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ABSTRACT

Multiple Endocrine Neoplasia type | (MEN1) is a familial cancer syndrome of the
parathyroid glands, pituitary glands, and pancreatic islet cells. Recent evidence has
pointed towards a more comprehensive role for menin, the tumor suppressor encoded
by the MEN1 gene, in human disease. Cholangiocytes, the epithelial cells lining the bile
ducts, become reactive and adopt a neuroendocrine-like phenotype following injury.
Since menin has been identified as a tumor suppressor in neuroendocrine-type cancers,
we hypothesized that menin may play a role in cholestatic liver disease. Thus, we
explored the effects of menin on proliferation, angiogenesis, and fibrosis in several
models of cholestatic liver disease as well as cholangiocarcinoma (CCA). Our studies
used bile-duct ligation (BDL) and MDR2~/~ cholestatic mouse models to study the
effects of menin on extrahepatic obstruction and primary sclerosing cholangitis (PSC),
respectively. Menin was upregulated using a miR-24 vivo-morpholino, and a menin-
MLL inhibitor (MI-2-2) was used to block MLL-dependent menin function. Menin was
overexpressed in vitro in human CCA cell lines, cells were implanted into nude mice,
and animals assessed for tumor burden. Immunohistochemistry (IHC) was performed to
measure intrahepatic bile duct mass (IBDM) via CK-19 staining, and Sirius Red staining
was performed to measure collagen deposition and fibrosis. Menin expression was
measured by real-time PCR and flow cytometry. The fibrotic expression markers

fibronectin 1 (FN1), collagen type 1 alphal (Collal), transforming growth factor-p1 (TGF-

B1), and a-smooth muscle actin (a-SMA), as well as proliferative (Ki67) and angiogenic



expression markers (VEGFA/C, VEGFR2/3, ANG1/2, TIE1/2) were measured by real-
time polymerase chain reaction (PCR). Finally, we assessed alpha7 nicotinic
acetylcholine receptor (a7-nAChR) axis activation upstream of menin function using an
a7-nAChR~/~ BDL mouse model, and an in vitro mechanical stretch system that mimics
increased biliary pressure. We found that menin function was positively associated with
hepatic fibrosis in cholestatic liver disease and CCA. However, menin overexpression
decreased tumor burden in xenograft tumor models. The «a7-nAChR expression
increases following BDL, and «7-nAChR~/~ mice are protected from BDL induced
hepatic damage, fibrosis, and biliary proliferation. Mechanical stress increases menin
expression, which is abrogated in a7-nAChR~~ cells. We conclude that the role of
menin in cholangiocyte disease can be dichotomous. Loss of menin is detrimental in
CCA, but potentially ameliorative in fibrotic-type cholestatic disease. The use of small-
molecule inhibitors such as MI-2-2, miR-24 and/or histone deacetylase inhibitors can
shed light on menin's mechanism of action and function and could potentially be used

as novel targeted therapies.
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1. INTRODUCTION 1t

Cholangiocytes are specialized epithelial cells that line hepatic bile ducts and function
to modify the passage of bile with water and electrolytes and nullify xenobiotics and
microbiota (1,2). Bile is initially secreted by hepatocytes into specialized interstitial
spaces called bile canaliculi that are sealed by tight junctions. Bileflows towards the
portal tracts where it first enters the small intrahepatic biliary tree lined with small
cholangiocytes (8 um) at the Canals of Herring. The biliary tree becomes progressively
larger to form large intrahepatic bile ducts, lined by large cholangiocytes (15 um), and
ultimately extrahepatic bile ducts empty bile into the duodenum (3,4). Large and small
cholangiocytes, lining large and small bile ducts, respectively, exhibit distinct
morphological, functional, and proliferative features that vary based on the disease state

(3-5).

