SF100). Paraffin sections at 4 um were stained with hematoxylin and eosin (H&E) to
assess liver histology. A pathologist reviewed and scored the severity of steatosis,
inflammation, cell death, and fibrosis according to the NASH-Clinical Research Network
(CRN) criteria (139). In brief, the amount of steatosis was scored as 0 (<5%), 1 (5-33%),
2 (>33-66%) and 3 (>66%). Hepatic cell death was scored as 0 (none), 1 (few) and 2
(many cells). Foci of lobular inflammation were scored as 0 (no foci), 1 (<2 foci), 2 (2-4
foci) and 3 (>4 foci). Fibrosis was scored as 0 (no fibrosis), 1 (perisinusoidal or periportal
fibrosis), 2 (perisinusoidal and portal/periportal fibrosis), 3 (bridging fibrosis) and 4

(cirrhosis).
Immunohistochemistry

Paraffin sections at 4 um or frozen sections at 6 um were incubated with 0.3% H20:2
in methanol for 15 minutes to block endogenous peroxidase activity. Antigen retrieval was
performed by incubation of slides in 20 ug/ml proteinase K solution (Fisher scientific
PRMC5005) for 3 min at room temperature or heat-induced antigen retrieval using citrate
buffer (pH 6) for 10 min. Slides were then treated with 10% normal serum for 30 min,
followed by incubation with primary antibody overnight at 4°C. InmPRESS peroxidase
polymer detection kit (Vector Laboratories MP-7444) and ImmPACT 3,3’-
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diaminobenzidine (DAB) peroxidase substrate (Vector Laboratories, SK-4105) were used
for the final detection. Sections were then counterstained with hematoxylin, dehydrated,

cleared, and mounted. Images were acquired with an Olympus BX60 microscope.
Oil red O staining of lipids

Fresh liver tissues were immediately embedded in O.C.T. compound (VWR 25608-
930, Tissue-Tek). Frozen sections were cut at 8 um and fixed with 10% neutral buffered
formalin, followed by staining with oil red O (Sigma 00625) and counter stained with

hematoxylin. Images were acquired with an Olympus BX60 microscope.
Picrosirius red staining of liver fibrosis

Paraffin sections at 4 um were rehydrated and incubated in 0.1% Sirius red F3B
(Sigma, Direct red 80, 365548) containing saturated picric acid (Sigma, p6744) for 1 h.
After washing three times in 0.5% glacial acetic acid, sections were briefly dehydrated,

cleared, and mounted. Images were acquired with a BX60 microscope.
Detection of cell death by TUNEL staining

TUNEL staining for detection of cell death in the liver was performed using an in-situ
cell death detection kit-alkaline phosphatase (Sigma 11684809910) according to the

manufacturer’s suggestions.
Serum measurements

Blood samples were collected from anesthetized animals via cardiac puncture and
deposited into blood collection tubes (Fisher Scientific, 22-225516). After 20 minutes,
blood was centrifuged (5,000rpm, 2min) and serum was transferred into 500 uL tubes.
Various kits were used to determine serum levels of triglycerides (Pointe scientific,
T7532), total cholesterol (Pointe scientific, C7510), glucose (Pointe scientific, G7521),
AST (Pointe scientific, A7561), and ALT (Pointe scientific, A7526)

Glucose tolerance test (GTT) and insulin tolerance test (ITT)

For the GTT assay, mice were fasted for 16 hours, followed by intraperitoneal injection
of glucose (Sigma, #346351) at 2g/kg body weight. Blood was collected by minor tail

clipping and glucose levels were determined before and at 30, 60, 90, 120, and 180
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minutes after glucose administration. In the ITT assay, mice were fasted for 4 hours from
8 am-12 pm, followed by intraperitoneal injection of insulin (Sigma, # 10516) at 0.75 U/kg
body weight. Blood glucose was measured before and at 30, 60, 90, and 120 minutes

post insulin injection.
Hepatic triglycerides and cholesterol measurements

Liver tissues (100 mg) were homogenized in 300 yL of chloroform: methanol (1:2 in
volume) for 2 min, followed by a second homogenization for 30 sec with an addition of
300uL chloroform. The homogenates were mixed with 100 pL of H2.0 and homogenized
again for 30 sec. The lipid layer (~600 pL) was separated via centrifugation at 800g for
10 min at room temperature. The lower phase enriched in lipid was transferred and dried
using nitrogen gas. The lipid extract was suspended in 300 L of 5% Triton X-100 in PBS
(pH 7.4). The measurement was performed using respective kit for triglycerides (Pointe
scientific, T7532) and cholesterol (Pointe scientific, C7510). The hepatic triglyceride or

cholesterol content was defined as g of triglyceride or cholesterol/mg of liver tissue.
Determine hepatic collagen content by hydroxyproline assay

Liver tissues (10 mg) were homogenized in 100 yL of H20. The homogenates were
mixed with 100 pL of 12 M HCI and incubated at 120°C for 3 hours for acid hydrolysis.
The homogenates were then centrifuged at 10,000g for 10 minutes. Aliquots of the
hydrolyzed samples (10 pL) were incubated with 100 uL of chloramine T solution (1.27%
chloramine T and 10% isopropanol in acetate-citrate buffer, pH 6.0) at room temperature
for 25 minutes, followed by a second incubation with 100 pL of Ehrlich’s solution (Sigma,
03891) at 60°C for 35 minutes. A plate reader measured sample absorbance at 550 nm.
The hepatic hydroxyproline content was defined as ug of hydroxyproline per mg of liver

tissue.
Analysis of bile acid (BA) pool size and fecal BA extraction rate

To determine BA pool size, fresh mouse tissues including gallbladder, liver, and entire
small intestine were minced and extracted in 75% ethanol at 50 °C for 2-hours. The
extract was then centrifuged, diluted with 75% ethanol, and further diluted with PBS

before the BA measurement using a BA colorimetric assay BQ kit (Thermo Fisher
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Scientific, # BQ092A-EALD). The pool size was expressed as micromoles of bile acid/g
of body weight. To determine fecal bile acid excretion, the feces from individually housed
mouse over 72 hours were collected, weighed, dried, and extracted in 75% ethanol. The
extract was then diluted with PBS and subjected to bile acid measurement. The daily fecal
output (g/day/g of body weight) and fecal bile acid content (um/g) were used to calculate
the rate of bile acid excretion (um/day/g of body weight).

General western blot procedure

Mouse tissues (liver or fat) were homogenized using PowerGen 700 homogenizer
(Fisher Scientific) in lysis buffer (50 mm Tris, pH 7.5, 1% Nonidet P-40, 150 mm NacCl,
0.5% sodium deoxycholate, 0.1% SDS) containing protease inhibitors (Fisher Scientific,
protease inhibitor cocktail PI78410) to obtain whole protein lysates. Nuclear and
cytoplasmic protein extraction was carried out using a commercial kit (Fisher Scientific,
P178833). Protein lysates (60ug) were resolved by SDS-PAGE. Following standard SDS-
PAGE and transfer procedures, nitrocellulose membranes were blocked, incubated with
primary antibodies followed by horseradish peroxidase-conjugated corresponding
secondary antibody incubation. Antibody binding was visualized using either SuperSignal
West Pico Plus Chemiluminescent Substrate (Fisher Scientific, PI34580) or SuperSignal
West Femto Chemiluminescent Substrate (Fisher Scientific, PI34094). Equal loading of
protein was verified by loading controls such as b-actin, a-Tubulin, or histone H3.
Quantitative analysis of band intensity was performed by Image Studio Lite software and

relative expression levels were normalized to loading controls.
Immunoprecipitation to detect protein-protein interactions

For the immunoprecipitation (IP) experiment, 800 pug of whole protein lysates from
AML12 cells overexpressing Flag-SHP or HA-p65 were incubated with 2 g of anti-p65
antibody and immune complexes were captured by sheep anti-rabbit IgG M-280
Dynabeads (Fisher scientific 11-203-D). The immune complexes were then eluted by
2xSDS loading buffer. The pull down of p65 and Flag-SHP were detected by Western
blot. A TrueBlot® anti-Rabbit IgG HRP (Rockland, RL18-8816-33) was used as a
secondary antibody to detect p65; this antibody does not interfere with the
immunoprecipitating immunoglobulin heavy or light chains.
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TABLE 2-1: Antibody List

Antibody Company Catalog #
CD19 Bio-Rad MCA1439T
CD3 Bio-Rad MCA500GT
CDh4 Bio-Rad MCA2691T
CD8 Bio-Rad MCA2694T
F4/80 Bio-Rad MCA497R

LY6G/GR1 Bio-Rad MCA2387T
p-INK Cell Signaling 4668p

(Thr183/Tyr185)

HISTONE 3 Cell Signaling 14269
JINK Cell Signaling 9252S
NFkB Cell Signaling 8242

p-C-JUN Cell Signaling 3270
p-P65 Cell Signaling 4764
P65 Cell Signaling 8242p
CCL2 R&D Systems AF-479-SP
LRH1 R&D Systems PP-H2325-00

Recombinant R&D Systems 479-JE-010
CCL2 protein
SHP Santa Cruz SC-30169 and SC-271511

FLAG-HRP Sigma A-8592

a-TUBULIN Sigma T6074

b-ACTIN Sigma A1978

Real-time quantitative PCR

The real-time quantitative PCR (qPCR) was carried out using the SYBR Green PCR
master mix (Applied Biosystems) as described (140). The amount of PCR products was
measured by threshold cycle (Ct) values, and the relative ratio of specific genes to either
beta-actin or housekeeping gene hypoxanthine guanine phosphoribosyl transferase 1
(Hprtl) was calculated and presented as a fold change in the tested group relative to the

control group.
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TABLE 2-2: Primer List
Species | Genes Forward (5’-3’) Reverse (5-3’)
Human HPRT1 TGACACTGGCAAAACAATGCA GGTCCTTTTCACCAGCAAGCT
Human SHP GGTGCCCAGCATACTCAAGAA GGACTTCACACAGCACCCAGT
Mouse Abcal AAAACCGCAGACATCCTTCAG CATACCGAAACTCGTTCACCC
Mouse Abcg5 AGGGCCTCACATCAACAGAG GCTGACGCTGTAGGACACAT
Mouse Accl ATGGGCGGAATGGTCTCTTTC TGGGGACCTTGTCTTCATCAT
Mouse Acc? CCTTTGGCAACAAGCAAGGTA AGTCGTACACATAGGTGGTCC
Mouse Acly CAGCCAAGGCAATTTCAGAGC | CTCGACGTTTGATTAACTGGTCT
Mouse Alb TGCTTTTTCCAGGGGTGTGTT TTACTTCCTGCACTAATTTGGCA
Mouse ApoB TTGGCAAACTGCATAGCATCC | TCAAATTGGGACTCTCCTTTAGC
Mouse Argl CTCCAAGCCAAAGTCCTTAGAG | AGGAGCTGTCATTAGGGACATC
Mouse Ccl2 TTAAAAACCTGGATCGGAACCAA | GCATTAGCTTCAGATTTACGGGT
Mouse Cd163 TGGGTGGGGAAAGCATAACT AAGTTGTCGTCACACACCGT
Mouse Cd36 ATGGGCTGTGATCGGAACTG GTCTTCCCAATAAGCATGTCTCC
Mouse Cidec ATGGACTACGCCATGAAGTCT CGGTGCTAACACGACAGGG
Mouse (;]-Jun CCCTGGTACAGCCTGGGTTA ATGAAGTGGCCATTGCAGG
Mouse Cc-IJPuE1 GGCTGGCCTTGAACTCAGAA TGGTGTCTCTTCACAGCAAT
Mouse c(::r:)lrl:lz GACGCCATCAAGGTCTACTGC GGAAGGTCAGCTGGATAGCG
Mouse Colla2 GCAGGGTTCCAACGATGTTG GCAGCCATCGACTAGGACAGA
Mouse Cptla CTCCGCCTGAGCCATGAAG CACCAGTGATGATGCCATTCT
Mouse Ctgf GGGCCTCTTCTGCGATTTC ATCCAGGCAAGTGCATTGGTA
Mouse Adgrel CCCCAGTGTCCTTACAGAGTG GTGCCCAGAGTGGATGTCT
Mouse Fabp1 ATGAACTTCTCCGGCAAGTACC CTGACACCCCCTTGATGTCC
Mouse Fxr GCTTGATGTGCTACAAAAGCTG CGTGGTGATGGTTGAATGTCC
Mouse Hhip TGAAGATGCTCTCGTTTAAGCTG CCACCACACAGGATCTCTCC
Mouse Hnf4a TGGCCAAGATTGACAACCTG AGGTGAGAGGGCATCGTGTT
Mouse Hprtl CGTCGTGATTAGCGATGATGA CACACAGAGGGCCACAATGT
Mouse Ifng ATTACTACCTTCTTCAGCAACAG CGAATCAGCAGCGACTCC
Mouse 11 CCTGTGTTTTCCTCCTTGCCT GCCTAATGTCCCCTTGAATCAA
Mouse 116 AACGATGATGCACTTGCAGA GAGCATTGGAAATTGGGGTA
Mouse Lrh1 TTGCCAAATTGACAAAACGCA GGCTCGAATGAGGGCTTTCTT
Mouse Lrhl TGGCTCCTTGGCTCAGTGA TACCAGGGCACCAAGGTCTC
Mouse CrlilrFr: 1L - GGTCAGCGTGTATGCATTGTG TTTATATCCTTGATGGGCGGG
ChiP
L2+3
Mouse Lxra CTCAATGCCTGATGTTTCTCCT | TCCAACCCTATCCCTAAAGCAA
Mouse Lxrb ATGTCTTCCCCCACAAGTTCT GACCACGATGTAGGCAGAGC
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Species | Genes Forward (5’-3’) Reverse (5°-3’)

Mouse Mel GTCGTGCATCTCTCACAGAAG | TGAGGGCAGTTGGTTTTATCTTT
Mouse Mmp12 CTGCTCCCATGAATGACAGTG AGTTGCTTCTAGCCCAAAGAAC
Mouse Mmp13 | TGTTTGCAGAGCACTACTTGAA | CAGTCACCTCTAAGCCAAAGAAA
Mouse Mttp CATGCTTCTTCATCTGGTCCG CACTTTGTCTTGCTGGGCCT
Mouse Nos2 AATCTTGGAGCGAGTTGTGG CAGGAAGTAGGTGAGGGCTTG
Mouse Pparg TCGCTGATGCACTGCCTATG GAGAGGTCCACAGAGCTGATT
Mouse Ppara AGAGCCCCATCTGTCCTCTC ACTGGTAGTCTGCAAAACCAAA
Mouse Scdl TTCTTGCGATACACTCTGGTGC CGGGATTGAATGTTCTTGTCGT
Mouse Shp TGAGCTGGGTCCCAAGGA CCTGGCACATCTGGGTTGA
Mouse | Srebplc GATGTGCGAACTGGACACAG CATAGGGGGCGTCAAACAG
Mouse Srebp2 GCAGCAACGGGACCATTCT CCCCATGACTAAGTCCTTCAACT
Mouse Tgfbl CTCCCGTGGCTTCTAGTGC GCCTTAGTTTGGACAGGATCTG
Mouse Tnfa CGTGGAACTGGCAGAAGAG ACAAGCAGGAATGAGAAGAGG

Chromatin immunoprecipitation (ChIP) assays

AML12 cells were fixed in 1% formaldehyde, followed by nuclei isolation and
sonication. Chromatin samples were precleared and subjected to immunoprecipitation
with specific antibodies or rabbit normal 1gG, respectively. The chromatin immune
complexes were captured by sheep anti-rabbit IgG Dynabeads (Fisher scientific 11-203-
D) and eluted. After reversing cross-links by incubation with 3 M NaCl and 10 mg/mL
RNase A at 65 °C for 4-hours, DNA fragments were purified and used as templates in
gPCR. Four sets of primers were designed for ChIP assays and listed in Table 2-2. P1
was specific for the TRE site (c-Jun binding site) on mouse Shp promoter, whereas P2
was located 4 kb upstream from TSS thus served as a negative control. L1 and L2+3

were specific to amplify LRH1 sites on mouse Shp promoter.
RNA sequencing: RNA isolation, DEG parameters, and analysis

Total RNA for Illlumina sequencing was extracted from mouse liver tissues using a
Direct-zol RNA kit (Zymo Research, R2071) according to the manufacturer’s protocol.
During RNA isolation, the samples were treated with RNase-free DNase to avoid DNA
contamination. The purity, concentration and integrity of the RNA were examined using a
NanoDrop 1000 spectrophotometer (Thermo Fisher, USA) and an Agilent Bioanalyzer

2100 system (Agilent Technologies, USA). Three biological replicates in each group were
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submitted for RNA sequencing. The RNA integrity number (RIN) values of all samples
used for RNA-seq were >6.0. The High Throughput Genomics Core at the Huntsman
Cancer Institute, University of Utah performed library preparation and sequencing. cDNA
libraries were prepared using the lllumina TruSeq stranded RNA kit with Ribo-Zero Gold.
Fifty-cycle single-read sequencing was performed with an Illumina HiSeq 2500 (San
Diego, CA) and reads were aligned to a mouse reference sequence genome mm10 using
the Novalign short-read alignment software. Sample reads were visualized and
differentially expressed genes (DEGs) were identified based on the log transformed false
discovery rate (FDR) of >1.3 and =t 1.5-fold change in expression relative to controls
using the USeq application as previously described (141).

Three biological replicates from 1-month WT Chow, 1-month WT HFCF, 3-month WT
Chow, 3-month WT HFCF, Shpfloxflox \WT Chow, Shpfloxflox WT HFCF, ShpHer-- Chow, and
ShpHer/- HEFCF were submitted for RNA sequencing. All RNA-seq data generated in this
work were deposited into the Gene Expression Omnibus (GEO) database (GSE135050
and GSE133566). Gene Ontology (GO) term enrichment and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway analyses were performed in Enrichr web server

using DEGs to identify significantly enriched biological functions and pathways. Enrichr is

freely available at: http://amp.pharm.mssm.edu/Enrichr/. GO terms and KEGG pathways
with P-value < 0.05 were considered significantly different. An Enrichr combined score
calculated based on adjusted p value and Z score was used to select top enriched GO

terms and KEGG pathways.


http://amp.pharm.mssm.edu/Enrichr/

30

Human NAFLD microarray dataset

The microarray dataset of human livers in various stages of NAFLD is accessible in
NCBI GEO database (GSE48452). The dataset contains 14 normal, 14 NAFL, and 18
NASH.

