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ABSTRACT
ANDROGEN ACTIONS IN POLYCYSTIC OVARIAN SYNDROME LIVER
By
Irving Jesus Salinas
In women, polycystic ovarian syndrome (PCOS) is a common fertility disorder that is associated
with metabolic dysfunction such as, non-alcoholic fatty liver disease (NAFLD), obesity, and
insulin resistance. Androgen excess, the main feature of PCOS, significantly contributes to the
development of NAFLD in women with PCOS. Recently, clinical reports establish that
independent of insulin resistance and obesity, hyperandrogenism by itself causes NAFLD. Here,
using a liver-specific androgen receptor knockout (AR-KO) mouse and well-characterized mouse
PCOS model, we determine the role of androgens in NAFLD development in hyper-androgenic
conditions. We show that hyperandrogenism causes fat accumulation, increases triglyceride levels
and dysregulates metabolic gene expression in the liver. Interestingly, we found that KO of the
AR in the liver rescues the NALFD phenotype and metabolic gene expression in PCOS conditions.
Mechanistically, androgens modulate gene expression indirectly by regulating the trimethylation
of lysine 27 of histone H3 (H3K27me3) repressive mark in downstream gene promotors both in
mouse and human hepatocytes. This study shows that androgen actions, through the AR, are
necessary for the development of NAFLD and liver dysfunction. However, in the female liver,
androgens regulate gene expression indirectly rather than direct. This study demonstrates that the
AR can be used as a therapeutic target to prevent NALFD in PCOS. Moreover, the novel in vivo
and in vitro models created in this study, can be used to specifically differentiate the effects of

nuclear vs extranuclear androgen actions both at a physiological and cellular level in the liver.
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Chapter 1: Introduction

Androgens have an well-established role in the development of the male reproductive system and
the formation of secondary male characteristics during puberty [1]. Additionally, they have a
crucial function in the development and maintenance of musculoskeletal, cardiovascular, immune,
neural, and haemopoietic systems, as well as in metabolism [2-7]. Most of the physiological effects
of androgens are mediated by the steroid hormone testosterone, and its more potent metabolite Sa-
dihydrotestosterone (DHT). Biologically, DHT is about 100-fold more active than testosterone [8].
In the steroidogenic pathway, DHT is converted from its precursor testosterone by an enzyme
known as Sa-reductase. This enzyme is part of the cytochrome P450 family which are essential in
the steroidogenesis pathway and convert other precursor androgens such as
dehydroepiandrosterone sulphate, dehydroepiandrosterone (DHEA), and androstenedione to
testosterone [9]. Furthermore, androgens are primarily produced in the gonads and the adrenal
gland and are regulated by the hypothalamic-pituitary-gonadal axis as well as through paracrine
and autocrine mechanisms. Like other steroid hormones, androgens are mostly transported in the
blood by a specialized protein known as sex hormone binding globulin and to a lesser extent by

albumin [10]. However, low amounts androgens remain in its unbound form in the blood [10].

Androgen Receptor Structure and Function

The effects of androgens are mediately by binding to the androgen receptor (AR), a transcription
factor and member of the steroid nuclear receptor family. The human AR gene is about 90 kb in
length and codes for a 919 amino acids long AR (Fig. 1). Moreover, the rodent AR has an identical

amino acid sequence in the DNA and ligand-binding domains and has 85% overall sequence



homology compared to the human AR [11]. Similar to other steroid receptors, the AR is made of
three functional domains (Fig. 1): the N-terminal transcriptional regulation domain (NTD), the
DNA binding domain (DBD) and the ligand binding domain (LBD) [3]. From these domains, the
DBD is highly conserved and specific for each nuclear receptor family while the NTD is the most
variable. The highly conserved DBD domain consist of zing fingers that recognize specific DNA
sequences and enables the AR to bind to specific AR-regulated gene promoters and enhancers,
thus modulating their expression [3]. Furthermore, the DBD and the LBD are linked together by a
hinge region. The LBDs main function is to mediate the interplay between the AR, the chaperone
and heat-shock proteins [3]. In addition, it also interacts with the NTD to stabilize bound
androgens.

The AR also contains several signal sequences. For example, two transcriptional activating
function (AF) signals have been identified. One of them is the ligand-independent AF-1 located in
the NTD which is necessary for the maximal activity [12]. The other is the ligand-dependent AF-
2 that is located in the LBD. This signal plays a role in mediating interactions between the NTD
and LBD as well as forming the coregulator binding site [13]. When androgens are not bound to
the AR, the AR is found in the cytoplasm and is associated with heat-shock and chaperone proteins.
However, once androgens are bound to the AR, it causes a conformational change which results
in the dissociation of its associated proteins and ultimately exposure of the nuclear localization
signal (NLS). The NLS is located between the DBD and the hinge region of the AR and is
responsible for importing the AR into the nucleus. Once the AR does it job in the nucleus, its
ligand becomes unbound and a nuclear export signal (NES) located in the LBD exports the AR

back into the cytoplasm, respectively [3].



AR GEN E Modified from Davey, R. A. and M. Grossmann (2016) and Gao, W., et al. (2005)

| Exon-1 | | Exon-2 | |Exon-3| |Exon-4||Exon-5| |Exon-6| |Exon-7| |Exon-8|
| {7 NLS / INEs i
N-terminus NTD DBC | H LBD C-terminus
| :.AF-1‘. | ! = AF-2 |
Amico Acids =+ 1 142 337 559 624 676 919

AR PROTEIN

Figure 1. Androgen Receptor Gene and Protein Structure. Domains of the Androgen Receptor:
N-terminal domain (NTD), DNA binding domain (DBD), hinge region (H), ligand binding domain
(LBD), transcriptional activation function 1 (AF-1), transcriptional activating function 2 (AF-2),

nuclear localization signal (NLS), nuclear export signal (NLS).

Proteins known as coregulators are responsible for the transcriptional activity of the AR.
These proteins bind to the ligand-bound AR and serve as coactivators or corepressors to modulate
gene expression by recruiting transcriptional machinery as well as regulate chromatin accessibility
and histone modifications [3]. Importantly, there has been numerous AR coregulators identified

and they’ve been extensively studied and reviewed [14-16].

Androgen Receptor Signaling

The AR is a member of the nuclear hormone receptor family and upon induction by its ligand,
dimerizes, translocates to the nucleus, and regulates gene expression by binding to specific DNA
sequences found in regulatory regions of genes called androgen response elements (AREs) [17].
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This form of AR signaling is referred to as classical, genomic or “nuclear” androgen signaling.
Moreover, it’s now well established that there are ARs associated near the membrane of cells and
upon activation, results in rapid membrane-initiated cytoplasmic signals such as, Erk, MAPK1/3
and PI3K/Akt signaling to mediate intracellular responses, such as proliferation and apoptosis [18].
This form of AR signaling is referred to membrane initiated or “extra-nuclear” androgen signaling
(Fig. 2) [19-21]. This membrane-initiated androgen signaling can be transcription-independent
involving regulation of enzymatic activity [22], translation initiation process [23-25], and protein
degradation [25] or can also cause gene expression in an AR-ARE-independent fashion. Nuclear
and extra-nuclear signaling has been primarily and extensively studied in male reproduction [26]
and prostate cancer [27-29]. Additionally, various studies now show that these androgen-induced
signaling pathways play a role in other tissues such as in, bone [30, 31], muscle [30], and the

cardiovascular [5] and immune [30] systems.

Nuclear  Androgen ¢ 3 EGFs Extra-nuclear
ianali Membrane bound ianali
Signaling @ em rsggsoun/ \ EGER  Signaling
Membrane
/ |
P|3IAkl e
Hsp
Cytoplasm ®%'/

| Cell survival | | Proliferation

Cofactors

Figure 2. Nuclear and Extra-Nuclear Androgen Signaling.



Figure 2 (cont’d)

Androgens, bind to ARs localized in the cytoplasm, causing a protein conformational change
which results in the dissociation of its associated proteins. Then, dimerizes, translocates to the
nucleus, and regulates gene expression by binding to androgen response elements (AREs). This
form of AR signaling is referred to as genomic or “nuclear” androgen. Moreover, androgens,
through membrane-localized ARs, trigger matrix metalloproteinase (MMP)-mediated
transactivation of the epidermal growth factor receptor (EGFR), which in turn leads to cytoplasmic

PI3K/Akt and MAPK3/1 signaling. Heat shock protein (HSP), Phosphorylation (P).

Androgen Actions in the Female: Lessons from ARKO Mouse Models

Traditionally, androgens are considered male sex steroids. In females, for long androgens were
considered only as a precursor of estrogen in the steroidogenic pathway. However, animals studies
and clinical reports have established that androgens play important roles in female non-
reproduction tissues, both in a physiological and pathophysiological condition [32-34], thereby
affecting women'’s health, in general.

In the female, the notion that ARs could play in a role in follicular development and ovarian
physiology came from studies in the 1990s showing that ARs are expressed in different cells
throughout the stages of the developing follicle such as, theca cells, granulosa cells (GCs), and the
oocyte [33, 35-45]. In most species [35-42], the expression levels of ARs are abundant in the
preantral to antral stages of follicular development and then later decline when follicles mature to
the preovulatory stage [33]. In general, this expression pattern suggested that when follicles grow
from the pre-antral to the antral/preovulatory phase, the expression levels of the AR decrease, and

the estrogen receptor becomes the dominant steroid receptor. Thereafter, multiple in vivo and in



vitro studies across different species such as, rodents [46-49], porcine [50], ewes [51], cattle [52,
53], and primates [54, 55] reported that androgen stimulation had a direct stimulatory effect on
follicular development. However, the question remained whether the observed effects were direct
effects of androgens through the AR or due to estrogenic effects involving aromatization of
androgens to estrogen.