Diseases targeting cholangiocytes, termed cholangiopathies, lead to cholestasis,
increased biliary pressure, hepatic fibrosis, and chronic inflammation that can trigger
cirrhosis or malignant transformation (6). Cholestasis refers to the accumulation of bile
in hepatic tissue following intrahepatic or extrahepatic biliary obstruction. Extrahepatic
obstruction can be caused by gallstones, pancreatic ductal adenocarcinoma, strictures,
or cholangiocarcinoma, whereas intrahepatic biliary diseases include primary biliary

cholangitis (PBC), primary sclerosing cholangitis (PSC), and polycystic liver

1§ Part of this chapter is reprinted with permission from L. Ehrlich, C. Hall, F. Meng, T.
Lairmore, G. Alpini, and S. Glaser, A Review of the Scaffold Protein Menin and its Role in
Hepatobiliary Pathology, Gene Expression, vol. 17, no. 3, pp 251263, 2017. ©2017 Cognizant,
Inc



disease (7). Cholangiopathies are commonly characterized by four main stages of
disease. Disease progression begins with portal hepatitis and inflammation with bile duct
destruction. This is followed by periportal hepatitis and bile duct proliferation, which
can progress to fibrous septa or bridging necrosis in the liver and eventually stage four,
cirrhosis (8). During late stages of disease, the balance between proliferation and
cholangiocyte death is disturbed, leading to ductopenia and further hepatic fibrosis (1).
However chronic inflammation can also cause cholangiocyte hyperplasia resulting in an
increased risk for malignant transformation, especially in PSC (6). Symptoms of
cholangiopathies are reflective of the cholestatic process and eventual loss of liver
function including fatigue, pruritus, portal hypertension and xanthomas, can occur (8).
Current treatment options are limited to ursodeoxycholic acid (UCDA)

supplementation, providing the best improvement in PBC patients (1).

Cirrhosis is an end-stage, irreversible liver scarring and the leading cause of liver failure
for which the current mainstay of treatment is liver transplantation. There is currently
an 80% mortality rate without transplantation once full hepatic failure ensues (7, 9).
Major consequences of cirrhosis include portal hypertension and its effects such as
ascites, variceal bleeding, hepatic encephalopathy, renal failure, and, of course, cancer
(10). Liver fibrosis or scar formation is characterized by abnormal accumulation of
extracellular matrix and further progression to cirrhosis involves diffuse scarring with
dense fibrous septations around regenerating hepatocytes (7). The onset of liver fibrosis
begins with injury or insult to either the hepatic parenchyma or the biliary epithelium,

as seen in cholestatic disease. In the face of chronic injury, hepatocyte regeneration is



no longer sufficient and ductular proliferation of intrahepatic bile ducts takes place. An
increased population of cholangiocytes accumulates at the border of the bile ducts and
hepatic parenchyma, contributing to the progression of liver fibrosis through the
recruitment of fibrogenic cells (1,7). The etiology of injury plays a role in the cirrhotic
pattern, with biliary fibrosis inducing toxic bile acid accumulation that leads to
inflammation and activation of cholangiocytes and myofibroblasts that cause a portal-

portal fibrotic picture (10).

The anatomical features and the microenvironment surrounding cholangiocytes play an
important role in its pathophysiology. The apical sides of cholangiocytes facing the
ductal lumen possess single, primary cilia that both sense the composition of passing
bile and physically help push it along (5). Additionally, cholangiocyte epithelia are
linked by tight junctions to prevent backflow of water, solutes, and/or toxins. The
epithelial barrier can become leaky over the course of injury and lead to the regurgitation
of toxic substances back into the hepatic parenchyma. Biliary epithelium sits atop a
basement membrane that separates it from a matrix of proteoglycans and fibrous
proteins produced and maintained by portal mesenchymal and fibroblast cells (11).
Proteoglycan fibers hold a large amount of water taking on a gel-like consistency that
gives tissue the ability to withstand compressive forces. In contrast, fibrous proteins are
more rigid and provide resistance to stretching forces. The major family of fibrous
proteins found in the extracellular matrix (ECM) is collagen (which causes fibrosis
when overproduced in disease states), however other fibrous proteins are important as

well, including fibronectin, elastin, and laminin (11). The ECM also stores latent



signaling ligands for the TGF-A1 pathway that become activated following injury or

changes in the microenvironment.