Human Liver Samples

Human liver specimens were obtained through the Liver Center at the University of
Kansas, including 12 normal, 12 NAFL, and 8 NASH. The exclusion criteria were
excessive alcohol use (>20 g of alcohol daily for women and >30 g for men) and chronic
liver diseases, including chronic viral hepatitis, autoimmune, Wilson’s disease, and drug-
induced hepatitis. A NAFLD activity score (NAS) which represents the sum of scores for
steatosis, lobular inflammation, and ballooning (29) was applied in our study. Cases with
NAS 0 were classified as normal. Cases with steatosis score = 1 without inflammation,
ballooning, or fibrosis were defined as NAFL. Cases with NAS = 5 were classified as
NASH. Studies were approved by the University of Kansas Medical Center Institutional
Review Board for Human Research Committee and abide by the Declaration of Helsinki
principles. All liver samples were de-identified, and the researchers were not able to

ascertain individual identities associated with the samples.
Statistical Analysis

Quantitative data were presented as the mean = SEM. The statistical difference in
data obtained between two groups was determined by Student’s T-test. Multiple groups
were compared by One-Way ANOVA and followed by Duncan’s test. Statistical

significance was accepted within 95% confidence limits.



31

Chapter 3: Development of Mouse NAFLD Model

This chapter is adapted from Magee N, Zou A, He L, Ghosh P, Ahamed F, Delker D,
Zhang Y. Hepatic transcriptome profiling reveals key signatures associated with disease
progression from nonalcoholic steatosis to steatohepatitis. (Manuscript under revision)
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Introduction

NAFLD is becoming a leading cause of chronic liver disease worldwide due to the
increasing prevalence of obesity, hyperlipidemia, and diabetes (142). To date, remarkable
progress has been made to understand the pathogenesis of NAFLD; however, there
remains a paucity of insight into the molecular events that influence the transition of NAFL
to NASH. Therefore, there remains a lack of mechanism-based targeted treatment
options for NASH. Thus, understanding the molecular machinery that causes the
transition of simple steatosis to NASH is essential to develop effective prevention and

therapeutic strategies for this unresolved disease.

Several dietary animal models have been used to characterize the pathogenesis of
NAFLD, including animals fed a methionine choline-deficient (MCD) diet or Western-type
diets with excess of saturated fats, trans fats, and cholesterol; either individual use or in
combination with sugars such as fructose and sucrose (143-145). Ideally, a preclinical
animal model for NASH should be associated with the same risk factors seen in humans
such as obesity, insulin resistance, dyslipidemia, and endocrine dysfunction. The animal
model should also match NASH in humans with respect to histological characteristics
(steatosis, hepatocyte damage, inflammation, and fibrosis) as well as alterations on gene

expression signatures and signaling pathways relevant to humans.

Mice fed an MCD diet develop steatosis, inflammation and fibrosis; however, this
model lacks features of metabolic syndrome like obesity, dyslipidemia, and insulin
resistance (143). Mice fed a high-fat and high-cholesterol diet feature obesity, insulin
resistance, dyslipidemia, and steatosis with liver inflammation, but do not develop liver
fibrosis (143). Recently, a diet enriched in fat, cholesterol, and fructose has been
implicated in the development of obesity and NASH in humans (146,147). Similarly, the
high-fat diet enriched in cholesterol and fructose has been reported to effectively induce
key features of NASH in mice (125,148,149). In such diet, excess fat alone contributes to
the development of steatosis while the addition of fructose and cholesterol enhance
oxidative stress; combined, these diet components predispose animals to hepatocyte

damage, inflammation and fibrosis.
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In the current chapter, we demonstrate how we established our NAFLD model by
feeding mice a high-fat diet enriched in cholesterol and fructose (HFCF, 40 kcal% fat, 2%
cholesterol, 20 kcal% fructose) for up to 9 months. We found that HFCF-fed mice
sequentially developed steatosis (1 month), early steatohepatitis (3 months),
steatohepatitis with fibrosis (5 months), steatohepatitis with progressive fibrosis (7 months
onwards), and spontaneous liver tumor development (9 months). In summary, we
developed a NAFLD mouse model with disease progression from NAFL to NASH that

recapitulates key metabolic and histologic changes seen in humans.
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Results
HFCF-fed mice develop obesity, dyslipidemia, and insulin resistance

To develop a mouse model that carries the disease progression from NAFL to NASH,
we fed C57BL/6J mice a HFCF diet for up to 9 months, collecting samples at 1, 3, 5, 7,
and 9 months after diet administration (Fig. 3-1A). As shown in Fig. 3-1B, animals gained
weight rapidly on the HFCF diet with the maximum weight gain at 7 months, after which
growth remained stable. The weights between HFCF-fed and chow-fed animals were
significantly different at all time points throughout the 9-month feeding period. Paralleling
body weight gains, both liver weight and liver-to-body weight ratio increased rapidly in
HFCF-fed mice, becoming significantly different from chow-fed mice as early as 3 months
following feeding (Fig. 3-1C). Meanwhile, HFCF diet feeding led to a persistent increase
in liver injury markers such as alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) starting at 3-months post diet initiation (Fig. 3-1D). Additionally,
mice fed HFCF diet developed an increase in fasting cholesterol from the 3-months time
point throughout the experimental period (Fig. 3-1E). Interestingly, mice fed 1 month of
HFCF diet developed hypertriglyceridemia, after which serum levels of triglycerides
declined to values noted in chow-fed mice (Fig. 3-1E). Moreover, HFCF-fed mice
developed significant glucose intolerance and insulin resistance at 3 months post diet
feeding (Fig. 3-2A and B). Collectively, these results indicate that HFCF-fed mice develop

liver injury with obesity, dyslipidemia, and insulin resistance.
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Figure 3-1: HFCF-fed mice develop obesity, dyslipidemia, and liver injury.

C57BIl/6J mice were fed chow or a high-fat diet enriched in cholesterol and fructose
(HFCF diet contains 40 kcal% fat, 2% cholesterol, 20 kcal% fructose) for up to 9 months.
A: Experimental design shows diet feeding and time when samples were collected. B:
Body weight change. C: Liver weight and liver to body weight ratio. D: Serum alanine
aminotransferase (ALT) and aspartate aminotransferase (AST). E: Fasting serum levels
of cholesterol and triglycerides. Data presented in B-E are expressed as mean + SEM for
5 mice per group. *P < 0.05 versus chow controls.
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Figure 3-2: HFCF-fed mice develop glucose intolerance and insulin resistance.

C57BI/6J mice were on a chow or HFCF diet. A: Glucose tolerance test (GTT). B:
Insulin tolerance test (ITT). Data presented are expressed as mean + SEM for 5 mice per
group. *P < 0.05 versus chow controls.
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Liver steatosis is present throughout the HFCF diet feeding

Mice fed HFCF diet rapidly developed both microvesicular steatosis and
macrovesicular steatosis after 1-month diet administration (Fig. 3-3A). The latter
predominated from 3-months onwards and was seen commonly in zone 1 (periportal
region). These findings were confirmed by oil red O staining (Fig. 3-3A) and by
guantification of hepatic triglyceride and cholesterol after hepatic lipid extraction (Fig. 3-
3B).

Pparg, a master transcriptional regulator of lipid synthesis and storage, sustained an
increase in the livers of HFCF-fed mice (Fig. 3-4). In parallel, Pparg-regulated direct
targets such as fatty acid transporter CD antigen 36 (Cd36) and lipid droplet membrane
protein cell death-inducing DFFA-like effector ¢ (Cidec, also called Fsp27) were
significantly increased at all time points throughout the 9-month feeding period (Fig. 3-4).
We next examined expression of genes involved in de novo lipogenesis, including acetyl-
Coenzyme A carboxylase alpha (Acaca, also called Accl) and fatty acid synthase (Fasn).
Interestingly, both Accl and Fasn were decreased in HFCF-fed mice within 3 months of
introducing the diet, but increased robustly by 5-months and thereafter remained 2- to 4-
fold elevated (Fig. 3-4). In contrast, stearoyl-Coenzyme A desaturase 1 (Scdl), a rate-
limiting enzyme for lipogenesis that converts saturated fatty acids to monounsaturated
fatty acids, sustained increased expression levels throughout the 9-month feeding period
(Fig. 3-4). Ppara, a key transcriptional regulator of genes involved in peroxisomal and
mitochondrial b-oxidation, was transiently induced in HFCF-fed mice within 1 month of
diet administration, and thereafter decreased to the levels noted in the chow-fed groups
(Fig. 3-4). Moreover, the expression of carnitine palmitoyltransferase | (Cptl), which is a
direct target of Ppara and transports fatty acids through the inner mitochondrial
membrane for beta-oxidation, was significantly increased in the 1-month HFCF-fed group
but decreased throughout the 9-month feeding period (Fig. 3-4), suggesting that short-
term HFCF feeding increases fatty acid oxidation but long-term feeding represses it. The
expression of genes involved in synthesis of very-low-density lipoprotein (VLDL) that
carries lipids in the plasma, apolipoprotein B (ApoB) and microsomal triglyceride transfer
protein (Mttp), were both unchanged during the first 3 months of HFCF diet administration,

but thereafter decreased significantly (Fig. 3-4), consistent with changes of serum
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triglyceride levels observed in HFCF-fed animals (Fig. 3-1E). Taken together, the above
data suggest that HFCF feeding induces liver steatosis and coordinately alters expression
of genes involved in fatty acid uptake, biosynthesis, storage, b-oxidation, and lipid

secretion.
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Figure 3-3: HFCF-fed mice develop liver steatosis.

Two-month-old C57BL/6J male mice were fed chow or a HFCF diet for up to 9 months.
A: Representative images of liver sections stained with hematoxylin-eosin (H&E) or oll
red O, respectively. Original magnification, 400X. B: Liver triglycerides and cholesterol
content. Data presented in B are expressed as mean + SEM for 5 mice per group. *P <
0.05 versus chow controls.
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Figure 3-4: Lipid-regulating gene expression is altered in HFCF-fed mice.

Two-month-old C57BL/6J male mice were fed chow or a HFCF diet for up to 9 months.
Relative mRNA levels of genes related to lipid metabolism in the liver were determined

by gPCR. Data presented in are expressed as mean + SEM for 5 mice per group. *P <
0.05 versus chow controls.
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HFCF feeding gradually induces hepatocyte cell death, inflammation, fibrosis,

and tumor development over time

We next assessed the extent of cell death, inflammation, and fibrosis in HFCF-fed
groups. In correlation with increased serum AST and ALT levels, TUNEL staining
detected increased cell death in HFCF-fed mice, starting 3-months after diet initiation,
and remained elevated throughout the 9-month feeding period (Fig. 3-5A). In parallel,
liver inflammation and fibrosis dramatically increased in HFCF-fed groups, which were
detected by immunostaining of macrophage marker F4/80 and Picosirius staining,

respectively (Fig. 3-5A).

At the molecular level, gene expression of tumor necrosis factor a (Tnfa) and
chemokine (C-C motif) ligand 2 (Ccl2) were both significantly increased in the 3-months
HFCF group and sustained increased expression over time of diet feeding (Fig. 3-6A).
Meanwhile, HFCF-fed groups showed a progressive increased expression of M1
macrophage marker nitric oxide synthase 2 (Nos2) and decreased expression of M2
markers CD163 and arginase-1 (Argl) (Fig. 3-6A). Similarly, fibrosis marker collagen 1
alpha 1 (Collal) increased in HFCF-fed animals (Fig. 3-6A), supporting the increase in
collagen deposition detected by both Picrosirius red staining (Fig. 3-6A) and the
guantification of hydroxyproline extracted from liver (Fig. 3-5B). Finally, spontaneous
hepatic tumors developed in 20% (2/10) of mice maintained on the HFCF diet for 9
months (Fig. 3-6B).

Taken together, the above data indicate that mice developed steatosis after 1 month
on the HFCF diet, which was more extensive at 3-months and accompanied by
inflammation and collagen accumulation. The extent of steatosis remained unchanged in
mice fed the HFCF diet for 5 to 9 months, but the presence of inflammation and fibrosis
were enhanced over time. We then examined the NAFLD activity score (NAS) in HFCF-
fed mice over the course of diet feeding. As shown in Fig. 3-6C, NAS increased by 1-
month and remained significantly higher than chow-fed mice by 9-month. In particular,
steatosis was the major contributor to NAS at early time point; however, the increase in
NAS at late time points was mainly attributed by inflammation, cell death, and fibrosis. In
HFCF-fed mice, the NAS of 1-month, 3-month, 5-month, 7-month, and 9-month were
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1.09+0.01, 3.26+0.26, 5.20+0.75, 6.50+£0.58, and 7.63+0.69, respectively. Per NASH-
Clinical Research Network (CRN) criteria (139,150), NAS of 1-2 is NAFL, 3-4 indicates
borderline NASH and 5-8 means definitely NASH. Therefore, our results indicate that
HFCF-fed mice developed a transition phase of NAFL progression to NASH at the 3- to
5-month post HFCF diet administration.
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Figure 3-5: The development of cell death, inflammation, and fibrosis in livers
from HFCF-fed mice.

Two-month-old C57BL/6J male mice were fed chow or a HFCF diet for up to 9 months.
A: Representative images of liver sections stained with TUNEL, F4/80, or Picrosirius Red.
Original magnification, 400X. B: Liver hydroxyproline content was determined by
hydroxyproline assay. Data presented in B is expressed as mean + SEM for 5 mice per
group. *P < 0.05 versus chow controls.
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Figure 3-6: HFCF feeding induces the expression of genes involved in

inflammation and fibrosis, and promotes tumor development over time.

Two-month-old C57BL/6J male mice were fed chow or a HFCF diet for up to 9 months.
A: Relative mRNA levels of genes related to inflammation and fibrosis in liver were
determined by qPCR. B: Gross liver appearance and representative images of liver
sections stained with hematoxylin-eosin (H&E) or proliferating cell nuclear antigen
(PCNA) from the 9-month HFCF-fed mice. C: Liver histology scores of steatosis,
inflammation, cell death, and fibrosis. Data presented in A and C are expressed as mean
+ SEM for 5 mice per group. *P < 0.05 versus chow controls.
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Discussion

In the present study, we provide an overview of the dynamic changes of NAFLD
progression in C57BI/6J mice that were fed a HFCF diet—a model which closely
recapitulates the key physiological, metabolic, and histologic changes seen in humans.
We demonstrated that upon the initiation of HFCF diet, mice became obese and
developed dyslipidemia with insulin resistance. Notably, HFCF-fed mice sequentially
developed simple steatosis, steatohepatitis, steatohepatitis with progressive fibrosis, and
eventually liver tumor within the timeframe of 9 months. These stages are consistent with
NAFLD progression in humans. Therefore, we anticipate that our HFCF-fed mice can
serve as a relevant model to identify therapeutic targets and test preventive and

therapeutic approaches against NASH.

NAFLD development is strongly associated with obesity. In this study, we found that,
upon introduction of HFCF diet, mouse body weight increased rapidly, becoming
significantly different from the chow-fed group as early as 1 month after feeding. However,
the increases in liver weight as well as the liver-to-body weight ratio became significant
after 3 months of HFCF diet feeding. Similarly, histology showed that lipid accumulation
in liver was severe after 3 months of HFCF diet feeding. These data suggest that liver
steatosis in HFCF-fed mice developed after the excessive abdominal fat accumulation.

A key feature of NAFLD is triglyceride accumulation in hepatocytes. Pparg is a master
transcriptional regulator of adipogenesis and lipid storage. Disruption of the Pparg gene
in hepatocytes ameliorates steatosis, whereas its overexpression promotes the
development of fatty liver through the activation of various lipogenic genes such as fatty
acid uptake-related gene, Cd36, and lipid droplet formation-related gene, Cidec
(151,152). We found that HFCF-fed mice displayed sustained upregulation of Pparg and
its downstream targets, Cd36 and Cidec, throughout the 9-month feeding period. This
indicates that liver steatosis development in HFCF-fed mice could be mainly attributed to

the increase of fatty acid uptake regulated by Pparg.

De novo lipogenesis is a tightly regulated process for fatty acid biosynthesis, in which
both Accl and Fasn are important. ACCL1 is involved in the carboxylation of acetyl-CoA
to generate malonyl-CoA and FASN catalyzes malonyl-CoA to produce new saturated
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fatty acid. In healthy, lean individuals, de novo lipogenesis contributes to < 5% of total
triglyceride synthesis in fasting conditions but the rate can be 25% or greater in fed
conditions (153). Notably, in HFCF-fed mice, both Accl and Fasn were decreased at early
time points (1 month and 3 months) after diet initiation but increased at later time points
(5 to 9 months) when the liver displayed severe steatosis. Our data here support the
notion that augmented de novo lipogenesis is an important contributor to the development
of NASH.

To remove lipids from the liver, lipids can either be secreted as VLDL particles or
oxidized through fatty acid oxidation. In HFCF-fed mice, both Apob and Mttp were
unchanged during the first 3 months of diet administration but decreased thereafter,
accompanied by severe lipid accumulation in the liver. This result indicates that the
decreased VLDL secretion exacerbates lipid accumulation in the liver during NASH
development. CPT1 is a regulatory enzyme that transports fatty acid from cytosol to
mitochondria for beta-oxidation. In NAFLD patients, CPT1 expression has been found to
decrease by 50% (154). Consistently, our study showed that Cptl was transiently
increased in the 1-month HFCF-fed group but decreased thereafter. The transient
induction of Cptl by short-term HFCF feeding could be due to Ppara activation induced
by fatty acids; however, long-term HFCF feeding results in augmented de novo
lipogenesis and malonyl-CoA formation which could downregulate Cptl (155-157).