Originally, before the AR gene was identified, its gene locus located in the X chromosome
was called testicular feminization (Tfm). One of the first AR knockout (ARKO) female mouse
model had a homozygous mutation in the Tfm on the X chromosome (tfm/tfm) [56]. Initially, these
female mice had normal ovulation, mating potential, and pregnancies. However, later in life their
reproductive potential decreased [56]. Since the tfm (AR) gene is located in the X chromosome,
and male mice lacking a functional AR gene are infertile, generating female mice lacking the AR
was difficult. It wasn’t until the development of the Cre/LoxP technology that later allowed the
generation of three different global ARKO female mouse models. Two of these models were
generated by targeting the deletion of exon-1 (AR;”") [57] or exon-2 (AR:") [58] of the AR
resulting in the complete loss of the AR protein. The other model targeted the deletion of exon-3
(AR37) of the AR gene leading to a nonfunctional AR protein [59]. Nonetheless, all these three
global ARKO models exhibited normal ovarian morphology, however, where sub-fertile, with
AR;”- showing a mildly less severe phenotype than AR;”- and AR,”". In addition, all these models
had small litter size, fewer corpus lutea, and higher rates of atretic follicles. Thus, leading to a
premature depletion of their follicle pool, a common phenotype seen in women with diminished
ovarian reserve (DOR). These studies established that in the absence of androgens, the
reproductive potential of females isn’t fully accomplished and that androgen actions are not

essential for survival and reproduction in female mice.



Hypothalamic-Pituitary-Ovarian Axis

In years to come, the fact that ARs were found to be expressed throughout the
hypothalamus-pituitary-ovarian (HPO) axis led to the development of cell-specific ARKO animal
models. ARs have been knocked out in all three major cell-types of the ovary such as, oocyte,
theca, and granulosa cells. In 2010, a study generated oocyte-specific and granulosa cell (GC)-
specific ARKO female mice by crossing AR (AR,") -floxed mice with growth differentiation
factor-9 driven cre (oocyte-specific) or anti-Mullerian hormone receptor II (AMHR2)- driven cre
(GC-specific) mice [60]. The GC-specific ARKO model replicated the phenotype generated by the
global ARKO mice models. These animals were sub-fertile displaying lower numbers of litters,
had decreased number of ovulated oocytes, increased rate of follicular atresia, and longer estrus
cycle leading to early infertility issues. Moreover, their ovaries had higher numbers of pre-antral
and atretic follicles, with decreased levels of corpora lutea and antral follicles [60]. In contrast, the
oocyte-specific ARKO model showed no reproductive phenotype, suggesting that AR actions in
oocytes are not critical for female fertility [60]. Following these studies, another GC-specific
ARKO mouse model was developed by crossing AR (AR37") -floxed with AMHR2-cre [61].
Similar to the previous mentioned GC-specific ARKO model [60], this model also displays a sub-
fertile phenotype, with increase atretic follicle numbers, longer estrous cycles, and fewer litters
and pups [61]. However, importantly, this model displayed a less potent ovarian phenotype,
showing no reduction in corpora lutea and no depletion of antra follicles. This effect could be
observed because the first GC-specific ARKO (using AR, floxed animals) lead to the complete
loss of ARs in GCs, while the second GC-specific ARKO (using AR3”" animals) retained a

nonfunctional AR protein in GCs. Future studies need to determine whether this nonfunctional AR



is able to activate androgen-induced signaling events and thus influence folliculogenesis in the
ovary. The last ovarian cell-specific ARKO model that was developed is the theca cell-specific
(TC) ARKO mouse model [62], which was made by crossing AR>” floxed with Cyp17-iCre mice
that express Cre recombinase under cytochrome P450 17A1 promoter [62]. This model has a
normal reproductive phenotype, exhibiting normal ovaries and no signs of reduced reproduction
capacity. Altogether, with regard to the ovary, androgen actions through the AR expressed in GCs
are key regulators of follicular development and female fertility (Table 1).

For the past decade, the primarily focus of our laboratory has been to elucidate androgen

actions in the female. Our laboratory and others have shown that androgens, regulate critical

Table 1: Androgen Receptors Expressed in GCs are Key Regulators of Female Fertility

Global ARKO
[57] (Exon 1), [6%) Oocyte-ARKO TC-ARKO Neuron-ARKO
[58] (Exon 2), [61] (Exon—3), [60] (Exon-2) [62] (Exon-2) [66] (Exon-3)
[59] (Exon 3)
I_)efective _ v v X X v
Folliculogenesis
High Atresia v v X X v
Decreased Fertility v v X X ND
Prematu_re Ovarian v v X X X
Failure

ND= Not Determined

aspects of follicular development through nuclear and extra-nuclear signaling [22, 60, 63]. The
underlying mechanisms of androgen actions in regulating follicular development and female

fertility have been reviewed in various reports [32, 33]. Briefly, our laboratory found that ARs in



GCs regulate pre-antral to antral follicular transition by increasing the expression of the follicle-
stimulating hormone receptor (FSHR) in a translation-independent (extra-nuclear) manner [63].
Additionally, androgens, prevent follicular atresia through nuclear signaling (AREs) by inhibiting
pro-apoptotic proteins via the induction of miRNA-125b [63]. Moreover, other studies indicate
that androgens also promote steroidogenesis in GCs by inducing the expression of steroidogenic
enzymes such as StAR, P450scc, 3BHSD [64] and aromatase resulting in an increase of
steroidogenesis.

In efforts to further understand AR actions in the HPO-axis, another group generated a
gonadotroph-specific (pituitary-specific) ARKO. This model was created by crossing AR>™ floxed
animals with an alpha subunit of gonadotropins (aGSU)-Cre promoter driven mice [65]. Pituitary-
specific ARKO females were sub-fertile showing a reduction in their pups per litter and altered
late stage-ovarian function exhibiting reduced number of corpus lutea, and increased number of
unhealthly antral follicles. Importantly, follicular development was not impaired in these females.
However, the sub-fertile phenotype could be established as a consequence of a lower basal and
surge levels of FSH hormone levels, an important mediator of follicle maturation. Moreover, the
pre-ovulatory surge levels of both luteinizing hormone (LH) and FSH hormones were lower in
pituitary-specific ARKO females. This study suggested that androgen actions may be involved in
the priming of gonadotrophs for the preovulatory surge, leading to the reduction of LH hormone
surge levels and ultimately leading to fewer ovulation rates and reduction of pups per litter [65].
However, how androgen signaling in the gonadotrophs causes this effect still remains to be
determined.

Lastly, KO of the AR in the female brain and pituitary (nuero-ARKO) impacted ovarian

physiology [66]. For example, this mouse model showed reduction in large antral follicles and



increased follicular atresia [66]. However, didn’t develop premature ovarian failure. In addition,
relative to control, nuero-ARKO female mice had a comprised kisspeptin/gonadotropin-releasing
hormone/LH cascade which lead to the ovarian phenotype. Differences between the nuero-ARKO
and pituitary-specific ARKO could be could be observed because the pituitary-specific mouse
models (using AR, floxed animals) lead to the complete loss of ARs in gonadotrophs, while the

nuero-ARKO (using AR3”~ animals) retain a nonfunctional AR protein in the brain and pituitary.

Pancreas

Androgen excess (hyperandrogenemia) is a well-known diagnostic marker for women with
polycystic ovarian syndrome, and recent clinical reports show that these women have several
degrees of pancreatic B-cell dysfunction [67, 68]. One hypothesis is that excess androgens
predisposes B-cell dysfunction by inducing B-cell stresses [7] such as, insulin resistance and
circulating oxidative stress, both typically seen in PCOS women [69] and mouse models [70].
However, the mechanism of how excess androgens causes B-cell dysfunction hasn’t been
elucidated yet. Recently, a study reported that androgen (DHT) excess coupled with a western diet
(high-fat and sugar diet) causes female mice to develop hyperinsulinemia and insulin resistance
which was shown to be linked to pancreatic 3 cell failure, thus, leading to hyperglycemia [71].
However, these comorbidities were not seen in the female B-cell specific ARKO. Moreover, this
study also reported that in vitro treatment with DHT of mouse and human pancreatic islets, via
extra-nuclear androgen signaling (cAMP and mTOR pathway), resulted in an insulin
hypersecretion response to glucose [71]. Future studies need to look at the effects of only androgen
excess in B-cell and pancreatic physiology. Regardless, this study showed the potential of AR

actions in female B-cells.
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Overall, it is now recognized that in females, androgens play a pivotal role in female
reproduction and fertility displaying effects all throughout the HPO-axis [66]. Moreover, recent
ARKO animals and clinical studies show that AR actions extend to other female tissues besides
reproductive organs such as the pancreas. However, the mechanisms of androgen actions in the
female are complex and remain frustratingly unclear appearing to have cell-specific effects.
Therefore, understanding the transcription-dependent and transcription-independent effects
regulated by nuclear and extra-nuclear androgen actions in specific female tissues is paramount.
A major limitation towards elucidating androgen actions is the inability to differentiate in vivo the
potential role of each of these pathways in physiological or pathophysiological conditions. In
Chapter 3 of this thesis, we transition to a more basic science scenario and try to further
understand androgen actions both at a physiological and cellular level. To do so, we have
developed mouse models and generated AR clones (Chapter 3) with nuclear-only and membrane-
only AR signaling that we propose to use in future studies to determine the relative contribution

of extra-nuclear and nuclear AR in normal physiological and/or disease conditions.

Androgens in Male and Female Disease
Androgens have been linked to the development of several pathophysiological conditions. For
example, in males, a reduction in androgen signaling leads to under virilization and infertility [72],
and mutations of the AR gene can lead to androgen insensitivity disorders [8]. Additionally, the
AR has a well-established role in prostate cancer development and progression [73].

For decades, androgens were known to be detrimental to women by being associated with
pathophysiological conditions involving ovarian physiology and female fertility. While high levels

of androgens is the clinical biomarker of polycystic ovarian syndrome (PCOS) which leads to
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excess follicular development [74], disrupted androgen signaling is associated with abnormal
follicular development leading to a negative impact in female fertility [75, 76]. Moreover, ARKO
animal models clearly established that androgen actions are necessary to maintain normal ovarian
function and fertility. Furthermore, androgen priming is now being considered as a fertility
treatment option in women with diminished ovarian reserve [76]. In summary, it's now recognized
that a balanced level of androgens is required for normal ovarian function and adequate female

fertility [33].