Following cholestatic liver injury, cholangiocytes become reactive and adopt a
neuroendocrine-like phenotype by secreting and responding to a number of peptides in
both autocrine and paracrine fashion (see Table 1 for a comprehensive list of signaling
pathways). Almost all models of biliary injury trigger cholangiocyte proliferation, a
process deemed ductular reaction. Multiple cell types involved in this process, and the
type of liver injury determines how ductular reaction takes shape. For example,
following bile-duct ligation (BDL), a mouse model for extrahepatic cholestasis, large
cholangiocytes respond by undergoing mitosis and proliferating while small
cholangiocytes transdifferentiate into large cholangiocytes. Distinct signaling
mechanisms regulate these disparate outcomes. In this model, large cholangiocytes
respond to increased secretin-secretin receptor cognate interactions to boost intracellular
cAMP levels and trigger the PKA/Src/MEK/ERK1/1 pathway (12). This has pleiotropic
effects ranging from secretion of a bicarbonate umbrella (13) to derepression of VEGF
and NGF through downregulation of miR-125b and let7a to promote proliferation (14).
In contrast, small cholangiocytes are characterized by activation of the
IP3/Ca?*/calmodulin A key step in the initiation of liver fibrosis is activation of cells
that transform into myofibroblasts (9). In certain models of biliary injury, activated
cholangiocytes can recruit inflammatory cells and myofibroblasts to the site of injury
where they secrete ECM components and pro-inflammatory, pro-fibrotic cytokines that

causes scarring and fibrosis (7, 9). Several sources of myofibroblasts have been



identified, including hepatic stellate cells (HSCs) and portal fibroblasts. While epithelial
cells (i.e. cholangiocytes) do not undergo epithelial to mesenchymal transition (EMT),

they can assume a pro-fibrogenic, non-cuboidal phenotype (16).



Table 1: A list of extracellular hepatic neurohormones, neuropeptides, and
autonomic innervation signaling with corresponding changes in intracellular
signaling and functional outcome

Extracellular | Intracellular Signal | Functional Outcome
Signal
Secretin 1T cCAMP 1 large cholangiocyte proliferation /
fibrosis / ductular secretion
T Ca®* 1 small cholangiocyte proliferation
Gastrin | CAMP | ductular secretion
TGR5/FXR 1 cAMP 1 ductular secretion
ol 1 PLC/ Ca®* 1 proliferation / activation of
HSCs and small cholangiocytes
a2 | CAMP
S 1-3 1 cAMP 1 inflammation / fibrosis
ATl 0 1 cholangiocyte proliferation
PKA/ERK1/2/pCREB
AVP T cCAMP 1 cholangiocyte proliferation
M3 1 cCAMP 1 cholangiocyte proliferation
TLIBK/MEK 1 HSC proliferation
a/nAChR 1 Ca**/ERK1/2 1 cholangiocyte proliferation
Melatonin-MT1 | | cCAMP/PKA | proliferation / ductular

secretion

o-CGRP 1T cCAMP/PKA/CREB | inflammation

SP 1T cCAMP/PKA/CREB 1 cholangiocyte proliferation/
fibrosis, apoptosis

NPY - 1 HSC / myofibroblast
proliferation / activation

IP3/ Ca®*/PKC | cholangiocyte proliferation
H1 IP3/CAMK1/CREB 1 small cholangiocyte proliferation
H2 1 cAMP 1 large cholangiocyte proliferation

TGR5, Takeda G-protein-coupled receptor 5; a-adrenergic; p-adrenergic; AT1, Angiotensin
I; AVP, arginine vasopressin; M3, muscarinic Ill; a-CGRP, alpha calcitonin gene-related
peptide; SP, substance P; NPY, neuropeptide Y; H, histamine receptor




The protein menin was originally studied within the context of multiple endocrine
neoplasia type 1 (MENL1), a rare hereditary autosomal dominant tumor syndrome (17).
MENL1 syndrome penetrance and expressivity is variable, even among patients from the
same family tree. The most common manifestation (100% penetrance by age 50) is
primary hyperparathyroidism followed by the development of anterior pituitary
adenomas (10- 60% penetrance) (18). Pancreatic neuroendocrine tumors, thymic or
bronchial carcinoid tumors, and adrenocortical tumors account for a significant
remainder of the morbidity and mortality seen in MEN1 syndrome (19). Additionally,
nonendocrine tumors such as angiofibromas, collagenomas, lipomas, and melanomas
are common manifestations (18). Emerging evidence points to more clinically subtle
complications of MEN1 syndrome, possibly due to hormonal imbalances as a result of
neuroendocrine growths. Patients often suffer from kidney and bone disease,

premature cardiovascular disease, insulin resistance, and glucose intolerance (20).