Taken together, the working summary of lipid metabolism in HFCF-fed mice is that
fatty acid uptake into liver is augmented after the HFCF diet initiation, resulting in
subsequent accumulation of lipids in the liver. The lipid accumulation drives the
upregulation of genes involved in fatty acid oxidation and decreases lipogenic genes
related to de novo lipogenesis by a feedback mechanism. However, long-term feeding
causes excessive hepatic lipid accumulation driven by both augmented fatty acid uptake
and de novo lipogenesis. This results in decreased VLDL secretion and fatty acid
oxidation which potently worsen steatosis and drive disease progression. In summary,
our study provides a unique overview of the dynamic changes in NAFLD developed in

mouse that is consistent with disease progression in humans.
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Chapter 4: Uncovering the Role of Hepatocyte-Specific SHP in NAFLD
and Its Contribution to NAFL to NASH Transition

This chapter is adapted from our previously-published articles in open-access journals:
Zou A, Magee N, Deng F, Lehn S, Zhong C, Zhang Y. Hepatocyte nuclear receptor
SHP suppresses inflammation and fibrosis in a mouse model of nonalcoholic
steatohepatitis. J Biol Chem 2018; 293: 8656-8671. PMCID: PMC5986206.
www.jbc.org/cellbiology gene_regulation

and

Magee N, Zou A, Ghosh P, Ahamed F, Delker D, Zhang Y. Disruption of hepatic small

heterodimer partner induces dissociation of steatosis and inflammation in experimental
nonalcoholic steatohepatitis. J Biol Chem 2020; 295: 994-1008. PMCID: PMC6983844.
www.jbc.org/MolecularBasisofDisease _gene_regulation



https://www.jbc.org/content/293/22/8656.full?sid=61b32667-b1ed-4148-9108-d0500353fd00
https://www.jbc.org/content/295/4/994.full?sid=61b32667-b1ed-4148-9108-d0500353fd00
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Introduction

Nuclear receptor small heterodimer partner (NrOb2, Homo sapiens SHP; Mus
musculus Shp) is highly expressed in normal hepatocytes and acts as an important
transcriptional regulator for bile acid, glucose and lipid metabolism (123). In support of a
critical role of SHP in metabolic diseases, SHP mutation is associated with an increase
in body weight and morbidity risk of type 2 diabetes in Japanese populations (158). More
recently, SHP is shown to suppress toll-like receptor 4 (TLR4)-induced (159) and NLRP3
inflammasome-mediated (160) inflammatory responses in monocytes, which suggest a
connection between SHP and inflammation. Now, hepatocytes are gradually being
recognized as important players involved in the initiation of inflammation in NASH
(161,162). However, whether hepatocyte SHP plays a role in this process remains

unexplored.

C-Jun N-terminal kinase (JNK) is well known for its roles in acetaminophen-induced
hepatotoxicity, inflammation, and apoptosis. Activated by monounsaturated and
saturated free fatty acids, cellular stress and oxidative stress, JNK has also been shown
to play an important role in the advancement of inflammation and apoptosis seen in
NAFL/NASH (163). Within the last two decades, the involvement of JNK in insulin
resistance, metabolic inflammation and obesity has become clearer. These effects of INK
are due to its direct phosphorylation of insulin receptor substrates 1 and 2 (164,165),
promotion of proinflammatory macrophage phenotype (166), and negative regulation of
PPARa and fibroblast growth factor 21 (FGF21) (167). Studies and clinical trials
employing specific inhibition of JNK using SP600125 were able to ameliorate NAFLD
amongst other diseases in various animal models (168). Here, we explore whether JNK
activation in our mouse NAFLD model is correlated to SHP downregulation observed

along disease progression.

NFkB is a major regulator of the inflammatory response in various cell types. In
macrophages, NFkB is bound to SHP. Upon TLR stimulation, SHP is dislodged and NFkB
can translocate to the nucleus to induce transcription of cell survival or proinflammatory
genes such as TNFa (159,169). Crosstalk between JNK and NFkB is well described and
there appears to be feedback mechanism based upon stimuli and cell-types. In regards
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to cell survival, several studies demonstrate the role of NFkB in inhibiting apoptosis by
negatively regulating the JNK signaling cascade (170-172). On the other hand, JNK has
been implicated in the inhibition of NFkB-mediated inflammation in macrophages, human
monocytic cell lines, and renal epithelial cells (173-175). However, the connection
between hepatic JINK and NFkB in NASH is incompletely understood. In this dissertation,
we explore a possible link between NFkB, JNK and SHP in hepatocytes and the

importance of their interactions in NASH development.

Inflammatory chemokine (C-C motif) ligand 2, CCL2, (also known as monocyte
chemoattractant protein 1, MCP1) is responsible for attracting monocytes and T cells
during liver injury (176). It is well known that NFKB mediates CCL2 release in various
organs, and many types of liver cells can produce CCL2, including hepatocytes, stellate
cells and Kupffer cells (177-180). Studies have shown that high levels of CCL2 in NAFLD
contribute to the conversion of NAFL to NASH (181) and pharmacological inhibition of
CCL2 reduces liver macrophage infiltration in NASH (182), which makes CCL2 a good
therapeutic target for NASH prevention and treatment. However, how CCL2 is produced
during the disease progression from NAFL to NASH is incompletely understood. A recent
study has demonstrated that the activation of SHP by a small molecule activator inhibits
liver cancer cell migration via blocking CCL2 signaling (183) which potentially links SHP
to CCL2 production.

Here, we show that SHP was markedly decreased in the livers of patients with NASH
and in diet-induced mouse NASH, which was due to JNK-induced c-JUN inhibition on
Shp transcription. In addition, we employed a clinically relevant dietary mouse NASH
model and investigated the role of SHP in NASH development. We demonstrated that the
loss of SHP in hepatocytes resulted in NFkB p65-mediated induction of CCL2, leading to
macrophage activation. Meanwhile, hepatic Shp disruption dampened Pparg signaling,
leading to the dissociation of steatosis, inflammation, and fibrosis during NAFLD
development. Additionally, we found that ablation of hepatic Shp after the development
of steatosis exacerbated liver inflammation and fibrosis. On the other hand, hepatic SHP
overexpression could attenuate liver inflammation and fibrosis. Taken together, our study
has wuncovered a novel regulatory network in hepatocytes, consisting of

JNK/SHP/NFkB/CCL2, which controls macrophage recruitment during the disease



50

progression from NAFL to NASH. Our finding that hepatic Shp could play distinct roles at
different stages of NAFLD provides some new mechanistic insights into our
understanding of NAFLD pathogenesis and progression, which may benefit the

development of new management or prevention strategies for NASH.
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Results
SHP decreases in human NASH liver

To determine whether the expression of SHP is associated with NAFLD pathogenesis,
we examined SHP mRNA levels in two sets of human liver specimens. The first set was
obtained through the University of Kansas Liver Center. The liver histology of human
NAFL and NASH is shown in Fig. 4-1A. NAFL is characterized by the deposition of
triglycerides as lipid droplets in hepatocytes. NASH is distinguished from NAFL by the
presence of hepatocyte injury (hepatocyte ballooning and cell death), inflammation,
and/or collagen deposition (fibrosis). Perisinusoidal /pericellular (chicken wire) fibrosis is
the characteristic pattern of liver fibrosis in NASH, which typically begins in zone 3 due to
the deposition of collagen along the sinusoids and around the hepatocytes. As shown in
Fig. 4-1A, Picrosirius red staining showed the chicken-wire pattern of
perisinusoidal/pericellular fibrosis and periportal fibrosis in human NASH. While there
were similar SHP mRNA levels in the liver of normal and NAFL, a significant decrease in
SHP mRNA was observed in NASH samples compared to NAFL samples (Fig. 4-1A).
Consistently, the analysis of microarray dataset GSE48452 also revealed a significant
decrease in SHP mRNA levels in patients with NASH compared to NAFL and normal
controls (Fig. 4-1B). Western blotting analysis confirmed the decrease of SHP protein in
NASH samples compared to NAFL and normal livers (Fig. 4-1C). Collectively, our results
strongly suggest a biological relevance of SHP downregulation during the disease

progression from NAFL to NASH in humans.
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Figure 4-1: Decrease of SHP in human NASH compared to NAFL.

A: Human liver specimens were obtained from the University of Kansas Liver Center,
including 12 normal livers, 12 NAFL livers, and 8 NASH livers. (Left) Representative
images of liver sections stained with H&E or Picrosirius red from patients with NAFL or
NASH. Original magnification, 100x. (Right) Relative SHP mRNA level was determined
by gPCR. *p < 0.05. B: Analysis of SHP expression in a microarray database (GEO
GSE48452). The no. of specimens in each group was as follows: normal (n=14), steatosis
(n=14), and NASH (n=18). Data are represented as mean + SEM. *p < 0.05. C: (Left)
Western blotting analysis of SHP in human livers. (Right) Band intensities were calculated
using Image J software. The relative expression of SHP was normalized to the expression
of loading control b-actin. Data are presented as fold changes relative to that of the
control. *p < 0.05
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Decrease of SHP in HFCF diet-induced mouse NASH

We next examined SHP expression in the liver of HFCF-dietary mouse model. As
shown in Fig. 4-2A, 1 month of HFCF feeding did not change liver Shp mRNA level
compared to chow controls; however, a significant decrease in Shp mRNA was observed
after mice were on the HFCF diet for 5 months. SHP protein is a rapidly degraded protein
with a very short half-life (184). We employed two anti-SHP antibodies in Western blot to
determine SHP protein levels in the liver. SHP (H-160) is a rabbit polyclonal antibody
while SHP (H-5) is a mouse monoclonal antibody. Both antibodies recognize the epitope
corresponding to amino acids 1-160 mapping at the N-terminus of SHP protein. As shown
in Fig. 4-2B, both antibodies detected a significant decrease in SHP protein in the livers
of 5-month HFCF-fed mice.

The MCD diet induces NASH-like liver pathology including liver steatosis,
inflammation, and fibrosis, despite weight loss and insulin sensitivity (143). Next, we
explored SHP expression in livers of mice fed MCD diet. As shown in Fig. 4-2C, the liver
morphology indicated the development of liver steatosis, inflammation, and fibrosis in
mice fed MCD diet for 1 month. Consistently, the expression of genes involved in
inflammation and fibrosis such as Adgrel, Tnfa, Ccl2, 1l-1b, and Collal were all
increased in mice on the MCD diet (Fig. 4-2D). Importantly, we observed a significant
decrease in Shp mRNA level in the livers of MCD-fed mice compared to chow controls
(Fig. 4-2D). Collectively, our results indicate that the expression of SHP is dramatically
decreased in the liver of mouse NASH. Moreover, our HFCF-dietary mouse studies
provide convincing evidence that SHP is suppressed during NAFL progression to NASH.
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Figure 4-2: Hepatic SHP levels decrease in mouse models of NASH.

A: gPCR analysis of Shp mRNA level in the liver of mice fed chow or HFCF diet. B:
(Left) Western blot of SHP protein in the liver of mice fed chow or HFCF diet for 5 months.
(Right) Band intensities were measured by densitometry, and the intensities relative to
that of the controls were plotted. C: Representative images of liver sections stained with
hematoxylin-eosin (H&E) in mice fed chow or methionine-choline deficient (MCD) diet for
1 month. Original magnification, 400X. D: gPCR analysis of gene expression in the liver
of mice fed chow or MCD diet for 1 month. Data in A, B, and D are represented as mean
+ SEM for 5 mice per group. *p < 0.05 MCD or HFCF versus respective controls.
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JNK inhibits SHP expression in hepatocytes

Since SHP is highly expressed in hepatocytes (185), we speculate that SHP
suppression during NAFL transition to NASH is mainly from the decrease of SHP in
hepatocytes. To begin to test our hypothesis, we isolated hepatocytes, hepatic stellate
cells (HSC), and macrophages from mouse liver and compared SHP expression. The cell
purification was confirmed by the detection of various cell specific markers by gPCR,
including hepatocyte marker albumin (Alb), quiescent HSC marker Hedgehog interacting
protein (Hhip), and macrophage marker F4/80 (Adgrel). As expected, Shp mRNA is
abundantly expressed in hepatocytes and low in macrophages and hepatic stellate cells
(Fig. 4-3A).

We next sought to investigate the potential mechanisms of SHP suppression in NASH.
We employed a primary mouse hepatocyte culture as an in vitro lipotoxicity model and
explored whether palmitic acid (PA) or TLR4 ligand lipopolysaccharide (LPS) could alter
SHP expression. PA (0.5 mM) or LPS (100 ng/ml) treatment for 6h significantly decreased
Shp mRNA expression (Fig. 4-3B). To further investigate the potential mechanisms of
SHP suppression by PA and LPS, we superimposed various signaling pathway inhibitors
including a JNK inhibitor SP600125 (50 uM), NFkB inhibitor BAY 11-7082 (5 uM), and
phosphatidylinositol 3-kinase (PI3K) inhibitor LY294002 (50 pM) on a PA or LPS
treatment regimen. Interestingly, co-treatment with the JNK inhibitor completely rescued
the decrease of Shp mRNA by PA or LPS (Fig. 4-3B). Thus, our results indicate that JINK

activation mediates the suppression of SHP by PA and LPS in hepatocytes.
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Figure 4-3: Shp is highly expressed in hepatocytes and JNK activation inhibits
Shp expression.

A: gPCR in primary hepatocytes (Hepa), hepatic stellate cells (HSC), and resident
macrophage Kupffer cells (KC) isolated from mouse liver. B: qPCR analysis of Shp
MRNA levels in mouse hepatocytes. Hepatocytes were incubated with 0.5 mM PA or 100
ng/ml LPS for 6 h in the presence or absence of various inhibitors such as JNK inhibitor
SP600125 (50 uM), NF-kB inhibitor BAY 11-7082 (5 uM), and phosphatidylinositol 3-
kinase (PI3K) inhibitor LY294002 (50 uM). Data are represented as mean + SEM. *p <
0.05 versus respective controls.
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C-Jun is activated by JNK and targets Shp promoter for Shp suppression

In our study, JNK activation was observed in the livers of mice fed HFCF for 5 months,
evidenced by the induction of phosphorylated JNK (p-JNK, activated form of JNK) (Fig.
4-4A). Activation of JNK was accompanied by c-Jun phosphorylation at Ser73 (Fig. 4-
4A), potentially connecting JNK activation and c-Jun phosphorylation to Shp suppression
during NAFLD progression. The SHP gene contains a consensus 12-O-
tetradecanoylphorbol-13-acetate response element (TRE, core sequence TGAGTCA)
located on its promoter region (—295 to —289 on human SHP gene and -333 to -326 on
mouse Shp gene) which is predicted to be a c-Jun response element (Fig. 4-4B). We
cloned the mouse Shp proximal promoter (2 kb) into a luciferase reporter (Shp-Luc) and
examined c-Jun’s effect on Shp promoter activity in mouse hepatocyte cell line AML12
cells. Nuclear receptor LRH1 binds to the Shp promoter and induces Shp-Luc activity
(Fig. 4-4B); thus, LRH1 was included as a positive activator. Overexpressing c-Jun
decreased the basal activity as well as the induction of Shp-Luc by LRH1, which was
completely blocked in the reporter construct containing a mutated TRE site (Shp-Luc Mut)
(Fig. 4-4C), suggesting that c-Jun inhibits Shp promoter activity through the TRE site.
Moreover, blocking JNK activation by a specific inhibitor, SP600125, increased Shp-Luc
activity which was completely disrupted in the Shp-Luc Mut (Fig. 4-4C), indicating for the
first time that the suppression of Shp by JNK was primarily facilitated by c-Jun.

A chromatin immunoprecipitation (ChIP) assay was performed in AML12 cells
overexpressed with c-Jun and confirmed the recruitment of c-Jun to the Shp promoter
(Fig. 4-5A). Additionally, PA (0.5 mM) treatment in AML12 cells dramatically stimulated
the recruitment of endogenous c-Jun to the Shp promoter, which was completely
abrogated by the co-treatment of a specific JNK inhibitor SP600125 (Fig. 4-5A). The
mouse Shp proximal promoter contains three LRH1 binding sites (Fig. 4-4B,
GAGACCTTGG at —383 to —374; TCAAGGTTG at -116 to -108, TCAAGGATA at -83 to -
75) which are close to the TRE site. To understand how c-Jun inhibits LRH1-induced Shp-
Luc activity, we performed ChIP assay to examine whether c-Jun would interfere with the
recruitment of LRH1 to Shp promoter. As shown in Fig. 4-5B, overexpressing c-Jun in
AML12 cells dramatically decreased the recruitment of LRH1 to all three LRH1 sites on

Shp promoter. Similarly, PA treatment in AML12 cells also significantly decreased the
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recruitment of LRH1 to the Shp promoter (Fig. 4-5B). Thus, our data suggests that the
binding of c-Jun to the Shp promoter inhibits LRH1 recruitment to the Shp promoter.
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Figure 4-4: JNK activates c-Jun which targets Shp promoter.

A: Western blot in the liver of mice fed chow or HFCF for 1 and 5 months. B: Diagram
showing the location of 12-O-tetradecanoylphorbol-13-acetate response element (TRE,
core sequence TGAGTCA) site on the Shp promoter reporter (Shp-Luc) and its mutant.
C: (Left) AML12 cells were transfected with Shp-Luc or its mutant with or without various
expression plasmids. Luciferase activities were determined at 24 h post transfection.
(Right) AML12 cells were transfected with Shp-Luc or its mutant for 24 h, followed by
incubation with SP600125 (50 uM) for 6 h. Data are displayed as the ratio of firefly
luminescence divided by Renilla luminescence and are represented as mean = SEM for
triplicate per group. *p < 0.05.
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Figure 4-5: ChIP assay to determine the enrichment of c-Jun and LRH1 to the Shp

promoter.

A: ChIP assay to determine the enrichment of c-Jun to the Shp promoter. (Left) AML12
cells overexpressed with c-Jun were harvested at 24 h post-transfection. pcDNA served
as a transfection control. (Right) AML12 cells were incubated with BSA control or 0.5 mM
PA with or without JNK inhibitor SP600125 (50 uM) for 6 h. The cross-linked chromatin
was immunoprecipitated by an antibody against c-Jun. The enriched DNA was amplified
by gPCR and normalized to the input. The fold changes relative to that of the controls are
plotted and represented as mean + SEM. *p < 0.05. B: The enrichment of LRHL1 to the
Shp promoter was revealed by ChIP assay. (Left) AML12 cells overexpressed with c-Jun
were harvested at 24 h post-transfection. (Right) AML12 cells were incubated with 0.5mM
PA or BSA control for 6 h. The cross-linked chromatin was immunoprecipitated by an
antibody against LRH1. The enriched DNA was amplified by gPCR and normalized to the
input. The fold changes relative to that of the controls are plotted and represented as
mean + SEM. *p < 0.05.
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Hepatic Shp disruption in adult mice induces liver injury, inflammation, and
fibrogenesis

To generate hepatocyte-specific Shp knockout (ShpHeP/-) mice and wildtype (WT)
controls, we injected 2-month-old ShpfloXflox mice with either AAV8-Thg-Cre or AAV8-Thg-
null control for 1 or 12 weeks (Fig. 4-6A). The use of the Thg promoter ensures that AAV8
specifically targets hepatocytes (186). Hepatic Shp deletion specifically in adult mice
achieved a model in which a direct assessment of hepatic Shp function in the adult livers
could be made. This is an advantage over using mice with a germline mutation in Shp,
which could interfere with proper embryonic or neonatal development and alter adult
hepatic function. This acute deletion approach also made it possible to distinguish the

direct effects of Shp deletion from any secondary or compensatory effects.