Polycystic Ovarian Syndrome and Non-alcoholic Fatty Liver Disease

Polycystic ovary syndrome (PCOS) affects 10-15% of women and primarily causes anovulation
and fertility problems in women. However, PCOS women also develop or are more likely to
develop diseases and conditions like, nonalcoholic fatty liver disease (NAFLD) [77], type 2
diabetes, hypertension, and cardiovascular problems [78, 79] thereby affecting the overall health
of women. One of the clinical diagnostic markers of PCOS is high levels of androgens
(hyperandrogenism). For years it was speculated that NALFD development in PCOS patients was
a consequence of metabolic comorbidities present in PCOS such as obesity and insulin resistance.
Intriguingly, recent clinical reports show that independent of obesity and insulin resistance,
hyperandrogenism by itself is a cause for NALFD development [80-82]. However, how chronic
high levels of androgens cause liver dysfunction and whether the AR in the liver can be targeted
to prevent NALFD in a PCOS condition still remains to be determined. Therefore, this thesis will
shed some light into how chronic high levels of androgens induce liver dysfunction and address

the question of whether the AR can be a therapeutic option to prevent NALFD in PCOS.
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In Chapter 2, using a well-established mouse PCOS model, we found a mechanism
through which chronic high levels of androgens cause liver dysfunction and contribute to the
development of NALFD in the mouse. Additionally, using the Cre-LoxP system, a liver specific-
ARKO PCOS mouse model was developed to determine if KO of the AR in the liver will prevent

the development NALFD in a PCOS condition.

Significance
e Androgen excess, the main feature of PCOS, significantly contributes to the development of

NAFLD in women with PCOS [82, 83]. However, the underlying mechanism(s) of androgen

effects on liver metabolism and its manifestation in the form of liver dysfunction in women with

PCOS condition is unknown and is one of the focus of this thesis. Moreover, the mechanistic

insights gained from this study will have a number of implications for the diagnosis and treatment

of various diseases associated with PCOS or for women’s health, in general.

¢ To date, obesity and type 2 diabetes associated with PCOS were considered the primary cause
of NAFLD in PCOS. Importantly, this study demonstrates a direct effect of androgens on liver
metabolism and its role in the pathophysiology of NAFLD in PCOS condition, thereby
establishing AR as a potential therapeutic target for NALFD in PCOS conditions. Current AR
inhibitors like Enzalutamide or Flutamide that are in clinical use or in clinical trials for prostate

cancer are potential therapeutics for PCOS women.

e Over the years there have been a large number of studies on androgen actions in the male liver.

This is the first comprehensive study to delineate androgen actions in the female liver. Molecular

insights gained from this study will help to understand the sexual dimorphic nature of androgen

actions in the liver.
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e This study for the first time has developed molecular tools and mouse models to elucidate in vivo
and in vitro the genomic and non-genomic effects on androgens and its role in pathophysiological

conditions.

e Changes in epigenetic marks may be an early event in pathogenesis and progression of various
disorders [84]. Our preliminary studies have identified specific epigenetic modifiers that are

modulated by excess androgens. Thus, studies on mechanisms of epigenetic modifications can

contribute to our understanding of long-term effects of PCOS and shed light on disease

prevention/treatment.
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Chapter 2: Androgen Actions in Liver Dysfunction and Non-Alcoholic Fatty Liver Disease

(NALFD) Development in a PCOS Condition

NALFD is a chronic disease that is characterized by the accumulation of fat in the liver which is
typically referred to as hepatic steatosis (fatty liver) and is histologically the same as alcoholic
fatty liver disease. This disease is highly prevalent affecting ~20-30% of the world [85, 86] and is
the most common cause of chronic liver disease. In the United States alone, the cases of NALFD
is estimated to increase from 83.1 million in 2015 (~25% of the population) to 100.9 million in
2030 [87]. In the clinic, NALFD comprises of a wide spectrum that can start from a fatty liver,
which is also referred to as non-alcoholic fatty liver (NAFL), and can advance to a more severe
stage called non-alcoholic steatohepatitis (NASH) [88, 89]. NASH is characterized by severe
steatohepatitis, lobular inflammation, hepatocyte ballooning and is typically accompanied by a
variable degree of pericellular fibrosis [89] which can ultimately lead to liver cirrhosis and
hepatocellular carcinoma [90]. Fatty liver is characterized by the accumulation of fat in the liver
and is diagnosed when ~5% of the liver mass is fat. Commonly, fatty liver is easily diagnosed in
the clinic through non-invasive imaging studies such as, ultrasound, computed tomography (CT)
or magnetic resonance imaging (MRI). However, it’s typically suspected when patients have
elevated levels of serum hepatic enzymes such as, aminotransferases. While NAFL is fairly easy
to diagnose, accurately diagnosing NASH involves histological analysis by obtaining an invasive
liver biopsy. However, elastography techniques and the NALFD fibrosis score (FIB-4) have been

commonly used as a non-invasive way to identify fibrosis [89].

Recently, animals studies using models of PCOS created by androgen excess, show that long
term androgen treatment causes hepatic steatosis [91]. Additionally, lean hyper-androgenic mouse

models show direct androgen effects on hepatocyte metabolism [92]. Similarly, clinical studies
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show that rates of NAFLD are increased in women with PCOS [93, 94] both lean [95] or normal-
weight [82]. In addition to body mass index and dysglycemia, androgen excess is a potential
additional contributing risk factor for NAFLD development in PCOS [81, 96]. For a long time, it
was suggested that common metabolic issues present in PCOS such as obesity and diabetes where
causing NALFD in PCOS. However, recent clinical reports of PCOS patients show that, NALFD
is highly prevalent as a result of hyperandrogenism, independent to insulin resistance and obesity.
For example, a cross sectional study using 400 Chinese women with PCOS established that,
independent of obesity and insulin resistance, a higher free androgen index is associated with
increased accumulation of fat in the liver and NAFLD prevalence, when compared to control
women [80]. Similarly, another case study using 29 PCOS patients provided evidence that
hyperandrogenic PCOS patients have increased fat in their liver (hepatic steatosis) when compared
with non-hyperandrogenic PCOS patients or with their healthy controls, independent of BMI,
adipose tissue volume, and insulin resistance [83]. All together, these clinical studies suggest that
high levels of androgens associated with PCOS by itself is a cause of NALFD. However, direct

evidence of how androgens cause NALFD hasn’t been elucidated.

In this study we have used a well-established DHT-pellet mouse PCOS model [91], with
well characterized reproductive and metabolic phenotypes [91, 97], to determine the role of
androgens in NAFLD in hyper-androgenic conditions. To elucidate how high levels of androgens
cause liver dysfunction our laboratory initially did an RNA-seq study in Placebo vs DHT-pellet
treated livers (unpublished data). Results show that 787 were differentially regulated genes among
DHT pellet vs placebo livers out of which 361 genes were upregulated and 426 genes were
downregulated. Moreover, 236 genes were metabolic genes amongst which 103 were upregulated

and 133 were downregulated. Surprisingly, we found that about 240 circadian genes were also
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differentially regulated in the DHT pellet livers, amongst which 127 were upregulated and 113
were downregulated. Thereafter, the overall objective of this study was to determine if the changes
in the liver physiology (and gene expression) is through direct AR actions in the liver.
Furthermore, our laboratory has reported that in the ovary [22], androgens regulate gene expression
through epigenetic modulation. Thus, another goal of this study was to determine if this
mechanism is conserved in the liver. Finally, using human hepatocytes derived from induced-

pluripotent stem cells (iPSC) we have extended our observations in the mouse model to the human.

Materials and Methods

Generation of Liver-specific AR-KO Mice and PCOS model

Mouse studies were performed in accordance with the guidelines for the care and use of laboratory
animals and were approved by the University Committee on Animal Resources at the Michigan
State University (MSU). Mice were maintained under standard housing conditions (ad libitum
access to food and water in a temperature and humidity controlled, 12-hour light cycle
environment). To generate liver-specific ARKO, we used mice in which exon 2 of the WT-AR
(AR>7") was floxed [98] and then mated them with existing Albumin Cre (The Jackson Laboratory,
Bar Harbor, ME) as shown in Fig. 3. Briefly, AR-loxPf°¥flx females were crossed with Albumin
Cre males. Thereafter, the AR-loxP¥¥; Albumin Cre +/- males where crossed with another AR-
loxPflo¥/flox female to generate a AR-loxP1o¥fox; Albumin Cre +/- female. Genomic DNA was
isolated from tail snips of 14-15 d-old animals, and PCR genotyping with appropriate primers
(Table. 2) was used to identify mice with AR-WT, floxed, and cre transgene, revealing bands of

860 (AR-WT), 930 (AR floxed), 390 and 150 (Albumin Cre) bp, respectively.
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PCOS mouse model was develop as previously described [91]. Briefly, at 3-4 weeks of age
C57BL/6J (WT) mice (The Jackson Laboratory, Bar Harbor, ME) and liver-specific AR-KO
female mice were implanted subcutaneously with a 90-day continuous-release pellets containing
DHT (Innovative Research of America, Sarasota, FL). These pellets contained 2.5 mg of DHT
(daily dose, 27.5 pg). Placebo pellets were implanted as control. At the end of the 90-day mark,

livers and ovaries were collected.

QAR Flox +/+ JAlbumin Cre +/+
\ }
|
PAR Flox +/- Alb. Cre +/-
JAR Flox +/y Alb. Cre +/-

Cross 1

OAR Flox +/+ 3 AR Flox +ly, Alb Cre +/-
\ J

Cross 2 QAR Flox +/+ Alb. Cre +/-
QAR Flox +/+ Alb. Cre -/-
JAR Flox +/y Alb Cre +/-
4 AR Flox +/y Alb Cre -/-

Figure 3: Schematic of Generation of Liver-specific AR-KO. AR-loxP™¥°x females were
crossed with Albumin Cre males (Cross 1). Thereafter, the AR-loxP™*¥; Albumin Cre +/- was
crossed with another AR-loxP°¥1°x female to generate a AR-loxP1¥1°%; Albumin Cre +/- female

(Cross 2).
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Table 2. Genotyping PCR Primers

PCR Primers Sequence

WT Albumin Cre Forward 5’- TGCAAACATCACATGCACAC-3’
Albumin Cre Common Reverse 5’-TTGGCCCCTTACCATAACTG-3’
Albumin Cre Mutant Reverse 5’- GAAGCAGAAGCTTAGGAAGATGG-3’
WT and AR Flox Forward 5'- AGCCTGTATACTCAGTTGGGG-3'
WT and AR Flox Reverse 5'- AATGCATCACATTAAGTTGATACC-3'

Generation of Hepatocytes Derived from iPSCs and Cell Culture

Cell Culture

Induced-pluripotent stem cells (iPSCs) were reprogrammed to pluripotency from healthy human
female fibroblasts by transiently expressing the 4 Yamanaka factors ((octamer-binding
transcription factor (Oct4), sex determining region Y-box 2 (Sox2), Kruppel-like factor 4 (Kl1f4),
and c-Proto-Oncogene, BHLH Transcription Factor (c-Myc)) with a Sendai virus. iPSCs were

maintained and passaged using Essential 8 Flex (Thermo Fisher) media.