Menin is a 67 kilodalton nuclear protein coded by 10 exons spanning 9 kb of genomic
sequence and expressed ubiquitously. Patients with MEN1 syndrome inherit a mutated
MENL1 allele (11q13) from one of their parents. A tissue-specific somatic mutation in
the remaining functional allele, or second hit, results in complete loss of menin
expression and organ tumorigenesis. Diagnosis of MEN1 syndrome is validated by
identification of a mutation in the exon-coding region or intron-exon junctions of the
MENZ1 gene locus (19). One genomic analysis of >1300 MENL1 patients revealed that
over 70% of mutations lead to truncated or non- existent forms of menin (21). Inhibition

of the proteasome-ubiquitin pathway can restore protein expression in some cases (22).



It should be noted that not all MEN1 families have a mutation in the MEN1 coding
region, indicating a need to understand the regulatory elements surrounding menin
expression and function. Thus, it appears that other genetic and environmental factors

play a role in the MEN1 syndrome disease process.

Phylogenetically, menin is evolutionarily conserved among vertebrates and Drosophila,
however its amino acid sequence does share homology with other known proteins (23).
Mounting evidence points to its role as a scaffold protein with many direct and indirect
binding partners (23). For example, menin associates with many hundreds of loci on the
mammalian genome despite its lack of a known DNA binding sequence (24). It is
generally agreed that menin's primary role is to regulate chromatin architecture through
histone modifications, resulting in altered gene transcription or even DNA repair (23).
Menin has been shown to directly bind and facilitate function of JunD, an AP-1
transcription factor responsible for histone deacetylation and gene silencing. Menin
has also been shown to enable transcription of mixed-lineage leukemia (MLL) protein

target genes by modifying histones with activating trimethylation marks (25, 26).

While absolute loss of menin expression is required for MEN1 syndrome tumorigenesis,
relative menin expression has since been implicated in cellular proliferation of gastric
mucosa, liver, breast, and prostate epithelia, lung adenocarcinoma, and myeloid blasts
(27-30). However, its function is tissue and pathway specific. For instance, it is
oncogenic in certain leukemias and prostate cancers but it acts as a tumor suppressor in

canonical MEN1 syndrome organ sites. Furthermore, menin can act through distinct



signaling pathways, such as NF-xf and TGF-$1, and affect diverse functional outcomes
such as apoptosis, cell cycle, gene transcription, and DNA repair (23, 29, 31). It remains
unclear why tumors arise only in neuroendocrine organs and no other tissue types in
patients with MEN1 syndrome. Furthermore, the surrounding regulatory elements that
allow variable expressivity and penetrance seen in MEN1 syndrome are not yet

understood.

Menin has been linked to TGF-1 and hepatic stellate cell- (HSC-) driven fibrosis (32).
Menin expression was associated with HSC activation and positively correlated with
pro-fibrotic collagen and metallopeptidase inhibitor gene expression, both TGF-
SLISMAD transcription targets. Furthermore, TGF-f1 increased menin expression in
both hepatocytes and HSCs (32 , 33). Menin expression was increased in human
hepatocellular carcinoma (HCC) that had developed within the setting of cirrhosis. A
separate study showed that menin drives HCC formation through epigenetic
upregulation of Yes-associated protein (YAP) which itself has a diverse array of
functions, including antagonism of the SMAD-associated TGF-g1 pathway (34).
However, this contradicts menin's canonical role as a tumor suppressor (29). One study
has shown that menin expression isdownregulated in HCC, and in vitro overexpression
in HCC cell lines decreased cell proliferation and NF-xB-dependent inflammatory
cytokine production (29). Further studies may shed light on menin's role in balancing

proliferation and fibrosis during HCC development and progression.

There is a similar mechanism already well-documented in MEN1 syndrome-induced



parathyroid hyperplasia. Much like injured cholangiocytes, parathyroid endocrine cells
secrete and respond to TGF-f#1 in an autocrine and paracrine manner to regulate
parathyroid proliferation. Loss of MENL1 expression, the cause of MEN1 syndrome,
prevents TGF-p1 anti- proliferative signaling cascade leading to parathyroid hyperplasia
and hyperparathyroidism (35). In contrast, however, TGF-A1 is more involved with
hepatic fibrosis and EMT then cholangiocyte proliferation. Thus, it follows logically
that MENL1 expression facilitates TGF-£- dependent hepatic fibrosis, and that targeting

MEN1 pathways may help ameliorate the fibrotic phenotype.