The knockdown of Shp mRNA in the liver after Cre injection was confirmed by RT-
PCR (Fig. 4-6A). Body weight gain, and lean and fat mass, were comparable between
ShpHer- mice and WT controls after 1 week or 12 weeks of AAVS8 injection (Fig. 4-6B and
6C). To investigate whether ablation of hepatic Shp could affect glucose metabolism, we
performed a GTT. As shown in Fig. 4-6D, no difference in GTT was observed between
ShpHer/- mice and WT controls, which was further confirmed by the quantification of areas
under the curves (AUC) of GTT (Fig. 4-6D Right). Additionally, the fasting serum
triglycerides, cholesterol, and glucose were similar between ShpHer’- mice and WT
controls; however, the liver injury marker ALT was significantly increased after 12 weeks
of Shp deletion (Fig. 4-7A).

We next examined liver changes. Both liver weight and liver/body weight ratios were
comparable between ShpHer/- mice and WT controls after AAVS8 injection (Fig. 4-7B). No
obvious histological change was observed after 1-week Shp deletion; however, after 12
weeks a massive infiltration of inflammatory cells occurred in the livers of ShpHer’- mice
(Fig. 4-7C). Meanwhile, an increase in cell death was observed in ShpHer-/ liver that was
detected by terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
staining (Fig. 4-7D), supporting the elevated serum ALT shown in Fig. 4-7A. Taken
together, the above data indicate that hepatic Shp deletion induces liver injury.
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Immunohistochemistry staining of inflammatory cell markers CD3, CD4, CD8, CD19,
F4/80, and Ly6G/Gr1 revealed an elevation of CD4* T cells, B cells, macrophages, and
neutrophils in the ShpHer- liver, respectively (Fig. 4-8). Meanwhile, an increase in liver
fibrosis in ShpHer/- mice was detected by both trichrome staining and liver hydroxyproline
measurement (Fig. 4-9A). Consistently, Shp deletion led to a robust induction of genes
involved in inflammation and fibrosis, including lymphocyte antigen 6 family member D
(Ly6d), interleukin 6 (I16), interleukin 1 (ll1), tumor necrosis factor alpha (Tnfa), Ccl2,
interferon gamma (Ifng), nitric oxide synthase 2 (Nos2), collagen type | alpha 1 chain
(Collal), and collagen type | alpha 2 chain (Colla2) (Fig. 4-9B). NF-kB signaling is a key
regulator that controls inflammation (187). An increase in nuclear translocation of p65
was observed in the livers of ShpHer/- mice (Fig. 4-9C), supporting the overall increase of

liver inflammation in ShpHer-/- mice.
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Figure 4-6: Hepatocyte-specific Shp disruption does not change body

composition and glucose sensitivity.

A: (Left) schematic diagram showing experimental design. Two-month-old male
ShpfloXflox mice were injected with either AAV8-Tbg-Cre or control AAVS8-Tbg-null to
generate hepatocyte-specific Shp knockout (ShpHer/) and wild type (WT) controls,
respectively. Samples were collected at 1 week or 12 weeks post AAVS injection. (Right)
RT-PCR analysis of Shp mRNA levels in the liver. B: Mouse body weight change over
time. C: Lean mass and fat mass were determined by EchoMRI™ system. D: (Left)
Glucose tolerance test (GTT). (Right) Calculation of area under the curve (AUC) of GTT.
Data are represented as mean = SEM in B-D. n=5 mice/group.
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Figure 4-7: Hepatocyte-specific Shp deletion in adult mice causes liver injury.

A: Serum levels of fasting triglycerides, cholesterol, glucose, and ALT. B: Liver weight
and liver/body weight ratios. C: Liver H&E stain. D: TUNEL stain and quantification. Data
are represented as mean + SEM in A, B, and D. n=3-5 mice/group. *, p<0.05 ShpHepr--
versus WT.
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Figure 4-8: Shp deficiency in hepatocytes triggers proinflammatory immune cell

infiltration.

Two-month-old male ShpfoXfloxmice were injected with either AAV8-Tbg-Cre or control
AAV8-Thg-null to generate hepatocyte-specific Shp knockout (ShpHer/-) and wild type
(WT) controls, respectively. Samples were collected at 12 weeks post AAVS8 injection.
(Left) Representative images of immunohistochemistry staining of CD3 (T cells), CD4 (T-
helper cells), CD8 (cytotoxic T cells), CD19 (B cells), F4/80 (macrophages), and
Ly6G/Gr1 (neutrophils) in liver sections of WT and ShpHer--. Original magnification, 400X.
(Right) Quantification of respective staining. Data are represented as mean + SEM n=5
mice/group. *, p<0.05 ShpHer-/-versus WT.
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Figure 4-9: Hepatic Shp disruption induces liver fibrosis and NF-kB pathway

activation.

Two-month-old male, Shpfo¥fox mice were injected with either AAV8-Tbg-Cre or
control AAV8-Thg-null to generate hepatocyte-specific Shp knockout (ShpHer-/-) and wild
type (WT) controls, respectively. Samples were collected at 12 weeks post AAV8
injection. A: (Left) Representative images of liver Masson’s trichrome stain. Original
magnification, 400X. (Right) Liver hydroxyproline content was determined by
hydroxyproline assay. B: The relative mRNA levels of genes related to inflammation and
fibrosis in liver tissues were determined by gPCR. C: (Left) Western blot analysis of
cytoplasmic and nuclear proteins in the liver. (Right) Band intensities were calculated
using Image J software and normalized by loading control. Band intensities in ShpHer--
mice relative to that in WT controls were plotted. Data are represented as mean + SEM;
n=5 mice/group. *, p < 0.05 ShpHer-/- versus WT.



67

Hepatic Shp deletion reduces HFCF diet-induced liver steatosis but exacerbates

liver inflammation and fibrosis

In Chapter 3, we described a mouse NASH model induced by a HFCF diet. We then
superimposed hepatic Shp deletion by AAV8-Thg-Cre on a HFCF feeding regimen (Fig.
4-10A). Both ShpHer/- mice and WT mice developed glucose intolerance after the HFCF
diet for 12 weeks (Fig. 4-10B). Meanwhile, body weight gain and fasting serum
triglycerides were similar in ShpHer/- and WT mice after 12 weeks on the HFCF diet (Fig.
4-10C and 10D). However, a decrease in fasting serum cholesterol level was observed
in the HFCF-fed ShpHer-- (Fig. 4-10D). In contrast, serum ALT was significantly increased
in the HFCF-fed ShpHer/- mice compared to the HFCF-fed WT mice (Fig. 4-10D).

Both whole body Shp”- mice and hepatocyte-specific Shp”- mice are resistant to high
fat diet-induced liver steatosis (188,189). Consistently, a decrease in liver weight and
liver/body weight ratio was observed in the HFCF-fed ShpHer/- mice compared to the
HFCF-fed WT controls (Fig. 4-11A). Additionally, both oil red O staining and liver lipid
extraction quantification revealed reduced liver steatosis, triglyceride, and cholesterol in
the HFCF-fed ShpHer’- mice (Fig. 4-11B and 11C), supporting the overall resistance to
HFCF diet-induced liver steatosis triggered by hepatic Shp deletion.

Shp is a critical suppressor for bile acid synthesis through the direct inhibition of
cytochrome P450 family 7 subfamily A member 1 (Cyp7al) (190-192), a key rate-limiting
enzyme that converts cholesterol to 7-alpha-hydroxycholesterol for bile acid synthesis
(193,194). Knockout of Shp increases bile acid synthesis and decreases hepatic
accumulation of cholesterol (123). Consistently, HFCF-fed ShpHer/- mice displayed
increased bile acid pool size and fecal bile acid excretion rate (Fig. 4-11D) in parallel with
the reduction of hepatic and serum cholesterol levels compared to HFCF-fed WT controls
(Fig. 4-10D and 4-11C). The data indicate that hepatic Shp deficiency increases
cholesterol use for bile acid synthesis and decreases hepatic and serum cholesterol

levels subsequently.

In contrast to the attenuation of liver steatosis, Shp deletion surprisingly exacerbated
liver inflammation and fibrosis during NASH development, evidenced by increased
macrophage infiltration as well as collagen formation in the HFCF-fed ShpHer-/- liver
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compared to the HFCF-fed WT controls (Fig. 4-12A and 12B). At the mRNA level, an
increase in expression of genes involved in inflammation (I16, Tnfa, Ccl2, 111, Ifng, Nos2)
and fibrosis (Collal, Colla2, Col5al, Mmpl12, Mmp13) was observed in the HFCF-fed
ShpHer-- liver (Fig. 4-12C). Taken together, these data indicate that hepatocyte-specific

Shp depletion in adult mice attenuates HFCF diet-induced steatosis but exacerbates liver
inflammation and fibrosis.



69

ShpF'DXFFlDX, male
AAV8-Tbg-Null (WT)
AAV8-Tbg-Cre (Shp'ter+)

¥ HFCF 12 weeks

mRNA level

(0]
o
S
=]

—o— WTHFCF < 20000
o Shptep+ HFCF

Blood glucose
(mg/dl)
8
o

0 T T T T 1
X
0 30 60 90 120 $ @
Time (min) c}&
c Body Weight D -

35 - riglycerides Cholesterol ALT
55 804 200 * 200 *
e 60 150 150 r
= | 1 r
B S 40 %‘ -T = 100 & £ 100 -
= 25 —o— ShpHer- HFCF € 20 E s0 e

20 +—r+—rrrrrrrrrr 0 T (I 0 T (I 0 A )

0 2 4 6 9 11 $ & & &
Number of Weeks %\\Q ‘::“Q %»(9

Figure 4-10: Body weight and blood lipid profile in HFCF-fed hepatocyte-specific
Shp deficient mice and wild type controls

Two-month-old male ShpfoXfoxmice were injected with either AAV8-Tbg-Cre or control
AAV8-Thg-null to generate hepatocyte-specific Shp knockout (ShpHer--) or wild type (WT)
controls, respectively. Mice were then fed a HFCF diet for 12 weeks. A: (Left) schematic
diagram showing experimental design. (Right) gPCR analysis of Shp mRNA levels in the
liver. B: (Left) glucose tolerance tests (GTTs). (Right) Calculation of area under the curve
(AUC) of GTT. C: Mouse body weight change over time. D: Serum levels of fasting
triglycerides, cholesterol, glucose, and ALT. Data are represented as mean + SEM. n=6
mice/group. *, p<0.05 ShpHer-HFCF versus WT HFCF.
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Figure 4-11: Hepatocyte-specific Shp deficiency attenuates HFCF-induced liver
steatosis.

A: (Left) Gross liver appearance. (Right) liver weight and liver to body weight ratio. B:
(Left) Representative images of liver sections stained with H&E and oil red O. Original
magnification, 400X. (Right) Quantification of oil red O staining. C: Quantification of liver
triglycerides and cholesterol contents. D: Quantification of bile acid (BA) pool size and
BA in feces. Data are represented as mean + SEM. n=6 mice/group. *, p<0.05 ShpHer--
HFCF versus WT HFCF.
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Figure 4-12: Disruption of Shp in hepatocytes exacerbates liver inflammation and

fibrosis in HFCF-fed mice.

Liver samples of WT and ShpHer/- mice were collected at 12 weeks post HFCF diet
feeding. A: (Left) Representative images of liver sections stained with F4/80. Original
magnification, 400X. (Right) Quantification of F4/80 positive cells. B: (Left)
Representative images of liver sections stained with Masson’s trichrome. Original
magnification, 400X. (Right) Liver hydroxyproline content was determined by
hydroxyproline assay. C: Relative mRNA levels of genes related to inflammation and
fibrosis in liver tissues were determined by gPCR. Data are represented as mean + SEM.
n=6 mice/group. *, p<0.05 ShpHer/- HFCF versus WT HFCF.
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RNA sequencing reveals activation of inflammatory processes and pathways by
hepatic Shp deletion

To pursue an unbiased investigation of mechanisms by which hepatocyte-specific Shp
deletion induces the disconnection between steatosis and inflammation in NASH, we
conducted RNA-seq analysis of liver obtained from WT and ShpHer-- mice after 12 weeks
on the chow and HFCF diet (GEO number: GSE133566). The fragments per kilobase of
exon model per million reads mapped (FPKM) was calculated to quantify the expression
of genes in four groups, including WT Chow, ShpHer/- chow, WT HFCF, and ShpHer--
HFCF. The differentially expressed genes (DEG) were determined using fold change
cutoff of 1.50 and false discovery rate (FDR) < 0.05.

The volcano plot analysis of gene expression revealed distinct differences between
the WT groups and the ShpHer- groups (Fig. 4-13A). Feeding mice the chow diet changed
the expression of 1106 genes. After the HFCF treatment, ShpHer-- significantly altered the
expression of 1,352 genes. Meanwhile, 794 genes were differentially expressed in the
WT HFCF group compared to the WT chow group, and 324 genes were differentially
expressed comparing the ShpHer/- HFCF group to the ShpHer’- chow group. The data
indicate that Shp deletion induced significant changes to the hepatic transcriptome when
compared to the WT groups, which was observed on both chow and HFCF feeding

conditions,

A heat map with hierarchical clustering was used to determine the expression patterns
of DEGs in livers of WT and ShpHer-/- mice fed chow or HFCF diet. The idea is that genes
with similar expression patterns may have similar functions or may be involved in the
same biological process or cellular pathway; therefore, they are clustered into classes. In
this study, we found ShpHer/- groups were distinctly separated from WT groups on both
chow and HFCF conditions (Fig. 4-13B). The DEGs in four groups were clustered into
two major types, one with higher expression in the WT groups but lower expression in the
ShpHer- groups, and the other with lower expression in the WT groups but higher

expression in the ShpHer/- groups.

We next conducted Gene Ontology (GO) enrichment and KEGG (Kyoto Encyclopedia
of Genes and Genomes) pathway analysis of DEGs using Enrichr. The DEGs in each
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group were assigned to GO terms describing biological processes, cellular components
and molecular functions. The enriched GO terms and KEGG pathways with adjusted p-
values < 0.05 were selected. As shown in Figs. 4-14a and 4-14b, the GO enrichment
analysis indicated that a major effect of genes involved in proinflammatory and fibrogenic
processes, such as extracellular matrix organization, cytokine, type I interferon, neutrophil
degranulation, and cellular response to interferon gamma were induced by Shp deletion

under chow diet.

Furthermore, KEGG pathway analysis of DEGs demonstrated that multiple pathways
were differentially altered in ShpHer/- chow compared to WT chow, with cytokine-cytokine
receptor interaction, hematopoietic cell lineage, chemokine signaling, T cell receptor
signaling, and NF-kB signaling as the top five enriched KEGG pathways based on
statistical significance (Fig. 4-14a, top). To further characterize HFCF diet-induced
biological pathways and disease processes that are directly influenced by Shp deletion,
we compared gene expression between the WT HFCF and the ShpHer/- HFCF groups
(Fig. 4-14a, lower). As expected, biological processes and pathways involved in
inflammation (type | interferon, cytokine, exocytosis, chemokine, T cell receptor, NF-kB
signaling) were distinctly affected by hepatic disruption of Shp. In addition, HFCF-induced
PPAR signaling, the key pathway involved in lipid metabolism, was largely altered by the
absence of Shp (Fig. 4-14a, lower). The top five biological processes and pathways
altered by HFCF diet feeding in WT and ShpHer/- mice are displayed in Fig. 4-14b,
respectively. Among them are several common metabolic processes and pathways such
as steroid and cholesterol biosynthesis, regulation of triglyceride, and PPAR signaling.

Each of these processes is related to NASH development or progression.
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Figure 4-13: RNA-seq analysis of livers from WT and ShpHeP”- mice after chow or

HFCF diet.

Wild-type and ShpHer/- mice were generated by injection of AAV8-Tbg-null or AAV8-
Tbg-Cre into two-month-old Shpfo/iox male mice, respectively. Liver samples were
collected after 12 weeks of chow or HFCF diet. A: Volcano plot of differentially expressed
genes (DEGSs). The plots were constructed by plotting —logio (adjusted p value) on the y-
axis and logz (fold change) on the x-axis. Red dots represent DEGs and grey blots
represent gene expression without significant difference. B: Hierarchical clustering of
DEGs in WT and ShpHer/- mice fed chow or HFCF diet. Red and blue colors indicate high
and low gene expression, respectively.
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Figure 4-14a: Gene Ontology and pathway analysis of DEGs from WT and ShpHep--
mice after chow or HFCF diet.

Wild-type and ShpHer/- mice were generated by injection of AAV8-Tbg-null or AAV8-
Tbg-Cre into two-month-old Shpfo/lox male mice, respectively. Liver samples were
collected after 12 weeks on chow or HFCF diet. Gene Ontology and pathway analysis of
DEGs were selected by Enrichr combined score using Enrichr. The x-axis represents
Enrichr combined scores and the y-axis represents GO terms and KEGG pathways. Top:
WT Chow vs ShpHer Chow. Lower: WT HFCF vs ShpHer’- HFCF. BP, Biological
Process; KP, KEGG pathway.
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Gene Ontology (GO) and KEGG Pathway Analysis
WT Chow vs. WT HFCF
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Figure 4-14b: Gene Ontology and pathway analysis of DEGs from WT and Shp"er--
mice after chow or HFCF diet.

Wild-type and ShpHer’- mice were generated by injection of AAV8-Thg-null or AAVS-
Tbg-Cre into two-month-old Shpfo/ox male mice, respectively. Liver samples were
collected after 12 weeks on chow or HFCF diet. Gene Ontology and pathway analysis of
DEGs were selected by Enrichr combined score using Enrichr. The x-axis represents
Enrichr combined scores and the y-axis represents GO terms and KEGG pathways. Top:
WT Chow vs WT HFCF. Lower: ShpHer’- Chow vs ShpHer’- HFCF. BP, Biological
Process; KP, KEGG pathway.
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Activation of NF-kB signaling in HFCF-fed Shp"eP”- mice

Among genes involved in NF-kB signaling most significantly induced by loss of Shp
were phosphatidylinositol-4-phosphate 3-kinase catalytic subunit type 2 gamma
(Pik3c2g), fibroblast growth factor receptor 1 (Fgfrl), NF-kB inhibitor delta (NFkBId),
lymphocyte protein tyrosine kinase (Lck), TNF alpha induced protein 3 (Tnfaip3),
interleukin 33 (1133), toll-like receptor 8 (TIr8), TNF receptor superfamily member 11a
(Tnfrsflla), interleukin 1 beta (ll1b), phosphoinositide-3-kinase regulatory subunit 5
(Pik3r5), phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit gamma
(Pik3cq), toll-like receptor 8 (TIr2), phospholipase C gamma 2 (Plcg2), interleukin 1
receptor antagonist (ll1rn), caspase recruitment domain family member 11 (Cardll),
phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit delta (Pik3cd), Cd40,
Tnfa, toll-like receptor 3 (TIr3), mitogen-activated protein kinase kinase kinase 8
(Map3k8), and epidermal growth factor receptor (Egfr) (Fig. 4-15A). In contrast,
neurotrophic receptor tyrosine kinase 1 (Ntrk1l) was dramatically downregulated by the
hepatic disruption of Shp (Fig. 4-15A).