Hepatocyte Differentiating Media

Basal differentiation medium (BDM): RPMI-1640 (Corning) plus B27 supplement plus
penicillin/streptomycin (100 U/ml penicillin, 100 pg/ml streptomycin, final concentration)
(Thermo Scientific). Definitive endoderm (DE) medium: BDM with 100ng/ml activin A and 3uM
CHIR99021. Hepatic endoderm (HE) medium: BDM with 5 ng/ml basic fibroblast growth factor
(bFGF, also known as FGF2), 20 ng/ml bone morphogenetic protein 4 (BMP4) and 0.5% DMSO.
Immature hepatocyte stage (IMH) medium: BDM with 20 ng/ml hepatocyte growth factor (HGF)
and 0.5% DMSO. Mature hepatocyte (MH) medium: hepatocyte basal medium (HBM) (Lonza)
with SingleQuots added (Lonza), as well as 20 ng/ml HGF, 20 ng/ml oncostatin M, 100 nM

dexamethasone and 0.5% DMSO.
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Plating and Differentiation

Generation of Hepatocytes derived from iPSCs was performed as previously described [99].
Briefly, Day 1: cultures of iPSCs were split and plated at a density of 3x10* cells/cm2 in mTESR
(Stem Cell Technologies) with 4 pyM ROCK inhibitor Thiazovivin. Days 2-4: cells were treated
with DE medium. Days 5-9: cells were treated with HE medium for 5 days. Days 10-14: cells were
treated with IMH medium for 5 days. Days 15-27: cells were treated with MH medium for 10-12
days. The medium was changed daily throughout differentiation. Differentiated hepatocytes were
treated with 1 uM DHT for 48 hours. For all our experiments, we used DHT instead of testosterone

to avoid misinterpretation of our results due to aromatization of testosterone to estradiol.

Oil-Red-0O Staining and Triglycerides

Left lobe of livers where fixed for 24-48 hours in 4% buffered paraformaldehyde solution. Then,
tissues were placed in a 30% sucrose buffered solution at 4C. OCT embedding and tissue
sectioning (5 um) were performed at MSU Investigative HistoPathology Lab. Thereafter, oil-red-
o staining was performed using the Oil-Red-O Staining Kit (Abcam) according to manufacturer’s
instructions. Briefly, OCT embedded liver sections were incubated in propylene glycol for 2
minutes followed by incubation in oil-red-o solution for 6 min. Then, sections were differentiated
in 85% propylene glycol for 1 min followed by a rise in water. Next, tissue sections were
counterstained in hematoxylin for 1-2 min and rinsed in water 2-3 times. Tissue sections were then
coversliped with an aqueous mounting medium (Sigma). Triglycerides were measured using a

Triglyceride Colorimetric Assay Kit from Cayman Chemical as per manufacturer’s instructions.
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Western Blot Analysis

Western blot analysis was performed as described previously [22, 100, 101]. Primary antibodies
used were AR (Active motif), H3 (Cell signaling), H3K27me3 (Cell signaling), RPL19 (Abcam),
JMID3 (Sigma), and EZH2 (Cell signaling) (Table 3). Each experiment consisted of n=3 liver and

ovary samples from placebo, DHT-pellet (WT) and hepatocyte-specific AR-KO DHT-pellet. For

in vitro studies, each experiment was repeated at least 3 times.

Table 3: Antibodies

Antibodies Source Dilution
Western Blot
H3K27me3 Rabbit (97338, Cell 1:1000
Signaling)
H3 Rabbit (97158, Cell 1:1000
Signaling)
JIMJD3 Rabbit (SAB3500956, Sigma)
EZH2 Mouse (31478, Cell 1:1000
Signaling)
AR Rabbit (39781, Active Motif) 1:1000
RPL19 Rabbit (ab224592, Abcam)
Secondary antibody Goat (170-6515, Bio Rad) 1:5000
Anti-Rabbit
Secondary antibody Goat (170-6516, Bio Rad) 1:5000
Anti-Mouse
Immunofluorescence
HNF-4-a Rabbit (ab92378, Abcam) 1:100
Albumin Goat (ab19194, Abcam) 1:200
Secondary antibody Alexa Fluor 488 Donkey 1:200
Anti-Rabbit (A21206, Thermo Fisher)
Secondary antibody Alexa Flour 488 Donkey 1:200
Anti-Goat (A32814, Fisher Scientific)
ChIP
H3K27me3 Mouse (ab6002, Abcam) 5 pg/ul

RNA Extraction and Real-Time Polymerase Chain Reaction

Total RNA from livers, ovaries and hepatocytes derived from iPSCs was isolated as previously

described [22] using the standard Trizol isolation method according to the manufacturer’s
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instructions. Levels of mRNA expression were analyzed by delta delta cycle threshold (Ct) method
using One Step TagMan gene expression assay primers (Table 4) (Applied Biosystems, Foster
City, CA) and the Applied Biosystems StepOnePlus real-time polymerase chain reaction (RT-
PCR) system. One microgram of RNA was used for all of the RT-PCR reactions. RPL19 was used

as an endogenous control.

Table 4: Mouse Tagman (Thermofisher) RT-PCR Primer

Gene NCBI Reference Sequence
Adcy6 Mm00475772 ml
Kdm5c Mm00840032 m1
Cidea Mm00432554 ml
Cidec Mm00617672 ml
Fgf21 Mm00840165 gl
Arntl (Bmal) Mm00500223 ml
Rpl19 Mm02601633 gl

miR-101 Isolation and Detection

Total RNA was isolated as previously described [22] using the standard Trizol isolation method
according to the manufacturer’s instructions. RT-PCR was performed using the TagMan
MicroRNA Reverse Transcription Kit and mouse/human miR-101 TagMan MicroRNA Assays
(Applied Biosystems). miR16 and snoRNA202 was used as an endogenous control, for human and
mouse, respectively. Relative expression of miR-101 was calculated using the delta delta Ct

method.

Chromatin Immunoprecipitation (ChIP) Assay
ChIP was performed as described previously [22, 28, 63, 101] with MAGnify Chromatin

Immunoprecipitation System (Invitrogen), according to the manufacturer’s instructions. Briefly,
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chromatin fragments were immunoprecipitated with Dynabeads coupled with mouse monoclonal
anti-H3K27me3 (Abcam) and immunoglobulin-G as nonspecific control. Quantitative PCR was
performed using EXPRESS SYBR GreenER™ qPCR SuperMix (Invitrogen) with primers (Table
5) designed for a region of the mouse Brain and Muscle ARNT-Like 1 (Bmal) gene promoter.
Importantly, we initially performed a ChIP assay using WT female mouse liver explants treated
with DHT in vitro using 5 primer sets spanning up to 500 base pairs upstream of the transcription
start site (TSS) of the Bmal promotor. Based on the results of this study, for this in vivo ChIP assay
we specifically chose region 1 of the promoter of Bmal (see Fig. 8A). n=3 liver samples from
placebo, DHT-pellet (WT) and liver-specific AR-KO DHT-pellet were used for ChIP studies. IgG

was used as non-specific control (Fig. 8C).

Table 5: ChIP Primers

ChIP Primers Sequence

Bmal Fwd 5’- CCAGTCAAATCCTGTGGACC -3’

Bmal Reverse 5’- GCTTGCAAGGGACTCTAACTTC -3’
Immunofluorescence

Briefly, differentiated hepatocytes were fixed in 4% paraformaldehyde for 4-8 min in microscope
slides. Slides where then washed 3 times for 5 minutes in phosphate-buffered saline (PBS)-glycine
(0.3M glycine) and blocked in 10% normal serum + 0.5% bovine serum albumin (BSA) + 0.5%
Triton X-100 in PBS for 1 hr. Next, slides were rinsed in PBS and incubated in primary antibodies
(HNF4- a.and Albumin) (Table 3), diluted appropriately in 1% normal serum + 0.5% BSA + 0.05%
Triton X-100 in PBS, overnight at 4 C. Further, slides were washed 3 x 5 min in PBS and incubated
in secondary antibodies (Table 3) diluted in 1% normal serum + 0.5% BSA + 0.05% Triton X-100

in PBS, for a minimum of 2 hrs in dark. Slides were counterstained with DAPI and washed 3 x 5
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min in PBS in dark. Lastly, slides were mounted in Prolong Gold-DAPI, coverslip and sealed with

nail varnish.

Statistical Analysis

Data are presented as mean £ SEM. Statistical analysis was performed using GraphPad Prism
version 7 (GraphPad Software Inc, California, USA). Statistical comparisons were made by two-
tailed unpaired t-test (for comparing two groups), one-way ANOVA followed by Dunnett's
multiple comparisons test (for comparing multiple groups) and results with P < 0.05 were

considered significant.