Why MEN1 disease manifestation is restricted to neuroendocrine organs, pituitary,
parathyroid, and islets of the pancreas, remains a mystery, and one that is echoed in
menin's conflicting roles during hepatic tumorigenesis and fibrosis. Given menin's role
as a scaffold protein involved in chromatin remodeling, it is tempting to envision menin
as a key player in epigenetic regulation of cell type identity and, more relevantly,
differing responses and outcomes to distinct models of cell injury. The following studies
were designed to characterize the role of menin in cholestatic and cholangiocarcinoma
disease models and to establish effective treatment modalities to target menin expression

and/or function.
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2. MENIN DRIVES HEPATIC FIBROSIS IN CHOLESTATIC LIVER DISEASE 2

2.1 Overview

Liver transplantation remains the primary treatment for primary sclerosing cholangitis
(PSC), one of several cholangiopathies that result in cholestatic liver disease. Mdr2 ™/~
mice provide an in vivo model of PSC with characteristic biliary inflammation and
fibrosis that subsequently develop cirrhosis and hepatic malignancies.  Since
cholangiocytes express a neuroendocrine phenotype within the liver, we tested the
hypothesis that the tumor suppressor protein menin is implicated in the progression of
liver fibrosis and that menin expression can be regulated in the liver via miR-24. Menin
expression was measured in human PSC, Mdr2~~, and bile-duct ligated (BDL) mice.
Twelve-week old Mdr2~~ mice were treated with miR-24 Vivo Morpholino (miR-24
VM) to knockdown miR-24 expression levels, and menin function was targeted in BDL
mice with a menin-MLL inhibitor. Liver fibrosis was evaluated using Sirius Red
staining, hydroxyproline assay, and qPCR for genes associated with liver fibrosis
(fibronectin 1 (FN1), collagen type 1 alphal (Collal), transforming growth factor-f1
(TGF-p1), and a-smooth muscle actin (a-SMA)). Studies were replicated in vitro using
mouse cholangiocytes and human hepatic stellate cells treated with miR-24 hairpin

inhibitor and mimic. Menin and miR-24 gene expression measured via qPCR. Menin

2 § Part of this chapter is reprinted with permission from C. Hall, L. Ehrlich, F. Meng, P.
Invernizzi, F. Bernuzzi, T. C. Lairmore, G. Alpini, and S. Glaser, Inhibition of microRNA-24
increases liver fibrosis by enhanced menin expression in Mdr2-/- mice, Journal of Surgical

Research, 2017. Copyright © 2018 Copyright Clearance Center, Inc.
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gene expression was increased in Mdr2~~ mice, BDL mice, and advanced stage human
PSC samples. Treatment of Mdr2~~ mice with miR-24 VM increased menin expression,
which correlated with increased expression of fibrotic genes. Mice treated with miR-24
VM showed significant increase in periductular fibrosis and bile duct mass. BDL mice
treated with menin-MLL inhibitor displayed decreased hepatic damage, fibrosis, and
intrahepatic biliary duct mass (IBDM). In vitro, inhibition of miR-24 significantly
increased cholangiocyte expression of FN1, Collal, TGF-g1, and a-SMA. The
menin/miR-24 regulatory system is implicated in cholestatic liver fibrosis. Inhibition of
miR-24 increases menin and TGF-£A1 expression, subsequently driving hepatic fibrosis
and bile duct mass in Mdr2~~ mice, a murine model of PSC. We believe menin drives
biliary proliferation and hepatic fibrosis in BDL mouse model through its interaction
with MLL. Modulation of the menin/miR-24 and/or menin-MLL axis may provide novel
targeted therapies to slow the progression of hepatic fibrosis into cirrhosis by altering

TGF-p1 expression.
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2.2 Introduction