To clarify the causative role of NF-kB signaling in Shp deletion-induced inflammation,
we isolated hepatocytes from Shpfloxflox mice and deleted Shp (Shp”") using adenovirus
expression Cre recombinase. The infection of adenovirus vector control was used to
generate wildtype (WT) hepatocytes. We chose Ad-Cre for in vitro ShpfloXflox hepatocyte
infection is based on our experience that Ad-Cre is more potent compared to AAV8-Cre
to knockdown Shp in vitro. The real-time PCR confirmed the successful knockdown of
Shp in hepatocytes (Fig. 4-15B Left). As expected, loss of Shp in hepatocytes significantly
increased the expression of Tnfa, an established NF-kB target (Fig. 4-15B Right). Most
importantly, the induction of Tnfa in the Shp” hepatocytes was markedly inhibited by the
co-treatment of a specific NF-kB inhibitor BAY 11-7082 (Fig. 4-15B Right). The above
data indicate that NF-kB activation plays a critical role in Shp deletion-induced initiation

of inflammation.
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Figure 4-15: Hepatocyte-specific Shp deletion activates NF-kB signaling.

A: Heat map depicts genes differently regulated by NF-kB in wild type and ShpHer--
mice fed chow or a HFCF diet. B: gPCR analysis of Shp (Left) and Tnfa (Right) in wild-

type or Shp deficient mouse primary hepatocytes treated with DMSO or 5uM of NF-kB

inhibitor BAY 11-7082 for 6 hours. Data are represented as mean + SEM. *, p<0.05 for

Shp” versus WT.
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In vitro deletion of Shp increases CCL2 production leading to proinflammatory
M1 macrophage polarization

To understand how hepatocyte SHP regulates liver inflammation, we isolated
hepatocytes from Shpfloxflox mice and deleted Shp using adenovirus expressing Cre
recombinase (Ad-Cre). We wanted to assess the effect of hepatocyte conditional medium
(CM) on macrophage M1 or M2 polarization and migration (Fig. 4-16A). The knockdown
of Shp mRNA in hepatocytes was confirmed by real-time PCR (Fig. 4-16B). Consistently,
loss of SHP in hepatocytes dramatically induced p65 nuclear translocation (Fig. 4-16B),
suggesting an activation of p65 in Shp deficient hepatocytes. A significant increase in
Ccl2 mRNA and protein was subsequently detected in Shp deficient hepatocytes and
conditional medium (Fig. 4-16C), indicating that loss of Shp in hepatocytes induces the

secretion of CCL2.

Next, we treated Raw264.7 cells, a mouse macrophage cell line, with hepatocyte CM
for 6h and assessed their polarization status. The CM from Shp deficient hepatocytes
increased the expression of M1 markers such as Nos2, IL1, IL6, and Tnfa, and repressed
the expression of M2 marker arginase 1 (Argl) in Raw264.7 cells (Fig. 4-17a), suggesting
that the CM from Shp deficient hepatocytes stimulated proinflammatory M1 polarization.
In addition, the CM from Shp deficient hepatocytes stimulated a significant increase in
migration of Raw264.7 cell (Fig. 4-17b), which is mimicked by the exposure to control CM
supplemented with 40 ng/ml of recombinant mouse CCL2 protein or inhibited by blocking
CCL2 action by a CCL2 antibody (500 ng/ml) (Fig. 4-17b). Thus, our findings suggest a
novel mechanism in which loss of Shp in hepatocytes stimulates macrophage
proinflammatory M1 polarization that is mediated through CCL2 secretion from

hepatocytes.

To understand how Shp represses Ccl2 expression, we analyzed the proximal
promoter of mouse Ccl2, and identified two IkB sites (Fig. 4-18A). We cloned a 3kb mouse
Ccl2 proximal promoter fragment into a luciferase reporter and examined SHP’s effect on
Ccl2 promoter activity in AML12 cells. Overexpression of p65 increased Ccl2 promoter
activity that was inhibited by co-expression of SHP (Fig. 4-18A). ElA-like inhibitor of
differentiation 1 (EID1) is a common co-repressor that interacts with SHP (195). Co-
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expression of SHP and EID1 synergistically diminished p65-induced activation of the Ccl2
promoter (Fig. 4-18A). Additionally, we overexpressed Flag-SHP and HA-p65 in AML12
cells and the immune precipitation results showed the protein-protein interactions
between SHP and p65 (Fig. 4-18B). Taken together, the results suggest that SHP
interacts with p65 and inhibits p65-induced Ccl2 transcription.
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Figure 4-16: Shp deficiency causes p65 nuclear translocation and CCL2 release

from mouse primary hepatocytes.

A: Schematic diagram shows experimental design. Primary hepatocytes were isolated
from Shpfo¥flox mice and infected with adenovirus expressing Cre recombinase (Ad-Cre)
or vector control (Ad-Null). Conditional medium (CM) were collected at 24 h post infection
and used for RAW cell treatment. B: (Left) Relative Shp mRNA levels were determined
by gPCR. (Right) Representative images of immunofluorescence staining of p65 in
hepatocytes. C: (Left) Relative Ccl2 mRNA levels in hepatocytes were determined by
gPCR. (Right) CCL2 protein level in CM of hepatocyte culture was measured by ELISA.
Data are represented as mean = SEM for triplicate per group; *p < 0.05.
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Figure 4-17a: CCL2 production from Shp deficient hepatocytes increases

macrophage proinflammatory response

RAW264.7 cells were incubated with the conditional medium (CM) from hepatocyte
culture for 6 h and the relative expression of genes involved in inflammation was
determined by gPCR. Data are represented as mean + SEM for triplicate per group; *p <
0.05
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Figure 4-17b: CCL2 production from Shp deficient hepatocytes increases
macrophage migration

(Top) Representative images of RAW cell migration. RAW cells were incubated with
hepatocytes CM in the presence or absence of recombinant mouse CCL2 (40 ng/ml) or
anti-mouse CCL2 antibody (500 ng/ml). Migration was assessed after incubation for 12-
hrs and 24-hrs, respectively. (Bottom) Quantification of cell migration was determined by
measuring pixel density of crystal violet-stained cells using Image J software and is
represented as mean + SEM for 5 fields per sample. *p < 0.05.
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Figure 4-18: SHP interacts with p65 and reduces p65-induced transcription of
Ccl2.

A: (Left) Diagram shows the location of two IKB sites on the mouse Ccl2 promoter
reporter (Ccl2-Luc). (Right) AML12 cells were transfected with Ccl2-Luc with or without
various expression plasmids. Luciferase activities were determined at 24 h post
transfection. Data are calculated as the ratio of firefly luminescence divided by Renilla
luminescence and represented as mean = SEM for triplicate per group. *p < 0.05. B:
AML12 cells were overexpressed with Flag-Shp or HA-p65 and harvested at 24 h post-
plasmid transfection. Immunoprecipitation (IP) followed by Western blotting (WB) was
employed to detect protein-protein interactions between Flag-SHP and HA-p65.
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Suppression of Pparg signaling in HFCF-fed Shp"eP-- mice

Ppar family members (Ppara, Pparb/d, and Pparg) control the transcription of genes
in lipid and carbohydrate metabolism. As shown in Fig. 4-19A and 19B, major genes
involved in lipid metabolism, including sterol regulatory element binding transcription
factor 1 (Srebplc), stearoyl-Coenzyme A desaturase 1 (Scdl), Ppara, Pparg, and some
Pparg targets such as fatty acid binding protein 1 (Fabp1l), cell death-inducing DFFA-like
effector ¢ (Cidec), and Cd36 were significantly induced in the livers of HFCF-fed WT mice,
but decreased in the absence of hepatic Shp. The above data support the overall

resistance of ShpHer/- mice to HFCF-induced liver steatosis.

SHP interacts with and alters the function of many nuclear receptors in lipid
metabolism, including Pparg, Ppara, Lrhl, Hnf4a, Fxr, Lxra, and Lxrb (123). Strikingly,
hepatic Shp disruption specifically decreased Pparg expression in both chow and HFCF
conditions (Fig. 4-19C). In contrast, hepatic Shp deletion abolished HFCF-induced
upregulation of Ppara but did not impact Ppara expression in the chow-fed mice.
Moreover, neither HFCF diet nor Shp deletion altered hepatic expression of Lrh1l, Hnf4a,
Fxr, Lxra, and Lxrb (Fig. 4-19C). Pparg is expressed at a low level in normal liver but
markedly increased in fatty liver (196). Pparg overexpression upregulates various
lipogenic genes which promotes liver steatosis, and hepatocyte Pparg deletion
ameliorates liver steatosis (151,197). Similarly, here we show that hepatic Shp deletion
results in Pparg downregulation that is correlated with the decrease of liver steatosis in
HFCF-fed mice.

We next examined Pparg and its target gene Cd36 in WT and Shp” hepatocytes. As
shown in Fig. 4-20A, the mRNA levels of Pparg and Cd36 were significantly decreased
in Shp”- hepatocytes compared to WT hepatocytes. We then treated WT and Shp™
hepatocytes with oleic acid (0.5 mM) for 24 hours to assess steatosis. Strikingly, though
oleic acid dramatically increased steatosis in WT hepatocytes, lipid accumulation was
largely inhibited in Shp”- hepatocytes (Fig. 4-20B). Interestingly, overexpressing Pparg
by adenovirus greatly increased lipid contents in oleic acid-treated WT hepatocytes, and
this response was maintained in Shp”’- hepatocytes overexpressed with Pparg (Fig. 4-
20B). The overexpression of Pparg in WT and Shp”- hepatocytes was confirmed by real-
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time PCR shown in Fig. 4-20C. Taken together, the above data clearly indicate that Pparg
plays a critical role in Shp deficiency-induced resistance to steatosis.
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Figure 4-19: Hepatocyte-specific Shp deletion results in repression of PPARg
signaling in HFCF-fed mice.

A: Heat map depicts genes differently regulated by Ppars in wild type and ShpHer--
mice fed chow or a HFCF diet. B-C: The relative gene expression in liver tissues was
determined by gPCR. Data in B and C are represented as mean + SEM. n=6 mice/group.
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Figure 4-20: Overexpressing Pparg increases lipid content in oleic acid-treated

hepatocytes.

A: Primary hepatocytes from Shpo/lox mice were infected with adenovirus expressing
Cre recombinase or vector control to generate Shp”-and WT hepatocytes respectively.
The relative expression of Shp, Pparg, and Cd36 was determined by gPCR. B: Wild-type
or Shp’ hepatocytes overexpressing PPARg (Ad-PPARg) or vector (Ad-vector) by
adenovirus were treated with 0.5 mM of oleic acid for 24 hours. (Left) Representative
images of cells stained with oil red O. Original magnification, 400X. (Right) Oil red O was
dissolved and quantified by the measurement of absorbance at ODsoo nm. C: Relative
expression of Pparg was determined by gPCR. Data is represented as mean + SEM. *p
<0.05
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Ablation of hepatic Shp after the development of steatosis enhances liver
inflammation and fibrosis in HFCF-fed mice without affecting liver steatosis

Since we noticed that 4 weeks of HFCF feeding does not alter hepatic Shp expression
(Fig. 4-2A), we began to investigate the role of Shp specifically in the transition of
steatosis to NASH. Shpfloxflox mice were fed a HFCF diet for 4 weeks followed by Shp
deletion in hepatocytes by injection of AAV8-Thg-Cre and remained on the HFCF diet for
an additional 8 weeks (Fig. 4-21A). The knockdown of hepatic Shp was confirmed by real-
time PCR (Fig. 4-21A). No differences in body weight, serum fasting triglycerides,
cholesterol, and glucose were noticed between ShpHer- and WT controls (Fig. 4-21B and
21C). However, serum ALT was consistently increased in ShpHer/- mice (Fig. 4-21C).
Interestingly, hepatic Shp disruption after steatosis development did not alter liver weight

and liver/body weight ratio compared to WT controls (Fig. 4-21D).

Both H&E staining and lipid extraction revealed a similar extent of liver steatosis
developed in ShpHer’- mice and WT controls in this steatosis-to-NASH transition model
(Fig. 4-22A). However, the livers of ShpHer’- mice displayed marked increase in F4/80*
macrophages and collagen accumulation (Fig. 4-22B and 22C). Consistently, the
expression of genes involved in inflammation (Ccl2, Tnfa, Nos2) and fibrosis (Collal,
Colla2) were significantly increased in the livers of HFCF-fed ShpHer- mice (Fig. 4-23).
Next, we examined hepatic Pparg expression. Surprisingly, although there were similar
levels of liver steatosis in HFCF-fed ShpHer/- mice and WT controls, the expression of
hepatic Pparg was consistently lower in ShpHer/- mice (Fig. 4-23), supporting a strong
regulation of Shp on Pparg’s expression that is independent of liver steatosis. Meanwhile,
our data also indicated that after steatosis development, disruption of hepatic Shp
decreases Pparg expression, but did not alter liver steatosis; instead, other PPARg-
independent mechanisms may contribute significantly to liver steatosis. Taken together,
the above data support Shp as a key player that prevents NASH progression by inhibiting

both liver inflammation and fibrosis.
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Figure 4-21: Disruption of hepatic Shp after steatosis development exacerbates
liver injury.

Two-month-old male Shpfo¥iox mice were fed a HFCF diet for 4 weeks to develop liver
steatosis followed by tail vein injection of AAV8-Thg-Cre or AAV8-Tbg-null control. Mice
remained on the HFCF diet for an additional 8 weeks. A: (Left) schematic diagram shows
experimental design. (Right) gPCR analysis of Shp mRNA levels in the liver. B: Body
weight. C: Serum levels of fasting triglycerides, cholesterol, glucose, and ALT. D: (Left)
Gross liver appearance. (Right) Liver weight and liver to body weight ratio. Data are

represented as mean * SEM. n=7 mice/group. *, p<0.05 HFCF Shp"er/ versus HFCF
WT.
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Figure 4-22: Hepatic Shp deletion after steatosis development exacerbates liver

inflammation and fibrosis.

A: (Left) Representative images of liver H&E staining. (Right) Quantification of liver
triglycerides and cholesterol content. B: Liver F4/80 staining and quantification. C: Liver
Picrosirius Red staining and quantification. Original magnification, 400X. Data are
represented as mean + SEM. n=7 mice/group. *, p<0.05 HFCF Shp"er- versus HFCF

WT.
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Figure 4-23: Hepatic Shp deletion after steatosis development increases the

expression of genes involved in inflammation and fibrosis.

Hepatic expression of genes involved in lipid metabolism (Pparg, Ppara), inflammation
(Ccl2, Tnfa, Nos2), and fibrosis (Collal, Colla2) were determined by qPCR. Data are
represented as mean * SEM. n=7 mice/group. *, p<0.05 HFCF ShpHer/ versus HFCF
WT.
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Increasing hepatocyte SHP levels in steatotic livers does not alter liver steatosis

We next asked whether overexpressing SHP in hepatocytes could prevent the
progression of NAFL to NASH. For this purpose, we used an AAV8 vector in which Flag-
tagged SHP was driven by a hepatocyte-specific Tbg promoter (AAV8-Thg-FlagSHP).
C57BI/6J mice were placed on the HFCF diet for 1 month to induce liver steatosis,
followed by tail vein administration of AAV8-Thg-FlagSHP or control vector AAV8-Thg-
GFP. The mice remained on the HFCF diet for an additional 3 months (Fig. 4-24A). SHP
overexpression in liver was confirmed by qPCR (Fig. 4-24A). The body weight, liver
weight, liver to body weight ratio, and serum levels of fasting cholesterol and triglycerides
were similar in SHP and GFP mice (Fig. 4-24B and C). However, serum ALT and AST,
two markers of liver injury, were significantly decreased in SHP-overexpressing mice

compared to GFP control mice (Fig. 4-24C).

To investigate whether overexpressing SHP could affect glucose metabolism, we
performed a glucose tolerance test. The result showed that SHP-overexpressing mice
displayed no differences in glucose tolerance when compared to GFP control mice (Fig.
4-25). Further quantification of areas under the curves (AUC) of GTT showed no statistical

differences in GFP and SHP-overexpression groups (Fig. 4-25).

We next examined liver histology. Liver steatosis and inflammation were apparent in
the livers of GFP mice fed a HFCF diet (Fig. 4-26A). As expected, IHC staining of Flag-
tagged SHP protein revealed SHP overexpression in hepatocytes (Fig. 4-26A). A similar
level of lipid accumulation was observed in the livers of HFCF-fed SHP-overexpression
mice compared to GFP controls (Fig. 4-26A); however, there was less inflammation in
SHP-overexpressing liver (Fig. 4-26A). Consistently, liver triglycerides and cholesterol
levels were similar in GFP and SHP mice fed the HFCF diet (Fig. 4-26B). Taken together,
our results suggest that overexpressing SHP in steatotic livers improves liver injury

without altering liver steatosis and glucose tolerance.
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Figure 4-24: Hepatic SHP overexpression reduces liver injury in HFCF-fed mice.

Two-month-old male C57BL6J mice were fed a HFCF diet for 1 month to develop liver
steatosis, followed by tail vein administration of AAV8-Thg-FlagSHP or control vector

AAV8-Tbhg-GFP. Mice were continued on HFCF diet for 3 months. A: (Left) Schematic
diagram shows experimental design. (Right) gPCR of Shp mRNA levels in the liver. B:
(Left) Body weight change over time. (Middle) Liver weight. (Right) Liver weight to body
weight ratio. C: Serum levels of fasting cholesterol, triglycerides, ALT and AST. Data are
represented as mean £+ SEM for 5 mice per group; *p < 0.05 SHP vs. GFP.
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Figure 4-25: Hepatic SHP overexpression does not alter glucose tolerance of
HFCF-fed mice.

Two-month-old male C57BL/6J mice were fed a HFCF diet for 1 month to develop
liver steatosis followed by tail vein administration of AAV8-Tbg-FlagSHP or control vector
AAV8-Thg-GFP. The mice were remained on the HFCF diet for an additional 3 months.
Mice were fasted overnight before glucose tolerance test (GTT). (Left) Blood glucose was
measured at 0, 30, 90, or 120 minutes after glucose injection. (Right) The calculation of
area under the curve (AUC) of GTT is represented as mean + SEM for 5 mice per group.
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Figure 4-26: Increasing hepatocyte SHP level in steatotic liver does not affect

steatosis.