Results

Selective Knockout of AR in Hepatocytes

To generate liver-specific AR KO female mice we first crossed AR-loxPfo¥flox females with
Albumin Cre males (Fig. 3). Thereafter, the AR-loxP™¥¥; Albumin Cre +/- was crossed with
another AR-loxP¥ox female to generate a AR-loxP¥°x; Albumin Cre +/- female. To confirm
selective knockout of AR in hepatocytes, liver and ovarian tissues from 8- to 9-wk-old AR-
loxPflovflox: - Albumin Cre +/-, AR-loxP°¥~; Albumin Cre +/- and WT animals were subjected to
RT-PCR and Western Blot analysis for detection of AR (Fig. 4). Results show that the mRNA
(Fig. 4A) (***P < 0.001) and protein levels (Fig. 4B) of the AR in the livers from AR-loxPo¥/flox;
Albumin Cre +/- mice was significantly lower than livers from WT animals. Moreover, specificity
of KO of the AR in hepatocytes could be established because of the equal expression of AR mRNA

(Fig. 4A) and protein (Fig. 4B) in the ovaries isolated from WT, heterozygous, and AR-null mice.
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In addition, a previous study also established the specificity of this cross by showing that various
tissues including epididymis, heart, kidney, muscle, spleen, testis, and adipose, but not the liver,

contained mRNA levels of the AR [102].
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Figure 4: Conformation of AR KO in the Liver. (A) Graphic representation of AR mRNA
transcripts in liver and ovary RNA extracts isolated from 8- to 9-wk-old WT, liver-specific AR +/-
, and KO animals. Ovary samples were used as a positive control. The mRNA levels were
measured by quantitative real-time PCR and compared with control RPL19 mRNA expression
using the delta delta Ct method. Results are represented as the amount relative to WT (mean + SE,
n=3 mice per genotype). ***P < 0.001 for hepatocyte-specific AR-KO and liver-specific AR +/-
mice vs. WT. (B) Representative western blot demonstrating the AR expression in liver isolated
from WT, liver-specific AR +/-, and KO mice (n =3 animals per genotype). The ovary was used

as positive control. Similar results were observed in three separate experiments.
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Knockout of the Androgen Receptor in the Liver Attenuates NALFD and Liver Dysfunction in
the Mouse PCOS Model

With respect to androgen actions in women, previous studies have primarily focused on androgen
actions in female reproduction and fertility [32, 33, 66]. Till date, there has been few to no studies
on AR actions in the female liver with regard to NALFD development. Given that androgen excess
in the context of PCOS has been associated with NAFLD and clinical reports [80, 82, 83] provide
evidence that hyperandrogenism by itself causes NALFD in PCOS patients, we hypothesized that
direct androgen actions, through the AR in the liver, plays a critical role in the development of
NALFD in a PCOS condition. For our studies, we have evaluated the development of hepatic
steatosis (fatty liver) in livers samples from WT animals treated with placebo and DHT-pellet, and
liver-specific AR-KO animals treated with DHT-pellet using oil-red-o staining and by measuring
triglyceride levels. Results show that WT animals treated with DHT-pellet had increased
accumulation of fat (Fig. 5A) and significantly increased triglyceride levels (Fig. 5B) (***P <
0.001) in the liver compared to placebo. Moreover, DHT-pellet treated livers from the liver-
specific AR-KO animals showed no accumulation of fat (Fig. 5A) and their triglyceride levels
(Fig. 5B) were similar to those of placebo treated livers.

Next, we determined if KO of the AR rescue any of the differentially expressed gene levels
found in the RNA seq analysis. Given that the circadian system plays a crucial role in liver
physiology and disease [103, 104], we specifically chose to detect the mRNA levels of two clock-
controlled metabolic genes, named Bmal and Adcy6, found to be upregulated in our RNA seq
analysis. Moreover, we also detected the mRNA levels of the top gene found to be upregulated in
our RNA seq data called Kdm5c, a histone demethylase that specifically demethylates 'Lysine 4'

of histone H3 [105]. Bmal is a critical player in the molecular circadian clock. ADCY6 gene codes
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for a protein that is member of the adenylyl cyclase family, which are required for the synthesis of
cyclic AMP (cAMP) and cAMP has a wide range of cellular functions acting as a secondary
messenger system. Figure 5C shows the relative mRNA levels of KdmS5c, Bmal and Adcy6. Results
show that liver lysates from WT animals treated with DHT-pellet had a significantly (***P<0.001
for Kdm5c and *P < 0.05 for Bmal and Adcy6) increased mRNA levels of all three genes, as
expected, compared to placebo (Fig. 5C). Interestingly, DHT-pellet treated liver lysates from the
liver-specific AR-KO animals had similar mRNA levels of all three genes as placebo treated livers

(Fig. 5C).
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Figure 5: KO of AR in the Liver Rescues Fatty Liver Development and Metabolic Gene

Expression in PCOS.
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Figure 5 (cont’d)
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(A) Representative images of oil-red-o stained livers from placebo, DHT-pellet, and ARKO DHT-
pellet treated animals. Fatty accumulation is increased in WT DHT-pellet treated animals, but not
liver-specific AR-KO treated with DHT-pellet, compared to placebo. (B) Levels of triglycerides
in the liver are significantly increased in DHT-pellet, but not liver-specific AR-KO treated with
DHT-pellet, compared to placebo. Data are displayed as means + SEM (n = 3) (***P < 0.001 vs.
placebo). (C) Relative expression of KdmS5c, Bmal, and Adcy6 is significantly increased in livers
from DHT-pellet treatment, but not liver-specific AR-KO treated with DHT-pellet, compared to
placebo. Data are displayed as means £ SEM (n = 3) and normalized to RPL19 levels (***P<0.001

vs. placebo and *P < 0.05 vs. placebo).

Androgens Modulate Gene Expression Through the Modulation of H3K27me3 Histone Mark
and KO of the AR in the Liver Attenuates it
While androgens have been shown to play a major role in follicular development and ovarian

physiology, very few ovarian genes, so far, have been identified as direct AR targets (containing
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ARE-sequences) in the female. Recently, our lab has shown that in the ovary, androgens have a
more global effect on gene expression by modulating chromatin accessibility which is primarily
mediated through indirect rather than direct androgen actions [22]. Chromatin remodeling via
histone modification is now considered as one of the key control points for transcription and a
primary target of signal transduction. Post-translational modification [106] through kinase-
dependent phosphorylation [107-109] is one of the major ways through which the activity of
epigenetic programmers can be regulated. We have shown that the trimethylation of lysine 27 of
histone H3 (H3K27me3), a gene silencing mark, is a major downstream target of androgens [22]
(Fig. 6). Androgens, through extra-nuclear kinase signaling (PI3K/Akt pathway) rapidly
phosphorylate and inhibit activity of the Polycomb group protein enhancer of zeste homolog 2
(Ezh2). Ezh2 is a histone methyltransferase that promotes H3K27me3 mark. Moreover, androgens
through nuclear signaling (AREs) induce the expression of an anti-Ezh2 microRNA, miR-101 that
targets and decreases Ezh2 expression (Fig. 6). In addition, in the ovary, androgens through a
transcription-independent (non-genomic) mechanism induces the expression of hypoxia-inducible
factor-1 alpha (Hif-1a) which in turn increases the expression of a histone demethylase called
lysine demethylase 6B (JMJD3/KDM6B) (unpublished data) (Fig. 6). JMJID3 specifically
demethylates (removes) the H3K27me3 gene repressive histone mark [110]. Ultimately, this
results in the overall removal of H3K27me3 mark, which in turn modulates chromatin accessibility
and allow the expression of ovulatory genes such as, RUNXI [22].

Therefore, we next investigated whether this androgen-induced modulation of histone
enzymes, and ultimately the H3K27me3 mark, is conserved in the liver. We determined the protein
levels of Ezh2, JMJD3, and the global H3K27me3 mark, through western blot analysis, and the

mRNA levels of miRI01 in liver tissue lysates from placebo, DHT-pellet (WT) and liver-specific
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AR-KO DHT-pellet treatments (Fig. 7). Results show that liver lysates from WT animals treated
with DHT-pellet had increased protein levels of IMJD3 (Fig. 7A) and mRNA levels of miR101
(Fig. 7B). Correspondingly, protein levels of Ezh2 and H3K27me3 (Fig. 7A) were lower in liver
samples from DHT-pellet compared to placebo animals. Importantly, protein levels of Ezh2,
JIMID3, H3K27me3 (Fig. 7A) and mRNA levels of miR101 (Fig. 7B) in DHT-pellet treated liver
lysates from the liver-specific AR-KO animals were similar to placebo treated livers from WT-
animals.

Given the importance of histone modifications in gene expression, we next determined if
changes in the level of the H3K27me3 epigenetic mark in the liver from placebo, DHT-pellet (WT)
and liver-specific AR-KO DHT-pellet treatments had any effect on gene expression. To correlate
the H3K27me3 epigenetic mark with the upregulated genes obtained from RNA-seq, we
performed ChIP analysis to study post-translational modifications occurring specifically on the
gene promoter of Bmal. Bmal was one of the genes that was found to be upregulated in the RNA-
seq analysis, and this gene is a critical player in the molecular circadian clock. As mentioned
previously, the reason for choosing this particular gene is primarily because the circadian system
plays a crucial role in liver physiology and disease. Figure 8B shows ChIP analysis of region one
(see Fig. 8A) of the promotor of Bmal with anti-H3K27me3. Results show that the H3K27me3
gene repressive mark was significantly lower (*P < 0.05) in the promoter region of Bmal of liver
lysates from WT animals treated with DHT-pellet compared to placebo treated livers (Fig. 8B).
Notably, DHT-pellet treated liver lysates from the liver-specific AR-KO animals had similar levels
of the H3K27me3 histone repressive mark in the Bmal gene promotor as placebo treated livers

(Fig. 8B).
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Figure 6: Proposed Model for Androgen-Induced Modulation of H3K27me3. Androgens,
through extra-nuclear kinase signaling (PI3K/Akt pathway) rapidly phosphorylate and inhibit
activity of the Polycomb group protein enhancer of zeste homolog 2 (Ezh2). Ezh2 is a histone
methyltransferase that promotes H3K27me3 mark. Moreover, androgens through nuclear
signaling (AREs) induce the expression of an anti-Ezh2 microRNA, miR101 that targets and
decreases Ezh2 expression. In addition, in the ovary, androgens through a transcription-
independent (non-genomic) mechanism induces the expression of hypoxia-inducible factor-1
alpha (Hif-1a) which in turn increases the expression of a histone demethylase called lysine
demethylase 6B (JMJD3/KDM6B) (unpublished data). JMJD3 specifically demethylates
(removes) the H3K27me3 gene repressive histone mark. Ultimately, this results in the overall
removal of H3K27me3 mark, which in turn modulates chromatin accessibility and allow the

expression of genes.
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Figure 7: Androgen-induced Modulation of Histone Enzymes and H3K27me3 Mark is
Conserved in the Female Liver. (A) Representative Western blot for Ezh2, JMJD3, RPL19,
H3K27me3 and H3 in liver lysates from WT (placebo and DHT-pellet) and liver-specific ARKO
treated with DHT-pellet. Similar blots were observed in three separate experiments. (B) Relative
expression of miR-101 in the liver are significantly increased in WT animals treated with DHT-
pellet, but not liver-specific AR-KO treated with DHT-pellet, compared to placebo. Data are

displayed as means £ SEM (n = 3) and normalized to snoRNA202 levels (**P <0.01 vs. placebo).
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Figure 8: Levels of H3K27me3 in Bmal Promoter.
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Figure 8 (cont’d)

(A) Schematic diagram showing the region of the Bmal promoter (Region 1) in which the
H3K27me3 mark was measured. (B) ChIP assay revels that H3K27me3 gene repressive mark was
significantly lower in the promoter region of Bmal of liver lysates from WT animals treated with
DHT-pellet compared to placebo treated livers. DHT-pellet treated liver lysates from the liver-
specific AR-KO animals had similar levels of the H3K27me3 histone repressive mark in the Bmal
gene promotor as placebo treated livers. (C) ChIP assay using IgG as nonspecific control in liver
samples from WT animals treated with placebo and DHT-pellet. Values represent percentage input

(means £ SEM, n = 3; *P <0.05 vs. placebo).

Androgen-induced Regulation of Epigenetic Modulators is Conserved in Human Hepatocytes
Derived from induced-Pluripotent Stem Cells (iPSCs)

Next, we wanted to determine whether the androgen-induced epigenetic modulation of the gene
expression is conserved in humans. However, acquiring primary hepatocytes and/or liver samples
from females, especially PCOS women typically requires an invasive liver biopsy and are rarely
done. Therefore, using a well-established hepatocyte differentiation protocol (abcam) we have
used human hepatocyte-like cells derived from iPSCs for our studies. Validation of the
differentiated hepatocytes was established by detection of hepatocyte specific genes through
immunofluorescence and RT-PCR. Staining results showed the presence of HNF4- o and Albumin
positive cells (Fig. 9). Moreover, the expression of liver-specific genes such as, Apolipoprotein A1
(APOAI), Serpin Family A Member 1 (SERPINAI), Asialoglycoprotein Receptor 1 (ASGRI),
Transferrin (TF), and Albumin are all significantly (*P < 0.05) more expressed in differentiated

hepatocytes compared to iPSCs (Fig. 10). All these genes have a specific hepatocyte function. For
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example, HNF4- o is a nuclear receptor which regulates a hepatocyte genes involved in lipid
metabolism, glucose metabolism, differentiation and morphogenesis [111]. APOAI is a major
protein component of high density lipoproteins [112] and SERPINAI1 is a serine protease inhibitor
and has a role in various biological functions such as coagulation, fibrinolysis, angiogenesis,
inflammation and apoptosis [113]. Moreover, ASGR1 codes for a subunit of the asialoglycoprotein
receptor which plays a critical role in serum glycoprotein homeostasis. TF is plasma glycoprotein
that is well known for its function in iron uptake [114].

Following validation, we treated the differentiated human hepatocytes with 1uM DHT in
vitro and using western blot analysis, we determined if androgen-induced modulation of
H3K27me3 is also found in the human. Similar to the mouse studies, DHT treatment increased
protein levels of JMJD3 (Fig. 11A) and mRNA levels of miR101 (**P < 0.01) (Fig. 11B), while
decreased Ezh2 and H3K27me3 protein levels (Fig. 11A) compared to control in differentiated
human hepatocytes. Importantly, in this experiment we used a high dose of DHT (1uM) which
equals to 1000 nmol/liter. While the heterogeneity of PCOS patients is enormous, typically
hyperandrogenic PCOS patients have a wide range of testosterone levels ranging from 1.8- 61.8
nmol/liter [80, 83, 96]. Thus, the DHT dose that we used is a supraphysiological dose. Previously,
are lab established that in the ovary, a 25nM DHT dose was sufficient to see an androgenic effect
[22, 63]. However, since this was our first time treating this cell line with androgens, we primarily
used this dose to ensure we would get an effect. Future studies in our lab plan to do a concentration
gradient to establish the lowest (physiologically relevant) dose needed to induce an androgenic

effect in this cell line.
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Figure 9: Albumin and HNF4a are Expressed in Hepatocytes Derived from iPSCs (A)
Immunofluorescence staining images of DAPI, HNF4a, and merged (from left to right) of
hepatocytes derived from iPSCs. (B) Immunofluorescence staining images of DAPI, Albumin and

merged (from left to right) of hepatocytes derived from iPSCs.
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Figure 10: Differentiated Hepatocytes Have Higher Expression of Liver Specific Genes.
Apolipoprotein A1 (APOAI), Serpin Family A Member 1 (SERPINAI), Asialoglycoprotein
Receptor 1 (ASGRI), Transferrin (TF), and Albumin are all significantly more expressed in
differentiated hepatocytes vs iPSCs. Data are displayed as mean + SEM (n = 3 experiments). The
mRNA levels were measured by quantitative real-time PCR and compared with control RPL19
mRNA expression using the delta delta Ct method. Results are represented as the amount relative

to iPSCs (mean = SE, n=3). *P < 0.05 vs. iPSC.
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Figure 11: Androgen-induced Modulation of Histone Enzymes and H3K27me3 Mark is
Conserved in Human Hepatocytes Derived from iPSCs. (A) Representative Western blots
(from n = 3 plates) for Ezh2, JMJD3, RPL19, H3K27me3 and H3 in human hepatocytes derived
from iPSCs treated with control and 1uM DHT. (B) Relative expression of miR-101 in human
hepatocytes derived from iPSCs treated with control and 1uM DHT. Data are displayed as means

+ SEM (n = 3) and normalized to miR-16 levels (**P < 0.01 vs. placebo).

Discussion

This study provides an insight into how chronic high levels of androgens cause liver dysfunction

in a PCOS condition. This is the first study to show that KO of the AR in the female liver rescues
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the fatty liver phenotype established in the mouse PCOS model. Additionally, our studies
demonstrate a direct relationship between androgen-induced changes in H3K27me3 histone
repressive mark and gene expression.

Our studies show that chronic hyperandrogenism produced by our PCOS model, causes
accumulation of fat and increases triglyceride levels in the liver (Fig. 5A-B). Similarly, previous
studies in the rat reported that prenatal exposure to DHT during late gestation increases circulating
and hepatic triglycerides levels in the adult females [115]. Moreover, prenatal exposure to
androgens also causes hepatic lipid accumulation in the mouse [97], rat [115] and sheep [116]
adult livers. This suggest that independent of time, whether prenatal or post-natal,
hyperandrogenism can cause fatty liver. Interestingly in males, while normal androgen level and
signaling prevent hepatic lipid accumulation, androgen deficiency is associated with fatty liver
[117]. A previous study demonstrated that males, but not female mice lacking the AR in the liver
developed diet-induced (high-fat diet) hepatic steatosis [102]. This coupled with other reports
suggest that in the liver, androgens have differential effects in men and women [111]. In males,
androgen deficiency is associated with fatty liver, while normal androgen levels and signaling
prevent hepatic lipid accumulation [117]. In contrast, in females, abnormally high level of
androgens increases fat deposition in the liver. Androgens therefore have differential effects in
men and women [111]. Hence, determining the underlying mechanism of this sexual dimorphism
is important. While a lot of data exist on androgen actions in the male liver, this study provides
significant mechanistic insights about androgen actions in the female liver that could be used to
decipher this sexual disparity with respect to androgen actions in the liver.

Previously, RNA seq analysis determined that 240 circadian genes were differentially

regulated in the DHT pellet livers (unpublished data, Sen lab). Furthermore, chronic high levels of

39



androgens disrupt the circadian system in the liver of the mouse PCOS model (unpublished data,
Sen lab). It is well established that genes involved in the molecular clock such as BMAL, modulate
liver lipid metabolism, and disruption of the circadian rhythm in the liver induces lipid
accumulation and contributes to NAFLD development [104]. Genetic modified animals have
allowed us to better understand the downstream tissue-specific physiological effects of BMAL and
circadian clocks. For example, Bmall "~ knock-out mice, when fed regular chow, exhibit glucose
intolerance, hypoinsulinemia, reduced fat storage, increased circulating fatty acids, increased
ectopic fat formation in the liver and muscle, and hepatic steatosis [104]. Intriguingly, liver-
specific Bmall ™~ knock-out mice exhibit metabolic discrepancies such as, high levels of hepatic
triglycerides and circulating free fatty acids [118]. Additionally, they also develop hypoglycemia
during fasting, and increased ability of glucose clearance despite having dyslipidemia and normal
production of insulin [118].

This study also provides a mechanistic insight to the androgen-induced modulation of the
hepatic circadian clock. A recent study showed that Ezh2 was downregulated in both in vivo and
in vitro models of NAFLD and consequently exacerbated lipid accumulation and inflammation in
the liver [119]. Moreover, Ezh2 is required for the proper function of the mammalian circadian
clock [120] and loss of Ezh2 disrupts rhythmic expression of circadian clock genes in zebrafish
[121]. This study highlights that androgens indirectly regulate gene expression in the female liver
through regulation of Ezh2 and JMJD3 (Fig. 7), leading to the removal of the H3K27me3 gene
repressive histone mark in downstream gene promoters. One such downstream gene is Bmal,
where androgen-induced modulation of Ezh2 and JMJD3 removes the H3K27me3-repressive
mark from the Bmal promoter (Fig. 8B) ultimately leading to its’ expression. In addition, our in

vitro studies show that this androgen-induced regulation of epigenetic enzymes is conserved in
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human hepatocytes derived from iPSCs (Fig. 11). Thus, we propose that androgens, through the
regulation of epigenetic enzymes, are indirectly modulating the levels of H3K27me3 of key
circadian genes such as Bmal and consequently disrupting the circadian clock in the liver and in
turn causing liver dysfunction and hepatic steatosis.