A: Representative images of liver sections of hematoxylin-eosin (H&E) staining,
immunohistochemistry staining of Flag-SHP, and oil red O staining. Original
magnification, 400X; Scale Bar = 20 micrometers. B: Liver triglycerides and cholesterol
contents. Data in B are represented as mean + SEM for 5 mice per group.
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Hepatocyte SHP overexpression prevents NAFL progression to NASH by

attenuating liver inflammation and fibrosis

Next, we evaluated the extent of liver inflammation and fibrosis in GFP and SHP-
overexpressing mice. The results showed that increasing hepatocyte SHP levels
dramatically attenuated liver inflammation and fibrosis in mice fed a HFCF diet, evidenced
by the marked reduction in the staining of F4/80 positive macrophages and collagen
accumulation in the livers of SHP-overexpressing mice (Fig. 4-27A). Consistently, the
liver hydroxyproline level was reduced in SHP-overexpression mice (Fig. 4-27B). At the
MRNA level, overexpressing SHP in HFCF diet-fed mice led to a robust reduction in liver
expression of genes related to inflammation such as 116, Tnfa, and Ccl2 (Fig. 4-28A).
Meanwhile, overexpressing SHP altered macrophage polarization in the liver with a
decrease in expression of proinflammatory M1 marker Nos2 and increases in expression
of anti-inflammatory M2 markers such as Argl and Cd163 (Fig. 4-28A). Furthermore,
overexpressing SHP significantly decreased the expression of genes related to fibrosis,
including Tgfbl, Ctgf, Collal, and Colla2 (Fig. 4-28A), without altering mRNAs of genes
related to lipid metabolism such as fatty acid biosynthesis (Pparg, Srebp-1c, Mel, Accl,
Acly), fatty acid oxidation (Cptla, Acc2), VLDL secretion (Mttp, ApoB), and cholesterol
metabolism (Srebp2, Abcal, Abcg5) (Fig. 4-28B). Thus, hepatic SHP-overexpression
improved key parameters of NASH progression that are related to liver inflammation and

fibrosis without affecting liver steatosis.

We next sought to explore potential mechanisms by which hepatocyte SHP inhibits
liver inflammation. NF-kB signaling controls inflammation (198) and growing evidence
indicates that NF-kB p65 activation contributes to the pathogenesis of NASH (199). SHP
inhibits TLRA4-triggered activation of NF-kB p65 signaling in monocytes (159). We,
therefore, hypothesized that increasing SHP in hepatocytes may lead to a repression of
NF-kB p65 signaling and, subsequently, inhibit liver inflammation. As expected,
overexpressing SHP in hepatocytes dramatically decreased HFCF-induced nuclear
translocation of total p65 and phospho-p65 (Ser536) (Fig. 4-29), an active form of p65,
supporting the overall decrease in liver inflammation in SHP-overexpressing mice

compared to GFP controls.
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Figure 4-27: Hepatocyte SHP overexpression attenuates liver inflammation and
fibrosis.

Two-month-old male C57BL6J mice were fed a HFCF diet for 1 month to develop liver
steatosis, followed by tail vein administration of AAV8-Thg-FlagSHP or control vector
AAV8-Thg-GFP. Mice were continued on the HFCF diet for 3 months. A: Representative
images of liver sections of immunohistochemistry staining of F4/80 and Picrosirius Red
staining. Original magnification, 400X. B: Liver collagen content was estimated by the
hydroxyproline assay. Data in B is represented as mean + SEM for 5 mice per group; *p
< 0.05 SHP vs. GFP.
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Figure 4-28: Hepatic SHP overexpression reduces pro- inflammatory and fibrotic
gene expression but does not alter genes involved in lipid metabolism.
Relative mRNA levels of genes related to inflammation and fibrosis (A), as well as lipid

metabolism (B) in the liver were determined by gPCR. Data are represented as mean *
SEM for 5 mice per group; *p < 0.05 SHP vs. GFP
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Figure 4-29: Hepatic SHP overexpression reduces p65 nuclear translocation.

Western blot of cytosolic and nuclear proteins in the liver (Top). Band intensities were
measured by densitometry, and the intensities relative to that of the control were plotted
(Bottom). Data are represented as mean + SEM; n= 4/group, *p < 0.05 SHP vs. GFP.
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Figure 4-30: Schematic of the complex role of Shp in NAFLD.

Depending on NAFLD stage, hepatic Shp plays an opposing role in regulating
steatosis, inflammation, and fibrosis. Shp disruption in hepatocytes activates NF-«B
signaling and impairs Pparg activation, leading to the dissociation of steatosis,
inflammation, and fibrosis in NAFLD development. Shp deletion after steatosis
development exacerbates hepatic inflammation and fibrosis without affecting liver

steatosis.
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Discussion

One important finding in our study is the demonstration that SHP is markedly
decreased during the progression of NAFL to NASH, which is observed in the livers of
patients with NAFLD and in our diet-induced mouse NAFLD model. SHP expression in
NAFLD is inconsistently reported in literature. One earlier study showed that SHP protein
levels are reduced in NASH while mRNA levels are upregulated (200). Another study
demonstrated that SHP mRNA is similarly reduced in obese patients with NAFL or NASH
compared to the lean NAFLD (201). These discrepancies could be because SHP protein
is not stable and degrades rapidly (184), thus protein expression and mRNA levels may
not change in parallel. Additionally, not all commercial SHP antibodies are good to detect
SHP protein, which may explain inconsistent results reported. In a recent study, Benet
(2015) compared SHP expression levels in different mouse models of NAFLD and
demonstrated that SHP is repressed in advanced NAFLD livers (NASH with fibrosis),
such as tetracycline-treated rat livers, MCD diet livers, and glycine N-methyltransferase-
deficient (Gnmt”) mouse livers, but is not suppressed in the steatotic livers of methionine
adenosyltransferase 1A-deficient (Matla’) mice (202). Similarly, our study shows that
SHP is not suppressed in NAFL but in NASH, suggesting a gradual decrease of SHP

occurred during the disease progression.

Several signaling pathways have been implicated in the regulation of SHP. For
instance, literature shows that mitogen activated protein kinase kinase 1/2 (MAPKK 1/2)
pathway activates, while the phosphatidylinositol 3 kinase (PI3K) pathway suppresses
SHP expression (202). Our studies contribute yet another regulator of hepatic SHP in
NAFLD, JNK. As previously mentioned, JNK is activated by saturated fatty acids ina TLR-
dependent manner. In the setting of excessive free fatty acid traffic in hepatocytes,
especially saturated fatty acids, lipotoxicity occurs which is the major mechanism
underlying hepatocyte dysfunction in NAFLD (203). One of the most abundant saturated
fatty acids presented in diets and in serum is PA (204). PA can bind to TLR4 and lead to
JNK activation (205,206). We demonstrated that TLR4 activation of JNK in mouse
hepatocytes reduces Shp mRNA expression which is recovered upon JNK inhibition. In
contrast, the rescue of hepatocyte Shp mMRNA expression was not possible by inhibiting
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NFKB or PI3K, indicating that JNK is predominantly responsible for Shp repression in the
event of PA or LPS-induced TLR4 activation.

JNK was originally identified due to its ability to specifically phosphorylate c-Jun on its
N-terminal transactivation domain at two serine residues, Ser63 and Ser73 (207). We
confirmed that phosphorylated c-Jun is increased in the livers of 5-month HFCF-fed mice
and this abundance of c-Jun reduces SHP expression by binding to the TRE site within
the Shp promoter region. In vitro, the saturated fatty acid, PA, led to an increase of c-Jun
recruitment to the Shp promoter which was abrogated upon addition of a JNK inhibitor.
These results bridge the gap between JNK and hepatic SHP in NASH and indicate that
JNK activation induces the binding of c-Jun to the Shp promoter, leading to suppression
of Shp transcription. Further investigation is warranted to explore whether inhibition of

JNK could rescue SHP suppression and ameliorate disease progression of NAFLD.

Steatosis alone is considered little to no risk for progressive liver disease, while NASH
can progress into irreversible cirrhosis and hepatocellular carcinoma without effective
treatments. Given the clinical significance of NASH, identifying key factors and pathways
that promote the progression of steatosis to NASH is critically important for developing
effective prevention and therapeutic strategies. Using a clinically relevant dietary mouse
NASH model, we investigated the role of SHP in NASH development. We demonstrate
that disruption of hepatic Shp activates NF-kB signaling and impairs Pparg activation,
leading to the dissociation of steatosis, inflammation, and fibrosis during NAFLD
development. Interestingly, ablation of hepatic Shp after the development of steatosis
exacerbates liver inflammation and fibrosis without affecting steatosis (Fig. 4-30). Our
finding that hepatic Shp plays a crucial role in steatosis-to-NASH transition provides some
new mechanistic insights into our understanding of NASH pathogenesis and progression

and may present a new target for NASH treatment.

An important finding from this study is that Shp disruption in hepatocytes induces liver
inflammation, which is supported by several pieces of evidence. First,
immunohistochemistry staining confirmed an increase in CD4* T cells, B cells,
macrophages, and neutrophils in the liver after 12 weeks of SHP deletion. Second,

deletion of Shp led to a robust induction of genes involved in liver inflammation, such as
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Lyéd, II6, 1l1, Tnfa, Ccl2, Ifng, and Nos2. Most importantly, RNA-seq revealed that
absence of Shp significantly altered biological processes and pathways involved in
inflammation. Finally, loss of Shp induced NF-kB signaling activation in hepatocytes that

can be blocked by a specific NF-kB inhibitor.

SHP plays an important anti-inflammatory role in monocytes by negatively regulating
inflammation induced by toll-like receptor 4 (TLR4) and NLRP3 inflammasomes
(159,160). Here, we found that in hepatocytes, SHP also plays an anti-inflammatory role.
Our finding is important, as the hepatocyte is being recognized as a key cell type involved
in innate immunity by secreting innate immunity proteins such as bactericidal proteins,
opsonins, iron-sequestering proteins, coagulation factor fibrinogen, and cytokines (208).
The dysregulation of these innate immunity proteins contributes significantly to the
pathogenesis and progression of chronic liver diseases including NASH. For instance,
palmitic acid induces the production of proinflammatory cytokine interleukin-8 from
hepatocytes, contributing to hepatic inflammation and liver injury subsequently (162).
Lipotoxicity induces the release of chemokine (C-X-C motif) ligand 10 (CXCL10)-bearing
vesicles from hepatocytes, resulting in macrophage recruitment into the liver (161).
Moreover, in a recent study, hepatocytes were found to secrete CXCL1/interleukin-8
which causes neutrophil infiltration and alcoholic liver injury (209).

One well-known, powerful proinflammatory chemokine is CCL2 which is responsible
for attracting monocytes/macrophages and T cells during liver injury. An increase in CCL2
secretion from hepatocytes has been shown in both alcohol-associated fatty liver disease
(210) and obesity-associated NAFLD (211), which exacerbates liver injury and
inflammation. Similarly, our study demonstrates that disruption of SHP in hepatocytes
induces NF-kB signaling activation, resulting in CCL2 production and secretion from
hepatocytes, leading to macrophage recruitment and proinflammatory M1 polarization
(Fig 4-16). Consistently, SHP deletion in hepatocytes also causes liver inflammation in
vivo. Therefore, we speculate that the increase in CCL2 secretion from Shp deficient
hepatocytes may contribute to the liver inflammation developed in ShpHer- mice. Further
investigation is warranted to explore whether blocking CCL2 production from hepatocytes
or repressing CCL2 function could inhibit or ameliorate liver inflammation developed in

ShpHer-- mice.
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The role of hepatic Shp in the development of NAFLD has been extensively studied
in mouse models. For instance, earlier studies showed that both whole body Shp
knockout mice and hepatic Shp knockout mice are resistant to high fat diet-induced
hepatic steatosis (188,189,212). Given that all these fatty liver models are associated with
little or no inflammation and fibrosis, the role of hepatic SHP in mouse NASH remains
obscure. Here, we fed mice a HFCF diet that induces many biochemical and
histopathological hallmarks of NASH, to study the role of SHP in modulating liver
steatosis, inflammation, and fibrosis during NASH development. One striking observation
was that hepatic Shp disruption activates NF-kB signaling and impairs Pparg activation,
leading to the dissociation of steatosis, inflammation, and fibrosis during NAFLD

development.

To elucidate the role of SHP specifically in the disease transition from steatosis to
NASH, we developed a steatosis-to-NASH transition model where mice were fed HFCF
diet for 4 weeks to induce liver steatosis followed by disrupting Shp in hepatocytes.
Interestingly, hepatic Shp deletion after steatosis development exacerbated liver
inflammation and fibrosis without affecting liver steatosis, though Pparg expression was
consistently decreased in this model. The results support the notion that SHP plays
distinct roles in different stages of NAFLD and the sustained decrease in SHP expression
could worsen disease progression. Our results also support the complexity of steatosis
development in NAFLD; both Pparg-dependent and Pparg-independent mechanisms

could contribute significantly during the disease progression.

SHP was decreased during NAFL transition to NASH, indicating that SHP may play a
protective role during NAFLD progression. To test our hypothesis, we induced liver
steatosis using the HFCF diet and overexpressed SHP specifically in hepatocytes. As
expected, increasing hepatocyte SHP levels in steatotic liver dramatically attenuated liver
inflammation and fibrosis —two critical events responsible for NAFLD progression,
indicating a protective role of SHP during NAFLD progression. The finding that
overexpressing SHP in steatotic liver did not change hepatic lipid content is in line with
observations showing no changes in the expression of genes involved in fatty acid

biosynthesis, oxidation, and VLDL secretion in steatotic livers with SHP overexpression.
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These data reconfirm the critical anti-inflammatory and anti-fibrotic role of SHP in the
progression of fatty liver to NASH.

In summary, our study provides compelling evidence that a novel regulatory network
in hepatocytes, consisting of INK/SHP/NF-kB/CCLZ2, is critical to regulate macrophage
recruitment and initiation of inflammation for NAFLD progression. Additionally, we have
demonstrated that hepatic Shp disruption in adult mice induces the dissociation of
steatosis, inflammation, and fibrosis during NASH development. In contrast, SHP
overexpression in steatotic liver prevents NAFL progression to NASH. Our study provides
new mechanistic insights into our understanding of NASH pathogenesis and progression.
However, we also noticed that the complex effects of SHP on hepatic steatosis,
inflammation, and fibrosis could compromise the potential use of SHP as a therapeutic
target for NAFLD treatment. Any approaches increasing or decreasing SHP should be
cautiously used. For instance, inhibition of hepatic Shp, while beneficial for the
amelioration of liver steatosis, could exacerbate liver inflammation and fibrosis during

NAFLD progression.
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Chapter 5: RNA-Sequencing Reveals Key Signhatures Involved in
NAFL and NASH-Afflicted Mouse Livers.

This chapter is adapted from Magee N, Zou A, He L, Ghosh P, Ahamed F, Delker D,
Zhang Y. Hepatic transcriptome profiling reveals key signatures associated with disease
progression from nonalcoholic steatosis to steatohepatitis. (Manuscript under revision)
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Introduction:

Over the past decades, bioinformatics tools and techniques such as genome-wide
associated studies (GWAS) and RNA sequencing (RNA-seq) have been widely employed
as powerful tools to investigate molecular mechanisms that influence NASH development
in humans and in mouse models (140,213,214). One study reported genomic
comparisons between NASH in humans and in 9 different mouse models, including mice
fed: 1) a high-fat diet with fructose, 2) an MCD diet, 3) a high-fat diet with streptozotocin,
or in mice with disruption of the hepatic Pten gene (213). Surprisingly, the comparisons
yielded few overlaps between NASH in humans and in mouse models, indicating that
NASH development in mouse models does not significantly correlate with NASH
developed in humans at the transcriptome level. However, a recent study employed high-
throughput RNA sequencing to explore mRNA expression profiling in a NAFLD mouse
model developed in an isogenic strain derived from a cross of C57BL/6J (B6) and
129S1/SvimJ (S129) mice fed a high fat, cholesterol, and fructose diet (150). They found
that this model recapitulates transcriptomic and cell-signaling changes seen in humans
with progressive NASH, suggesting some similarities between NASH development in

humans and in this mouse dietary model.

NASH development involves both hepatocytes and non-parenchymal cell types such
as hepatic stellate cells, macrophages, and other immune cells. However, the changes
within the hepatic transcriptome profile during NAFL transition to NASH is incompletely
understood. Since we captured the stage-wise progression of NAFLD in our HFCF mouse
model, we next employed RNA-seq to identify key signatures involved in disease
progression. Specifically, we used the livers from the 1- and 3- month chow- and HFCF-
fed mice to explore the transcriptomic changes which occur during the NAFL to NASH
transition. We observed a strong induction of gene signatures related to NASH such as
those involved in immune response and extracellular matrix organization. Our results are
consistent with previous hepatic transcriptomic studies in mouse NASH models and in
NASH patients (214-216). We, therefore, anticipate that the findings from our studies may
help pave the way to develop novel preventative, diagnostic, and therapeutic strategies
for NASH.
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Results
HFCF diet induces significant changes to hepatic transcriptome

To pursue an unbiased investigation of early events associated with the transition of
NAFL to NASH, we conducted RNA-seq analysis of livers obtained from chow-fed and
HFCF-fed mice at 1-month and 3-month time points (data were deposited into
GSE135050). The fragments per kilobase of exon model per million reads mapped
(FPKM) was calculated to quantify the expression levels of genes in four groups, including
1-month chow, 1-month HFCF, 3-month chow, and 3-month HFCF. The differentially
expressed genes (DEG) were determined using fold change cutoff of 1.50 and false
discovery rate (FDR) < 0.05.

Volcano plots demonstrated distinct differences between chow-fed and HFCF-fed
groups at both 1-month and 3-month time points (Fig. 5-1A). In particular, 460 genes
were significantly differentially expressed between the chow-fed group and the HFCF-fed
group at the 1-month time point. At the 3-month time point, the hepatic gene expression
in the HFCF-fed group was also different from the chow-fed group resulting in 2,167
DEGs. Meanwhile, 78 genes were differentially expressed in the 1-month chow compared
to the 3-month chow group, and 1,869 genes were differentially expressed comparing the
1-month HFCF group to the 3-month HFCF group. A heat map visualization of the hepatic
transcriptome with hierarchical clustering was used to determine the expression patterns
of different genes in chow-fed and HFCF-fed groups (Fig. 5-1B). As shown in the heat
map, the DEGs were clustered into two major types, one with higher expression in the
HFCF groups but lower expression in the chow groups, and the other with higher
expression in the chow groups but lower expression in the HFCF groups. The data
indicate that HFCF diet feeding induces significant changes to the hepatic transcriptome
when compared to the chow-fed groups. Feeding duration also made a difference
especially for the HFCF groups.