Similar to the Bmal promoter, it is likely that changes in H3K27me3 mark occurs in the
promoter region of multiple genes. Therefore, future ChIP-seq studies are needed to correlate
differentially regulated genes from in the RNA seq studies (unpublished data, Sen lab) with the
levels of H3K27me3-repressive mark on their promotors. Furthermore, in silico analysis of 787
differentially expressed genes found in the RNA seq analysis of DHT-pellet livers show that most
of these genes also contains AREs (unpublished data). Thus, direct androgen actions through
nuclear signaling (AREs) is also a likely underlying mechanism of regulation of the molecular
clock and liver dysfunction in NALFD. In addition to hepatic steatosis, inflammation plays a major
role in the development and progression of NAFLD and NASH [89]. Further studies will look into
androgen effects on inflammation as a number of inflammatory genes were found to be
differentially expressed in the RNA-seq data (unpublished data, Sen lab).

Currently, there is no cure for PCOS, and current treatments are only meant to manage the
metabolic and reproductive comorbidities of the syndrome. Importantly, given that KO of the AR
in the liver attenuated the development of hepatic steatosis and rescued the gene expression
phenotype, this study establishes AR as a potential therapeutic target for NAFLD in PCOS women.
In fact, in the clinic, targeting the AR with inhibitors such as, flutamide is already being
implemented as a therapeutic option for PCOS patients. For example, a clinical report showed that
treatment with flutamide (12-week regimen) significantly improved the lipid profile of PCOS

patients by reducing the serum levels of cholesterol, low density lipoproteins, and triglycerides

41



[122]. However, there was no significant effect in improving liver function dictated by
measurement of liver enzymes. Furthermore, another clinical report looked at the beneficial effects
of a long-term treatment (12-months) regimen of flutamide, metformin, and their combination
coupled with a hypocaloric diet on the reproductive and metabolic clinical features of obese-PCOS
patients [123]. This study showed that flutamide alone can counteract hyperandrogenism and even
improve metabolic comorbidities such as, insulin resistance and lipid abnormalities [123].
Moreover, this study found that flutamide also had beneficial effects on the frequency of
menstruation [123]. Thus, supporting the pathophysiological role of excess androgens in the
syndrome. However, whether treatment with flutamide or any other AR inhibitor can aid in treating
NAFLD in PCOS patients remains to be determined.

In summary, our studies provide evidence that direct androgen actions, through the AR in
the female liver, are necessary for the development of fatty liver in PCOS. In addition, we show
that androgen-induced modulation of the H3K27me3 repressive mark is one of the underlying
causes for differential expression of genes in both the PCOS liver and human hepatocytes. Future

studies are needed to further understand how this histone mark affects downstream liver

physiology.
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Chapter 3: Extra-Nuclear and Nuclear Androgen Signaling Models

Androgen actions are mediated by “nuclear” transcriptional signals or “extra-nuclear” kinase
actions [18]. Classically androgens act through ARs that function as transcriptional regulators.
However, androgens (or any other steroid hormones) evoke rapid responses that cannot be
explained through transcriptional regulation. It is now well-established across tissue systems and
species that there exists a pool of extra-nuclear AR associated with the plasma membrane that are
involved in membrane-initiated (MAPK and PI3K/Akt) signaling [30, 56]. The androgen-induced
membrane-initiated signaling involves transactivation of the epidermal growth factor receptor
(EGFR) through the Src kinase [124, 125]. Additionally, in the last couple of years we have
reported [22] that androgens may also influence gene expression by modulating various epigenetic
marks. Alternately, the extra-nuclear AR-induced membrane initiated signaling can also have
“transcription-independent” non-genomic effects mediated either through activation of proteins /
enzymes or by affecting protein levels by regulating translation and/or protein degradation
pathways. Unlike the estrogen receptor and the progesterone receptor, till date, no membrane-
specific AR has been found [18].This emphasizes that the membrane-associated extra-nuclear AR
and the nuclear AR are the same protein. This concept is further supported from small interfering
RNA (siRNA) and KO studies involving AR showing that deletion of the AR completely inhibits
androgen-induced MAPK signaling [28, 29, 63]. Most steroid receptors, including AR, contain a
highly conserved palmitoylation site [126]. Following palmitoylation, about 5-10% of steroid
receptors associate with caveolin-1, which targets palmitoylated receptors to the caveolae of the
plasma membrane, where they engage in signaling [126]. This palmitoylation motif includes
amino acids F805, C807, and LL812-813 which serve as recognition sites for palmitoyl

acyltransferases (PATs). The cysteine amino acid (C807) gets palmitoylated by PAT [127] which
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causes caveolin-1 binding and recruitment to the membrane [128] (Fig. 12). Upon ligand-binding,
membrane associated AR receptors interact with Src to activate Erk, MAPK1/3, and PI3K/Akt

signaling [18, 22, 63].
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Figure 12: Schematic Diagram of AR Translocation to the Membrane. See text above.

Given the importance of androgen signaling in normal and various pathophysiological
conditions, differentiating the genomic with the membrane-initiated androgen signaling as well as
identifying the downstream targets that are either specifically or synergistically regulated by these
two androgen signaling pathways is imperative towards developing biomarkers and/or therapeutics
for diseases involving hyper-androgenemia like PCOS and prostate cancer. Given that the same
AR protein is involved in nuclear and membrane signaling and contributing to downstream
physiological processes, a major limitation towards elucidating androgen actions is the inability to

differentiate in vivo the potential role of each of these pathways in physiological or
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pathophysiological conditions. In this study, we have developed two genetic mouse models,
involving Nuclear-Only Androgen Receptor signaling (NOAR) and Membrane-Only Androgen
Receptor signaling (MOAR) to determine the relative contribution of extra-nuclear and nuclear
AR. Furthermore, we have created AR-mutant clones using site-directed mutagenesis and mutated
the palmitoylation motif and the DNA-binding site of the AR. Thereafter, these powerful and novel
in vivo and in vitro models, for the first time, can be used to specifically differentiate the effects of

nuclear vs extranuclear androgen actions both at a physiological and cellular level.

Materials and Methods

Generation of in vivo NOAR/WT-AR-1oxP11x gnd MOAR/WT-AR-lox P/ Mouse Models

NOAR/WT-AR-loxPflo¥/flox

The extra-nuclear AR-induced membrane-initiated signaling is mediated through transactivation
of the EGFR involving direct interaction between AR and Src tryrosine kinase. AR interacts with
Src by binding of a polyproline sequence between residues 371 and 381 of the AR NTD to Src
homology domain 3 [26, 124, 125]. A number of cancer studies [129-131] have targeted this AR-
Src interaction to inhibit the extra-nuclear AR signaling. To create a nuclear-only androgen
receptor signaling mouse model, we created a 46 base pair deletion mutation (Exon-1) in the Src
binding site of the AR (Cyagen Biosciences) and named this mouse the NOAR. We initially
created a transgenic mouse model where we inserted a mutant AR containing a 45 bp deletion (15
amino acids) in exon 1 at the AR-Src interaction site and then crossed it with AR-floxed mouse to
create a mouse that has the mutant AR with the WT-AR being floxed (Fig. 12). The idea is that

when this mouse is crossed with tissue-specific CRE, for example albumin-CRE (liver—specific),
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only the mutant AR is expressed in the targeted (liver) tissue. Given that nuclear and extra-nuclear
AR are the same protein, this mutant AR will retain the nuclear activity but the extra-nuclear
membrane-initiated signaling is blocked. However, the membrane-initiated signaling can be
rescued in vitro, by treating cells isolated from the targeted tissues (liver) with EGF.

Briefly, WT-AR-loxP1o¥fox females were crossed with NOAR males. Thereafter, the
NOAR/WT-AR-1oxP1%¥ was crossed with another WT-AR-loxP1o¥flox female to generate a
NOAR/WT-AR-loxP1o¥flox female (Fig. 13). It is important to note that the AR is located in the X
chromosome, hence, it took more than one crossed to get the AR-loxP allele in both X

chromosomes of the female.

JNOAR or MOAR -ly X S ARWTFlox +/+

Cross 1 \ Y }

NOAR or MOAR/ARWYTFlox +/-
NOAR or MOAR/ARYTFlox +/y
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Figure 13: Schematic for the Generation of NOAR or MOAR/WT-AR-loxP1°¥flx Females.
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Figure 13 (cont’d)
Briefly, WT-AR-loxPfo¥flox females were crossed with NOAR or MOAR males. Thereafter, the
NOAR/WT-AR-1oxP™1*Y or MOAR/WT-AR-loxP™*¥ was crossed with another WT-AR-

loxPflovflox female to generate a NOAR/WT-AR-loxPo¥flox or  MOAR/WT-AR-loxPflox/flox

females.

Genotyping:

Genomic DNA was isolated from tail snips of 14-15 d-old animals, and PCR genotyping with
appropriate primers (Table 6) was used to identify mice with AR-WT, floxed, and Exon-1 mutants,
revealing bands of 860 (AR-WT), 930 (AR floxed), 507 (internal control) and 280 (Exon-1

transgene mutant) bp, respectively (Fig. 14).
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Figure 14: Genotype PCR Analysis of NOAR Mutant Female Animals.
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Figure 14 (cont’d)

(A) Results of Exon-1 detection. Exon-1 positive animals are 2119, 2124 and 2125 showing bands
in 280bp for Exon-1 transgene and 507bp Exon-1 Internal Control, respectively. (B) Results of
AR-Flox detection. All Exon-1 positive animals (2119, 2124, and 2125) show AR-Flox

heterozygous status, as expected.

Table 6. Genotyping PCR Primers

PCR Primers Sequence
Exon-1 Mutant Forward 5’- GTGATGGCTTCCATGTCGGC -3’
Exon-1 Mutant Reverse 5’- CGCTTACGCAGGGCATCCAT -3’
Exon-1 Internal Control Forward 5’- CTATCAGGGATACTCCTCTTTGCC -3’
Exon-1 Internal Control Reverse 5°- GATACAGGAATGACAAGCTCATGGT -3’
WT and AR Flox Forward 5'- AGCCTGTATACTCAGTTGGGG-3'
WT and AR Flox Reverse 5'- AATGCATCACATTAAGTTGATACC-3'
Exon-2 Mutant Forward 5'- TGCACTTCTGGCAGGAGGAG 3'
Exon-2 Mutant Reverse 5’- CCGGACCATTCTTGCGTCTG -3'
Exon-2 Internal Control Forward 5’- GCAGAAGAGGACAGATACATTCAT -3°
Exon-2 Internal Control Reverse 5’- CCTACTGAAGAATCTATCCCACAG -3’

MOAR/WT-AR-loxPflox/flox

Similarly, this model contains a mutant AR with a point mutation in exon 2 that corresponds to the
DNA-binding domain of the AR along with the WT-AR being floxed. When crossed with CRE,
in this mouse, the nuclear actions of AR will be blocked but the membrane-initiated signaling
through the extra-nuclear AR is active. To create this mouse model, we inserted a two-base pair
point mutation (Exon-2) in the DNA binding site of the AR (Cyagen Biosciences) and named this
mouse MOAR. Briefly, WT-AR-loxP1°¥fX females were crossed with NOAR males. Thereafter,
the MOAR/WT-AR-loxP°*Y was crossed with another WT-AR-loxP°¥1x female to generate a

MOAR/AR-loxPfovflox female (Fig. 13).
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Genotyping:

Genomic DNA was isolated from tail snips of 14-15 d-old animals, and PCR genotyping with
appropriate primers (Table 6) was used to identify mice with AR-WT, floxed, and Exon-2 mutants,
revealing bands of 860 (AR-WT), 930 (AR floxed), 689 (internal control) and 444 (Exon-2

transgene mutant) bp, respectively (Fig. 15).
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Figure 15: Genotype PCR Analysis of MOAR Mutant Female Animals. (A) Results of Exon-
2 detection. Exon-2 positive animals are 2036, 2037, 2039 and 2043 showing bands in 444bp for
Exon-2 transgene and 689bp Exon-2 Internal Control, respectively. (B) Results of AR-Flox
detection. All Exon-2 positive animals (2036, 2037, 2039 and 2043) show AR-Flox heterozygous

status, as expected.

Generation of in vitro AR Mutant Clones
Previously, it has been shown that the cysteine amino acid (C807) of the AR palmitoylation motif
gets palmitoylated by PAT [127] which causes caveolin-1 binding and recruitment to the

membrane [128]. However, the goal was to mutate individual as well as all of the amino acids
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from the palmitoylation motif (F805, C807, and LL812-813) to alanine, to identify the importance
of them for membrane translocation of the AR. To develop AR mutant clones, pPCMV6-AC-GFP,
mammalian vector containing human AR gene (NM_000044= Nucleotide Accession Number) that
is C-terminal tGFP (Green Fluorescent Protein) tag (Origene) was used as a template to create
mutant clones of the AR. Primers were designed for the mutations of palmitoylation sites (F805,
C807 and LL812-813) and the DNA-binding site of the AR (two-point mutation) (Table 7). All
the palmitoylation sites and DNA-binding site were changed to Alanine (A805, A807, AA812-
813) through PCR (polymerase-chain reaction) based site-directed mutagenesis protocol (Agilent).
All mutants were sent out to sequence (Genewiz) for mutation verification using sanger
sequencing. The idea is that by mutating the palmitoylation sites in the AR, it will not get
palmitoylated and thus, will not get recruited to the membrane. Therefore, these clones will only
have nuclear signaling active. Additionally, by mutating the DNA-binding site of the AR, it will
prevent it from binding to AREs and regulate gene expression. Therefore, this clone will only have

extra-nuclear signaling active.

Table 7. Site-Directed Mutagenesis- PCR Primers

Site-Directed Sequence

Mutagenesis Primers

AR-A807 Forward 5 CCCCAGGAATTCCTGGCCATGAAAGCACTGCTGCTACT
3’

AR-A807 Reverse 5" AGTAGCAGTGCTTTCATGGCCAGGAATTCCTGGGG 3’

AR-AA812-813 5' CATGAAAGCACTGGCAGCCTTCAGCATTATTCCA 3'

Forward

AR-AA812-813 5' AATAATGCTGAAGGCTGCCAGTGCTTTCATGCA 3'

Reverse
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Results

Mouse Genotyping

PCR analysis of DNA extracted from NOAR mice shows (Fig. 14) the presence of Exon-1 mutant
band (280bp), internal control (507bp) and AR Flox allele (930bp). Furthermore, PCR analysis of
DNA extracted from MOAR mice shows (Fig. 15) the presence of Exon-2 mutant band (444bp),
internal control (689bp) and AR Flox allele (930bp). It is important to note that the AR-Flox
primers detect not only the WT-AR (that is floxed) but also the NOAR or MOAR (without the
flox). Thus, all female mice with exon 1 or exon 2 mutations show double bands for the AR-flox

primers.

Plasmid Sequencing

Sanger sequencing (Genewiz) was used to verify that mutations occurred. To create AR-A807
mutant, the 807-cysteine (TGC) amino acid residue was mutated to alanine (GCC). Fig. 16 shows
the alignment of the sanger sequencing results from AR-A807 mutant with the human WT-AR
gene and established the correct mutation. Further, to create AR-A812-813 mutant, the double
812-813 leucine (812-CTA, 813-CTC) amino acid residues where mutated both to alanine (812-
GCA, 813-GCC) (Fig.17). Fig. 17 shows the alignment of the sanger sequencing results from AR-
A812-813 mutant with the human WT-AR gene and established the correct mutation. Other

mutants remain to be made.
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. caggaattcctgtgchtgaaagcactgetactcttcageattattccagtggatgggetgaaaaatc:

v ARABOTA0NG-C2  x CCAGGAATTCCTQGCCATGAAAGCACTGCTACTCTTCAGCATTATTCCAGTGGATGGGCTGAAAAATC,

Cysteine= TGC ‘ Alanine= GCC

Figure 16: Sequencing Alignment of AR-A807 Mutant. Amino acid C807 (TGC codon) was

mutated to A807 (GCC codon)

~ Template
Human Androgen
Receptor

cccccaggaattcctgtgeatgaaageactgetactdttcageattattccagtggatgggetgaaaaa

A * CCCCCCAGGAATTCCTGTGCATGAAAGCACTG

GCAGCdITCAGCATTATTCCAGTGGATGGGCTGAAAAA

Leucine= CTA,CTC - Alanine= GCA,GCC

Figure 17: Sequencing Alignment of AR-AA812-813 Mutant. Amino acid L812 (CTA codon)
was mutated to A812 (GCA codon) and amino acid L813 (CTC codon) was mutated to A813

(GCC codon)
Future Studies

Future studies in our lab will be validating the in vivo and in vitro models. Importantly, these in
vivo models have already been validated and used to elucidate androgen actions in male
reproductive physiology (William H. Walker- unpublished data). However, to validate our models

in our lab we will cross NOAR/WT- AR-loxPflo¥flox and MOAR/WT- AR-loxPexflox mice with
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Albumin Cre mice to generate liver-specific NOAR or MOAR. Thereafter, liver explants and/or
hepatocytes isolated from the liver-specific NOAR or MOAR will be stimulated with DHT, in
vitro and MAPK and PI3K/Akt activation [22, 63] as well as expression of AR-regulated genes
like miR101, Kdm5c (upregulated in our RNA-seq data and contains ARE-sequence on the
promoter region) will be determined. Furthermore, ChIP studies will be performed with AR
antibody and primers spanning ARE sequences on the promoter region of these genes will also be
done for validation of these mouse models. We anticipate that DHT treatment will activate both
Erk and PI3K/Akt pathways in hepatocytes isolated from WT animals but not from the NOAR
mice. Moreover, ChIP assay should show AR still binds to the ARE sequence on the Kdm5c gene
causing gene expression upon DHT treatment. In contrast, in the MOAR mice, while DHT should
activate PI3K/Akt and Erk, AR will not bind to the DNA and there should be no DHT-induced
expression of Kdm5c. Additionally, the in vitro models will also be validated. Thereafter, these
models will be used to differentiated androgen-induced genomic and membrane-initiated signaling

in liver metabolism.

53



Conclusion

This thesis highlights a potential role of the AR in female liver physiology and establishes the
importance of the AR in the development hepatic steatosis in a PCOS condition. As shown in Fig.
5 of Chapter 2, direct androgen actions are necessary for the development of fatty liver in the
mouse PCOS model. Mechanistically, this study determined that androgen modulate gene
expression indirectly by regulating the H3K27me3 mark in downstream gene promotors both in
mouse and human hepatocytes derived from iPSCs. However, further studies need to determine
the effects that direct androgen actions (through AREs) and androgen-induced membrane-initiated
signaling pathways such as Erk, MAPK1/3 and PI3K/Akt have in female liver physiology and
dysfunction.

To do so, Chapter 3 of this thesis focused on developing the tools to further elucidate
androgen actions in the liver. Once validated, we can create a liver-specific NOAR or MOAR
PCOS mouse model and further delineate the relative contribution of nuclear or extra-nuclear
androgen signaling in the development of NALFD and liver dysfunction at a physiological level.
On a cellular level, our in vitro models can help us further understand in androgen actions in
cultured hepatocytes. These models will help us answer questions regarding androgen actions in
the liver such as, what are the pathways regulated by membrane-initiated signals? What are the
pathways regulated by nuclear androgen signaling? Moreover, this study and previous studies in
our lab (unpublished data, Sen lab) determined that hyperandrogenism significantly disrupts the
circadian system. Thus, these models will further help us elucidate further whether androgens do
this in a direct or indirect manner. Recently, our lab has also performed metabolomics studies
(unpublished data, Sen lab) on livers of WT animals treated with DHT-pellet and further

bioinformatic studies are needed to correlate the results with our RNA-seq analysis to further

54



determine candidate pathways affected by androgens. In future, ChIP-seq studies, coupled with
our RNA-seq data, can be used to determine the global effect of the H3K27me3 repressive mark
and identify the genes regulated though epigenetic modulation in DHT-treated livers.

In conclusion, this thesis demonstrates that the AR may be a potential therapeutic target to
prevent NALFD in PCOS. Further, we conclude that androgen-induced modulation of H3K27me3
is one of the underlying causes for liver dysfunction in the PCOS liver. Targeting H3K27me3 at

target genes may possibly serve as a second therapeutic target for treating NALFD in PCOS.
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