110

A Chowimo HFCF1mo B 1 mo 3 mos
20" > Chow HFCF Chow HFCF

20 :'.’3 2. ‘i,

1.0

-logqo
(adjusted p value )

0 | -
3 -2101 2 3
Log, (fold change)
DEG (460)

Chow3 mos HFCF 3 mos
3.0 -

2.0

1.0

logso
(adjusted p value )

0. |
32101 23
Log, (fold change)

DEG (2167)

Chow1mo Chow3 mos

)
5

2.0

1.0

-logyg
(adjusted p value
{ ~l~‘...|’

0. : :

2 1 0 1 2

Log, (fold change)
DEG (78)

HFCF1mo HFCF3 mos

-logqo
(adjusted p value )
o

3210123

Log, (fold change)
DEG (1869)

-0.6 N 0.6
Log, (fold change)

Figure 5-1: Dynamic gene changes in mice fed chow or HFCF diet for 1 month or

3 months.

RNA-seq analysis of livers from mice fed a chow or HFCF diet for 1 month or 3 months.
A: volcano plots of mMRNAs. The plots were constructed by plotting —logio (adjusted p
value) on the y-axis and logz (fold change) on the x-axis. Blue dots represent differentially
expressed genes (DEGs) and grey blots represent mMRNAs without significant difference.
B: hierarchical cluster of representative mRNA expression across biological replicates.
Red and blue colors indicate high and low gene expression, respectively.
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RNA-seq reveals key gene signatures associated with NAFL transition to NASH
in HFCF-fed mice

To identify key gene signatures responsible for NAFL transition to NASH, we
conducted Gene Ontology (GO) enrichment and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analysis using Enrichr. The DEGs were assigned to GO
terms describing biological processes, cellular components, and molecular functions. A

cutoff p-value of < 0.05 was used to select enriched GO terms and KEGG pathways.

Compared with the 1-month chow group, the GO terms identified a significant
enrichment of genes involved in multiple metabolic processes in the 1-month HFCF
group. The top 10 biological processes altered in the 1-month HFCF are displayed in Fig.
5-2A and indicate that most significant consequences of HFCF feeding for 1 month are
alterations in lipid and cholesterol metabolism. KEGG pathway analysis of DEGs revealed
that the significant pathways altered were related to the biological processes such as
steroid biosynthesis, DNA replication, amino acid metabolism, and PPAR signaling (Fig.
5-2B). Notably, the KEGG pathways also signified that pathways related to cytochrome
P450s, key enzymes important for drug metabolism, were significantly altered (Fig. 5-2B).
The top 20 deregulated genes between the 1-month chow and the 1-month HFCF group
are shown in Fig. 5-2C.

We next used GO enrichment and KEGG pathway analyses in the 3 months HFCF
fed mice compared to the 3 months chow control groups. The top 10 biological processes
and pathways altered indicate that, compared to chow controls, significantly altered genes
are involved in lipid metabolism, inflammation, and fibrosis (Fig. 5-3A, 3B). The top 20
genes up- or down-regulated between the 3-month HFCF and the 3-month chow groups
are shown in Fig. 5-3C. The above results demonstrate that HFCF feeding for 3 months
causes an increase in gene signatures related to lipid metabolism, inflammation, and

fibrosis, supporting our gPCR and histological findings in Chapter 3.

To identify key genes and pathways associated with the transition of NAFL to NASH,
DEGs from the 3-month HFCF versus the 1-month HFCF comparison were used for GO
enrichment and KEGG pathways analysis. Consistently, genes involved in inflammation

and fibrosis were enriched by both analyses (Fig. 5-4A). Interestingly, amongst the top
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10 pathways from the KEGG pathway analysis were known regulators of lipid metabolism
and inflammation, PPAR and NF-kB signaling pathways (Fig. 5-4B). Figure 5-4C shows
the top 20 deregulated genes selected based on their fold change differences between

the 1-month HFCF and the 3-month HFCF groups.
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Figure 5-2: Gene Ontology (GO) enrichment and KEGG pathway analysis of DEGs
for 1-month chow or HFCF diet.

A: The top 10 enriched GO terms were selected by Enrichr combined score using
Enrichr. The x-axis represents Enrichr combined scores and the y-axis represents GO
terms. B: The top 10 enriched KEGG pathways were selected by Enrichr combined score
using Enrichr. The x-axis represents Enrichr combined scores and the y-axis represents
KEGG pathway. C: Heatmap depicts top 20 deregulated genes between the 1-month
chow and the 1-month HFCF groups.
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Figure 5-3: Gene Ontology (GO) enrichment and KEGG pathway analysis of DEGs
for 3-months chow or HFCF diet.

A: The top 10 enriched GO terms were selected by Enrichr combined score using
Enrichr. The x-axis represents Enrichr combined scores and the y-axis represents GO
terms. B: The top 10 enriched KEGG pathways were selected by Enrichr combined score
using Enrichr. The x-axis represents Enrichr combined scores and the y-axis represents
KEGG pathway. C: Heatmap depicts top 20 deregulated genes between the 3-month
chow and the 3-month HFCF groups.
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Figure 5-4: Gene Ontology (GO) enrichment and KEGG pathway analysis of DEGs
for 1 or 3 months HFCF diet.

A: The top 10 enriched GO terms were selected by Enrichr combined score using
Enrichr. The x-axis represents Enrichr combined scores and the y-axis represents GO
terms. B: The top 10 enriched KEGG pathways were selected by Enrichr combined score
using Enrichr. The x-axis represents Enrichr combined scores and the y-axis represents
KEGG pathway. C: Heatmap depicts top 20 deregulated genes between the 1-month
and the 3-month HFCF groups.
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Deregulation of FOXM1 and NELFE targets during NAFL transition to NASH in a
mouse NAFLD model

To understand which upstream regulators are responsible for the gene expression
differences between NAFL and NASH, we performed Encyclopedia of DNA Elements
(ENCODE) and ChIP enrichment analysis (ChEA) on DEGs obtained of the 1-month
HFCF and the 3-month HFCF groups using Enrichr. The use of ENCODE and ChEA
allowed us to identify consensus transcription factors. Figure 5-5A shows 15 consensus
transcription factors whose regulation was most deregulated between the 1-month HFCF
and the 3-month HFCF groups, including forkhead box M1 (Foxml) and negative

elongation factor (Nefle).

To verify whether consensus transcription factors identified during the transition of
NAFL to NASH in our mouse model could be relevant to the NAFLD development in
humans, we conducted ENCODE and ChEA analyses using DEGs obtained from a
human liver microarray dataset (GSE48452). This dataset contains results of microarrays
from human livers in different stages of NAFLD, including 14 steatotic livers and 18 NASH
livers. Nine consensus transcription factors were identified by the comparison (Fig. 5-5B).
Strikingly, both FOXM1 and NEFLE were identified from the NAFL versus NASH
comparison, which was observed in the NAFLD mouse model and NAFLD patients (Fig.
5-5). The heat maps of target genes differently regulated by FOXM1 and NEFLE in the
mouse NAFL to NASH transition are shown in Fig. 5-6, respectively. Table 5-1 shows the
fold changes and significant p values of target genes regulated by FoxM1 or NEFLE from
the human NASH versus human steatosis comparison.
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Figure 5-5: Results of screening for consensus transcription factors in NAFL to
NASH transition.

ENCODE and ChEA were used to screen consensus transcription factors during
NAFL to NASH transition. A: Consensus transcription factors identified in mouse NAFL
to NASH transition. The DEGs from the 1-month versus the 3-month HFCF comparison
were submitted to Enrichr. The consensus transcription factors were selected based on
p value and Enrichr combined score. The x-axis represents Enrichr combined scores and
the y-axis represents consensus transcription factors. B: Consensus transcription factors
identified in human NAFL to NASH transition. The DEGs from the human NASH versus
steatosis comparison were downloaded from GSE48452 and submitted to Enrichr. The
consensus transcription factors were selected based on p value and Enrichr combined
score. The x-axis represents Enrichr combined scores and the y-axis represents
consensus transcription factors.
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Figure 5-6: Heatmaps display genes differently regulated by FOXM1 and NELFE in

mouse NASH livers.

Heat maps depict genes differently regulated by FoxM1 or NEFLE in the 1-month

versus the 3-month HFCF comparison.
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TABLE 5-1: Genes regulated by FOXM1 and NELFE were significantly altered in
human NASH.

Human NASH vs. Human Steatosis

Fold
Genes changes P value
FOM1 targets ASPM 1.82 0.0010
RHEB 1.67 0.0004
KPNA2 1.51 0.0083
HIST1H3B 1.52 0.0063
LMNB1 1.59 <0.0001
SKA2 2.12 0.0003
NELFE targets CBX5 1.50 0.0010
HIST1H3B 1.52 0.0063
GADD45B 0.52 0.0024
DUSP1 0.58 0.0091
WDR74 0.28 0.0036
FOS 0.27 0.0164
RNU11 0.55 0.0002
SNORD43 0.47 0.0044
EGR1 0.34 0.0286
JUNB 0.58 0.0242
SNORA44 0.63 0.0157
GAS5 0.54 0.0058
SNORA64 0.32 0.0014
SNORDS61 0.66 0.0121

The fold changes and significant p-values of target genes regulated by FoxM1 or
NEFLE from the human NASH versus steatosis comparison.
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Discussion

To further understand the molecular machinery responsible for the transition of simple
steatosis to NASH, we examined the hepatic transcriptome profile of chow-fed and HFCF-
fed mice at two different feeding periods (1 month and 3 months). We found that the HFCF
diet induced remarkable transcriptomic changes in the liver which correlate with the
observed histologic phenotypes (Fig.3-5A). Additionally, we revealed similarities between

upstream regulators in both HFCF-fed mice and human patients with NAFLD.

Enrichr pathway analysis revealed relevant pathway changes in our three group
comparisons (Group 1: 1-month HFCF vs 1-month Chow, Group 2: 3-month HFCF vs 3-
month Chow, and Group 3: 3-month HFCF vs 1-month HFCF). Based upon Group 1
pathway comparison, the top pathways altered after 1-month HFCF feeding relate to
cholesterol and steroid biosynthesis as well as lipid absorption. The top upregulated gene
in the 1-month HFCF group is a key regulator of fatty acid synthesis, Scd1l (Fig. 5-2). The
upregulation of Scd1l was maintained after 3 months on the HFCF diet. Together, these
data portray an expected dietary response to overnutrition and increased lipids and
carbohydrates. After prolonged feeding for 3 months, it was expected that the cells would
become more stressed by the excess fat, sugar, and cholesterol. Group 2 pathway
comparison confirmed the hypothesis in that the major pathways influenced after 3
months on the HFCF diet involve inflammatory response pathways (11 of 20 pathways)
and fibrosis (3 of 20 pathways) (Fig. 5-3). Interestingly, pathway analysis of Group 3
reveals PPAR and NFkB signaling pathways are altered which supports the relevance of
PPAR and NFkB signaling in disease transition.

One striking finding of this study is that the expression of genes regulated by
transcription factors FOXM1 and NELFE were significantly different between NAFL and
NASH, which was observed in both a mouse NAFLD model and NAFLD patients. FOXM1
is a proliferation-associated transcription factor expressed during the cell cycle (217).
FOXML1 controls the critical expression of genes involved in cancer initiation, cancer
progression, cancer metabolism, and drug resistance (218,219). Increase in hepatic
FOXML1 is reported in human hepatocellular carcinoma (HCC) and inhibition of FOXM1
by targeting mevalonate pathway is beneficial for HCC treatment (220,221). Additionally,
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a recent study demonstrates that insulin signaling regulates the FoxM1/ polo like kinase
1 (PLK1)/ centromere protein A (CENP-A) pathway to promote adaptive pancreatic b cell
proliferation that is an essential component to delay or prevent progression of diabetes
(222), suggesting a potential role of FOXM1 in metabolic disease. However, the role of
FOXM1 in NAFLD development especially in NAFL transition to NASH remains unknown

and an important unsolved question.

NELFE is originally identified as part of a complex termed negative elongation factor
that represses RNA polymerase Il transcript elongation, but a recent study reveals NELFE
as an RNA-binding protein (223). The molecular function of NELFE is largely unknown,
but high NELFE levels have been demonstrated in HCC (224). Recently, NELFE was
reported as an oncogenic protein that contributes to transcriptome imbalance of HCC
through the regulation of MYC signaling (223). Whether NELFE-regulated pathways could
contribute to the development and progression of NAFLD remains unknown.

In summary, the dynamic gene changes observed during NAFL to NASH transition
confirm the importance and complexity of the inflammatory and fibrotic regulatory
pathways involved in NAFLD progression. Our findings may provide new insights into the
identification of potential targets for developing novel effectual NASH prevention and
treatment strategies. However, several questions such as the changes of hepatic
transcriptome profile and signaling pathway in the late stages of NAFLD remain to be
resolved. We look forward to future scientific endeavors to answer these interesting

guestions.
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Chapter 6: Overall Discussion
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NAFLD is a burgeoning health problem worldwide, and its pathogenesis is complex.
The studies performed in this dissertation aim to shed more insights into the mechanisms
behind NAFLD development and progression through the development of a NAFLD
mouse model, in-depth analysis of nuclear receptor SHP in NAFLD, and the use of RNA
sequencing. The purpose of this dissertation is to aid in uncovering potential targets for
effectual diagnostic and/or therapeutic interventions for NAFLD.

Murine HFCF model is relevant to NAFLD development in humans

The diagnosis of NAFLD requires a combination of invasive and noninvasive tests.
Abnormal liver blood test values, such as liver enzymes ALT and AST, often trigger the
evaluation of NAFLD. However, no single blood test is specific for NAFLD diagnosis.
Patients who have normal liver enzymes but may be in the transition to mid stages of
NAFLD could be overlooked and miss the opportunity for interventions (225). Otherwise,
NAFLD discovery in a patient who has normal liver enzymes or is asymptomatic is
secondary to another issue such as a patient getting a CT scan due to complaints of
abdominal pain (226). Liver biopsy is often required for detecting and staging NAFLD.
Once diagnosed with NAFLD, there is no FDA-approved drug available for NASH
treatment. Classically, patients are advised to lifestyle changes such as diet and exercise
whether obese or lean, and to take medications to relieve the symptoms associated with
NAFLD such as anti-diabetic medications, vitamins, probiotics and other supplements
(227,228). The studies performed in this dissertation aim to shed more insights into the
mechanisms behind NAFLD development and progression with the hopes of uncovering
potential targets for effectual diagnostic and/or therapeutic interventions.

One of the issues with studying NAFLD in rodents was developing a model which
could depict and progress through each stage of the disease spectrum as humans do.
Factors that affect NAFLD development include genetics, age, gender, and environment.
Taking such components into account, several genetic and dietary models have been
developed in an attempt to mimic one, some or all stages of the disease. We aimed to
use a dietary model which carries the disease progression from simple steatosis to
steatohepatitis. We, therefore, fed 2-month-old C57BI6/J male mice a variation of the
Western diet (HFCF: 40 kcal% fat, 2% cholesterol, 20 kcal% fructose) for 1, 3, 5, 7, and
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9 months which we assess throughout Chapter 3. Using the histological scoring system
to assess hepatic lipid, extracellular matrix content, and inflammation, we were able to
capture simple steatosis at 1 month, transitioning period at 3 months, primary NASH at 5
months, complete NASH at 7 months, and NASH with fibrosis and spontaneous tumor

development at 9 months.

We have shown that steatosis in HFCF-fed mice develops in parallel with the rapid
increase of body weight. This observation is consistent with NAFLD development in
humans, where studies showed that the prevalence of NAFLD is 58% in overweight
individuals but can be as high as 98% in obese individuals (229). Triglyceride content in
the liver cells can either derive from the de novo lipogenesis in hepatocytes or from the
uptake of circulating fatty acids into the hepatocytes. Once formed, triglycerides can then
be stored as lipid droplets (microvesicular or macrovesicular) within hepatocytes or
secreted into the blood via VLDL to be used by other cells for energy. NAFLD arises from
an imbalance between lipid acquisition (de novo lipogenesis or fatty acid uptake) and
removal (fatty acid oxidation or export as VLDL patrticles), resulting in excessive fatty acid

flux within hepatocytes which leads to liver steatosis.

We observed both micro- and macrovesicular steatosis in mice after 1 month of HFCF
diet feeding; however, after 3 months of HFCF insult, the liver presents a predominant
macrovesicular steatosis. This is due to the excessive accumulation of hepatic lipids. To
understand the regulatory machinery that promotes liver steatosis in HFCF-fed mice, we
examined the expression of genes responsible for fatty acid uptake, de novo lipogenesis,
fatty acid b-oxidation, and VLDL secretion. We found that critical fatty acid biosynthesis
enzymes, Fas and Accl are decreased during earlier time points of mouse NAFLD model
but increased after 5 months on HFCF diet when mice developed NASH. This suggests
that de novo lipogenesis is initially suppressed in the early stage of steatosis but after
long-term HFCF diet feeding it is augmented. Our study is consistent with previous
publications which showed that, in NASH patients, de novo lipogenesis rates are
increased and could contribute up to 25% of the fatty acid flux into the liver (230-232).
Given the clinical importance of de novo lipogenesis to NASH development, approaches
specifically inhibiting de novo lipogenesis are being tested to treat NASH in humans,
including ACC1 inhibitors and liver X receptor (LXR) inverse agonists (233,234).



125

Moreover, our observation that the expression of genes involved in VLDL secretion was
downregulated during NAFLD progression is in line with previous publications which
demonstrated that VLDL secretion is decreased by excessive ER stress induced by

lipotoxicity, eventually worsening steatosis and NASH progression (235,236).

Since NASH is the more advanced, progressive stage of NAFLD, many research
efforts focus on establishing a comprehensive understanding of NASH development and
progression. This entails gathering insights into the following questions: 1) When does
hepatic lipid accumulation switch from protective to perilous? 2) At which instance(s) are
inflammation and fibrosis triggered and which cells are involved? 3) Does the occurrence
of inflammation and fibrosis happen independently or do they depend on one another? If
they occur simultaneously, at which rate? Much progress has been made in answering
these questions; however, gaps in detailed understanding of the disease remain.
Therefore, in addition to phenotypic studies, in Chapter 5 we explored the transition phase
of NAFLD by studying the genotypic changes occurred in 1- and 3-month chow and HFCF

fed mice.

Pathway analysis of the 1-month versus the 3-month HFCF comparison revealed that
the metabolic regulation of several amino acids (citrulline, arginine, cysteine and
methionine) is altered by HFCF feeding over time. A recent study showed that blood
cysteine level is positively correlated with NAFLD and severity of hepatic damage in
children (237). In addition, amino acid supplementation is a strategy employed in treating
humans with NAFLD. Clinical trials conducted using amino acid supplements such as
serine and N-acetyl-I-cysteine (NAC) revealed amelioration of steatosis in NAFLD
patients (238). Interestingly, cysteine was shown to increase the levels of antioxidant
glutathione (GSH) in the liver (238). Given this information, it is possible that the changes
in amino acid regulation pathways may account for the changes in the GSH pathway in
our NAFL to NASH transition model signified by Enrichr. GSH supplementation was found
to reduce triglyceride and serum ALT in humans with NAFLD (239). Further evaluation
of GSH homeostasis in our HFCF-induced NASH model is pertinent as GSH was shown
to reduce TNFa-induced cell injury in hepatocytes and NFkB suppression in HFD-fed
mice (240).
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SHP in NAFLD

SHP is an atypical nuclear receptor due to its lack of a DNA binding domain (241). As
an orphan nuclear receptor without known ligand, SHP represses bile acid synthesis
(191,242), controls energy metabolism (243), and regulates glucose homeostasis
(244,245) via direct interactions with numerous nuclear receptors and transcription factors
(123). In support of its important role in metabolic diseases, mutations in the Shp gene
are correlated with obesity and susceptibility to type 2 diabetes (158). The role of SHP in
the development of mouse NAFLD is very complicated. An earlier study demonstrated
that acute liver-specific SHP overexpression in C57BL/6J mice decreased hepatic
triglyceride levels (246). In contrast, other studies showed that whole body Shp knockout
mice and hepatocyte-specific Shp knockout mice are resistant to high fat diet-induced
hepatic steatosis (188,189,212). Given that the fatty liver models utilized in these studies
are associated with little or no inflammation and fibrosis, the role of hepatic SHP in NAFLD
progression, especially in NASH, remains obscure.

In Chapter 3 of this dissertation, we developed a HFCF dietary mouse model that
carries the entire disease spectrum of NAFLD from NAFL to NASH. In Chapter 4, we
employed this dietary mouse model to dissect the role of SHP in steatosis, inflammation,
and fibrosis during NASH development. We found that the expression of SHP was
markedly decreased in the livers of patients with NASH and in diet-induced mouse NASH,
suggesting the biological relevance of SHP in the disease progression from NAFL to
NASH (Chapter 4 part 1). We demonstrated in Chapter 4 part Il that Shp deletion in murine
hepatocytes resulted in massive infiltration of macrophages in the liver. The data indicate
that hepatic SHP plays a critical role in regulating liver immune homeostasis. One
important observation is that after being fed a HFCF diet, Shp"eP’- mice developed
reduced steatosis compared to WT mice, but accelerated hepatic inflammation and
fibrosis. To further characterize the role of Shp specifically in the transition of steatosis to
NASH, mice were fed the HFCF diet for 4 weeks, followed by Shp deletion. Surprisingly,
Shp deletion after steatosis development exacerbated hepatic inflammation and fibrosis
without affecting liver steatosis. On the other hand, overexpressing SHP in hepatocytes
prevented NAFL progression to NASH by attenuating liver Inflammation and fibrosis.
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Together, our studies in Chapter 4 clearly indicate that, depending on NAFLD stages,
hepatic Shp plays distinct roles in modulating liver steatosis, inflammation, and fibrosis.

SHP regulates lipid metabolism in NAFLD

Efforts towards elucidating mechanisms behind hepatic lipid accumulation reveal
nuclear receptors as major players, particularly the constitutive androstane receptor
(CAR), pregnane X receptor (PXR), LXR, PPAR, and FXR (116,127,247-251). This is
expected since fasting and feeding regulate these nuclear receptors and their

heterodimer partner, RXR (252). SHP is a regulator of many of these nuclear receptors.

Notorious for binding other transcription factors to carry out its functions, SHP is an
inducible transcriptional corepressor (253). Thorough studies regarding the role of SHP
in the regulation of lipid metabolism have been conducted (123). Goodwin and colleagues
revealed the repressive effect of SHP binding to nuclear receptor LRH-1 which regulates
Cyp7al, an enzyme critical for the production of bile acids from cholesterol (191). In the
same year, Lu and colleagues identified LRH1 as a competence factor that permits
nuclear receptor LXRa transactivation of Cyp7al (242). Interestingly, Brendel and
colleagues provided insight into the interaction of SHP with LXRa also. Particularly, it was
shown that SHP directly binds to LXRa and inhibits its transactivation (254). During the
same decade, Wang and colleagues demonstrated that SHP is a repressor of PPARg co-
factor 1a (Pgcla) and uncovered the importance of SHP in lipid regulation. In particular,

Shp-deficient mice were resistant to high fat diet-induced obesity (243).

Since Shp is most abundantly expressed in the liver—particularly in hepatocytes—our
studies involved observing the effect of hepatocyte-specific functions of SHP in liver
steatosis (Chapter 4). Interestingly, deletion of hepatocyte Shp before HFCF diet feeding
resulted in decreased hepatic steatosis. In contrast, Shp deletion or overexpression after
steatosis development did not alter the extent of steatosis. We, therefore, hypothesized
that hepatic Shp is critical for liver steatosis formation in the early stage of NAFLD.

To understand how Shp disruption decreases liver steatosis in HFCF-fed mice, we
conducted RNA-seq analysis of liver obtained from WT and ShpHer/- mice after 12 weeks
on the chow or HFCF diet. WT mice displayed up-regulated Pparg signaling in liver after
HFCF diet administration; however, this response was completely abolished in the HFCF-
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fed ShpHer- mice (Chapter 4 part Il). PPARg is highly expressed in adipose tissue but at
a relative low level in normal liver (255). However, under conditions of nutrient overload
such as obesity and diabetes, PPARg is quickly induced and activated in hepatocytes
where it is essential for fatty acids uptake and storage as lipid droplets (256). At the
molecular level, PPARg up-regulates several proteins associated with lipid uptake,
storage, and formation of lipid droplets, such as fatty acid binding protein 4, Cidec, CD36,
monacylglycerol O-acyltransferase 1, and perilipin 2 (257). The notion that hepatic
PPARg expression promotes steatosis is supported by numerous studies which
demonstrated up-regulation of PPARg in steatotic livers observed in both NAFLD animal
models and NAFLD patients (197,258). It's becoming clear that the storage of excessive
fatty acids as triglycerides is unlikely to be the cause of hepatocyte injury in NASH,;
instead, the triglyceride accumulation within hepatocytes acts as a protective mechanism
against fatty acid-induced lipotoxicity (259). In support of this notion, inhibiting
triglycerides synthesis improves hepatic steatosis but exacerbates liver damage and
fibrosis in NASH (260). In hepatocyte-specific Pparg knock (PpargHe®’) mice, the
expression of genes associated with lipid storage was down-regulated. Consequently,
Pparg™eP’- mice developed reduced liver steatosis but markedly exacerbated liver injury
and fibrosis in a model of steatohepatitis (209).

In Chapter 4 part I, we observed a positive correlation between the expression of Shp
and Pparg as deletion of hepatic Shp significantly decreased the expression of Pparg and
its target gene, Cd36, in HFCF-fed mice. In addition, Shp”- hepatocytes were resistant to
oleic acid-induced steatosis; however, overexpressing PPARg largely increased lipid
content in Shp”- hepatocytes. Together, our data suggest a tight regulatory link between
hepatic SHP and PPAR(g, and indicate that hepatic SHP, in a PPARg-dependent manner,
plays an important role in hepatic steatosis.

The mechanism by which SHP regulates the expression of Pparg remains
incompletely understood. One earlier study demonstrated that SHP increases hepatic
Pparg gene expression through a transcriptional cascade where SHP inhibits hairy and
enhancer of split 6 (Hes6), a transcriptional repressor that suppresses Pparg gene
expression (212). Another study showed that in the rat immortalized HSC cell line HSC-

T6, SHP is recruited to the Pparg gene promoter and activates Pparg transcription which
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facilitates the quiescence of HSC (261). Additionally, increasing SHP expression by 6-
ethyl cheno-deoxycholic acid (INT-747) stimulates the expression and activity of Pparg in
adipocytes (262). These data indicate that SHP is a strong transcriptional regulator of

Pparg and multiple mechanisms may implicate in this regulation.

Interestingly, SHP deletion or overexpression after steatosis development did not
affect liver lipid content (Chapter 4 part 1), which is somehow unexpected since SHP is
known to regulate hepatic lipid metabolism (123). It is crucial to note that hepatic SHP is
a critical suppressor for bile acid synthesis through the direct regulation on Cyp7al
(191,242), a critical rate-limiting enzyme in bile acid synthesis (263). Accumulated
evidence highlights an important role of bile acid in NAFLD. For instance, changes in bile
acid synthesis and composition can alter gut microbiota, which may affect lipid
metabolism and subsequent NAFLD development (264). Thus, SHP deletion or
overexpression may affect bile acid synthesis, composition, and gut microbiota differently,
resulting in distinct roles of SHP in different stages of NAFLD.

SHP prevents NAFLD progression though inhibiting liver inflammation and fibrosis

Another important finding from Chapter 4 part Il is that the expression of hepatic SHP
regulates chemokine CCL2 production from hepatocytes. Overnutrition-induced aberrant
synthesis and accumulation of proinflammatory mediators within the liver is one of the
major culprits for the pathogenesis of NASH (265). Particularly, an increased level of
CCL2 is associated with a high risk of NASH in both animal models and humans (181).
Here, we have identified that the expression of SHP in hepatocytes is essential to
suppress overnutrition-induced CCL2 production. Importantly, our study demonstrates
that the crosstalk between p65 and SHP in hepatocytes is one of the key events in
regulating CCL2 production. On the molecular level, we have identified a novel regulatory
network in hepatocytes that consists of SHP/NF-kB/CCL2 which regulates macrophage

recruitment and initiation of inflammation for NAFLD progression.

Identification of this regulatory axis is important as it could shed light on our
understanding of FXR, a very well-known up-stream regulator of SHP (124,266-268), in
the alleviation of hepatic inflammation. FXR has been recognized as an interesting target
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for NAFLD treatment, and FXR agonist, obeticholic acid, has been used in NAFLD
treatment (269). However, the mechanism underlying FXR-mediated inhibition of hepatic
inflammation remains undetermined. Therefore, future research is warranted to
determine whether the mechanism governed by SHP/NF-kB/CCL2 could contribute to
FXR-mediated alleviation of hepatic inflammation in NAFLD.

Loss of hepatic SHP affects fibrogenic processes in the liver, which is another
important observation from Chapter 4 part Il of this dissertation. The critical anti-fibrotic
role of SHP has been documented in the literature. An earlier study demonstrated that
disruption of SHP exacerbates bile duct ligation (BDL)-induced cholestatic liver fibrosis
(195), whereas SHP overexpression or increasing SHP expression by pharmacological
compounds attenuate hepatic fibrosis induced either by hepatitis C virus infection (270)
or by carbon tetrachloride and a-naphthyl-isothiocyanate (ANIT) (271). In addition,
increasing SHP mMRNA levels in hepatic stellate cells by FXR ligands abrogates thrombin
and TGF-bl-induced upregulation of alphal collagen mRNA (272). Furthermore, SHP
overexpression in hepatic stellate cells inhibits the expression of tissue metalloproteinase
inhibitor 1 (Timpl) and promotes quiescent phenotype of hepatic stellate cells (273). All
of these findings indicate that SHP is a critical anti-fibrotic factor in various liver diseases.
Our results, obtained from hepatic Shp deficient and overexpressing animals, support this

notion.

In summary, in this dissertation we employed a clinically relevant dietary mouse
NAFLD model to investigate the role of SHP in NAFLD development. We demonstrate
that disruption of hepatic Shp activates NF-kB signaling and impairs Pparg activation,
leading to the dissociation of steatosis, inflammation, and fibrosis during NAFLD
development. Our finding that hepatic Shp plays a critical role in the steatosis-to-NASH
transition provides some new mechanistic insights into our understanding of NASH

pathogenesis and progression and may present a new target for NASH treatment.



131

Chapter 7: Future Directions
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The regulation between SHP and PPARg

Based upon the studies presented in this dissertation, SHP and PPARQ expression in
mouse hepatocytes are positively correlated. Using CV-1 and HelLa cells, Nishizawa
demonstrated that SHP competes with nuclear receptor corepressor in binding to the
DNA-binding domain/hinge region of Pparg, in a ligand-independent manner, enhancing
its activity (274). Later, another study indicated that the human SHP promoter contains a
PPAR response element to which PPARg binds and enhances SHP transcription (275).
A very recent study investigating the anti-obesity effects of soybean in high fat diet-fed
Sprague-Dawley rats supports that hepatic PPARg positively regulates Shp expression
(276). Mechanistic studies are needed in order to elucidate 1) whether there is positive
feedback regulation between hepatic SHP and PPARg in hepatocytes and 2) which
factors lead to SHP recruitment to PPARg promoter or PPARg recruitment to SHP

promoter.
RNA-seq of mouse NAFLD model

We have preliminarily demonstrated using RNA-seq that processes involving lipid
absorption and oxidation, cell cycle, inflammation and fibrosis are aberrantly regulated in
livers of 1- and 3-month HFCF-fed mice. Since the livers of 3-month HFCF-fed mice
resemble the early transition from NAFL to NASH, this observation is expected. However,
to gather a more detailed understanding of the mechanisms leading to NASH, RNA-seq
of the livers of 5-month HFCF-fed mice must be conducted since it is the earliest time

point at which NASH is diagnosed in our model.

Valuable insights have been acquired from our preliminary RNA-seq study and require
further investigation. For example, we have identified two genes, FOXM1 and NELFE,
which have not before been implicated in NAFLD studies. Studies have indicated that
FOXM1 and NEFLE, through distinct pathways, contribute to HCC pathogenesis
(219,223). As an RNA-binding protein, NELFE stabilizes the RNA molecule bound to it.
Interestingly, NELFE targets detected in our analysis include important lipid-regulating
genes Ppara and Fasn; however, besides a ChIP study indicating Ppara and Fasn are
NELFE targets, no other associations between the targets and NELFE have been
reported (277). Since PPARa plays a crucial role in fatty acid beta-oxidation and the fatty
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acid synthase controls a key step in de novo lipogenesis, studies towards identifying the
role of NELFE in their regulation are needed.

The top deregulated genes identified from RNA-seq of NAFLD mouse model present
interesting prospects for future studies. For example, argininosuccinate lyase (Asl) and
energy homeostasis associated (Enho) are significantly downregulated in livers of 3-
months HFCF-fed mice compared to the livers of 1-month HFCF-fed mice. ASL is highly
expressed in liver and catalyzes the hydrolytic cleavage of argininosuccinate into arginine
and fumarate, an essential step in detoxifying ammonia via the urea cycle. Deleterious
mutations of Asl result in argininosuccinic aciduria, the second most common genetic
disorder affecting the urea cycle (278). A recent study has demonstrated that
dysregulation of the urea cycle occurs in both a rat NAFLD model and NAFLD patients
(279). Urea dysregulation can lead to the accumulation of ammonia, a condition called
hyperammonemia which can lead to scar tissue development and increase the risk of
NAFLD progression (279). Because of this, further studies toward understanding the role

of Asl and related urea cycle in NAFLD progression are needed.

Enho, another top downregulated gene in the livers of 3-month HFCF-fed mice
compared to the livers of 1-month HFCF-fed mice, encodes the secretory signal peptide
adropin. Adropin is involved in the regulation of glucose homeostasis and lipid metabolism
(280). Studies investigating blood levels of adropin in humans have observed inverse
associations of adropin concentrations with carbohydrate consumption (281,282), insulin
resistance (283,284) and risk of NAFLD (285,286). Supporting our data is a study which
demonstrated that liver ENHO levels are negatively correlated with time on a high-fat diet
(287). Overexpressing ENHO or systemic delivery of pharmacological adropin into diet-
induced obesity mice can attenuate hepatosteatosis and enhance glucose tolerance
(287). Future studies will focus on understanding how Enho expression is decreased
during NAFL transition to NASH and exploring whether increasing Enho levels could be

effective for NASH prevention and treatment.
Immune cell functions in NAFLD

We have indicated that macrophages play an important role in inflammation in NASH
development. However, during NASH, extrahepatic immune cells infiltrate the liver and
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exacerbate NASH progression. For example, neutrophil infiltration into the liver helps to
clear pathogens but may also enhance macrophage cytotoxicity and exacerbate the
inflammatory state (288). In addition, the involvement of adaptive immunity in stimulating
adipose tissue inflammation in obesity demonstrated that in the initial phase, the fat-
resident macrophages secrete chemokines, which recruit CD4*/CD8* T lymphocytes and
natural killer T cells to the adipose tissue. This, in turn, enhances macrophage activation
and proinflammatory mediator release (289). Similarly, in the initiation of inflammation in
NASH pathogenesis, one study showed that both macrophages and lymphocytes
represent the most frequent inflammatory infiltrates of NASH liver (290). Overall,
involvement of adaptive immunity in the processes driving NASH evolution makes T and
B cells attractive therapeutic targets for NASH prevention and treatment. Further studies
are required to better understand the interaction between innate and adaptive immunity
in sustaining hepatic inflammation and promoting fibrosis in NASH. Additionally, since
immune cells can secrete profibrogenic factors, further investigation on immune cell to
HSC communication are encourages. The studies presented in this dissertation are
hepatocyte-centered though we demonstrate the presence of fibrosis within our NAFLD
model and ShpHer’- models. Based on the literature presented here, further investigations
into HSC activation within our animal models are warranted. Of priority are verifying the

timepoint at which HSCs switch from quiescent to active in our NAFLD model.

Crosstalk between organs in NAFLD

The studies in this dissertation reveal the nature of the disease as it pertains to the
liver since our aims included developing a mouse NAFLD model, uncovering a
mechanism behind hepatic steatosis and inflammation, and identifying novel
transcriptomic changes in our mouse NAFLD model. However, it is understood that
NAFLD is a multisystem disease (291,292); therefore, research using NAFLD models
must include a comprehensive examination of all organ systems involved in the disease
process. Doing so will provide a more accurate and realistic look at the phenomena
occurring during the disease process and provide new approaches for NAFLD reversal

or amelioration. For instance, inflammatory mediators released from extra-hepatic organs
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such as gut and adipose tissue have been implicated in NASH pathogenesis (293). In
particular, many pathogenic factors, such as endotoxins resulted from increased gut
permeability and dysbiosis, adipokines secreted from adipose tissue, are all considered
crucial to the pathogenesis of NASH (294). Currently, several studies have linked NAFLD
development and progression to diseases such as type Il diabetes mellitus (T2DM),
cardiovascular disease (CVD) and chronic kidney disease (CKD). Therefore, further
investigations into the contribution of interorgan crosstalk in NASH pathogenesis and pre-

dispositions to CVD, CKD, or T2DM using our mouse NAFLD model are warranted.
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