Cholangiocytes represent 3-5% of cells within the liver and are the targets of
cholangiopathies, such as PBC and PSC (36, 37). These cholangiopathies are
characterized by the classical findings of cholestatic liver injury: increased number of
biliary ductules, polymorphonuclear leukocyte infiltration, and the deposition of extra-
cellular matrix that results in portal fibrosis and biliary cirrhosis (38). PSC, in particular,
is characterized by chronic inflammation and obliterative fibrosis of the intra- and/or
extra-hepatic biliary tree (39). This results in bile stasis and hepatic fibrosis that will
progress to cirrhosis and the need for liver transplantation (39). PSC is also associated
with a 5-10% lifetime risk for the development of CCA, 160-fold higher than the general
population (40). Currently, medical therapies for PSC are limited to UCDA, and liver
transplantation before the onset of end-stage liver disease remains the recommended
treatment strategy (40, 41). More research regarding the cellular mechanisms behind
cholangiocyte proliferation and portal fibrosis is needed in order to develop novel

therapeutic strategies to mitigate disease progression.

Recently, menin was shown to exist in a negative regulatory feedback loop with miR-24
(42). miR-24 binds to the 3 untranslated regions of the MEN1 mRNA transcript to
negatively regulate its protein expression. Menin, in turn, can positively regulate
expression of miR-24 via MLL-driven histone trimethylation at both of miR-24
chromosomal locations, chromosome 9 and 19 (26). Overexpression of menin represses

MEN1 promoter activity, indicating negative self-regulation. Increase in miR-24

13



expression is thought to be a possible mechanism driving MEN1 syndrome and thus

targeting miR-24 expression is an attractive therapeutic possibility (43).

miR-24 activity is documented to drive both pancreatic and liver cancer, although its
role in other tissues remains controversial (44, 45, 46). miR-24 is well documented to
negatively regulate menin expression in the endocrine pancreas and drive tumorigenesis
(42). There is strong evidence for the oncogenic role of miR-24 in PDAC as well. miR-
24 overexpression was shown to decrease FZD5 (WNT receptor), HNF1B (HOX
transcription factor), and TMEMO92 to drive PDAC epithelial- mesenchymal-transition.
A separate study showed that miR-24 regulated the BIM pathway to drive PDAC
angiogenesis (45, 46). Melatonin negatively regulates miR-24 expression in several
cancers to inhibit tumor proliferation and migration, and lower melatonin signaling in
cholangiocytes leads to increased VEGF expression (47). MiR-24 expression is

increased in HCC and its inhibition reduces proliferation, migration, and invasion (48).

In addition to miR-24, we used a small molecule inhibitor of the menin-MLL interaction
to probe the role of menin in hepatic fibrosis. As mentioned earlier, the menin-MLL
interaction recruits histone methyltransferases and opens chromatin conformation
through transcription-activating histone trimethylation. The compound was initially
designed to treat mixed-lineage leukemia (for which the MLL protein is hamed) in
which genetic translocations result in a constitutively active MLL protein that actually
requires the presence of menin in order to activate its target genes, thus facilitating

leukemogenesis. MLL proteins have been linked to bile acid physiology, particularly

14



through their interaction with nuclear receptors and epigenetic control of bile acid
transporter genes (49). However, menin-MLL role has not yet been investigated within
the liver and it is unknown if mutant MLL-fusion proteins arise in liver

pathophysiology.

TGF-41 signaling and menin are well characterized in MEN1 syndrome. TGF-£1 binds
TGF-p receptors to recruit SMAD proteins that translocate to the nucleus and activate
transcription. It is shown in both the pituitary and parathyroid gland that menin
physically interacts with Smad3 and drives expression of target genes (31). Loss of
menin expression leads to uninhibited proliferation and ultimately carcinogenesis as
seen in MEN1 syndrome. TGF-g1 signaling plays a prominent role in pancreatic
physiology albeit its connection with menin is less understood. TGF-A1 signaling
decreases proliferation in a number of pancreatic cell types: beta-cells (50), pancreatic
stellate cells (51), and pancreatic ductal adenocarcinoma (PDAC) cells (52).
Interestingly, a pancreatic-specific dominant negative TGF-f Receptor type Il
(dnTGFgrll) transgenic mouse exhibited less pancreatic fibrosis in response to injury
(53). Thus, exploring the relationship between TGF- 1 and menin may help elucidate

nuances between cellular proliferation and organ fibrosis.

TGF-41 inhibits activation of quiescent hepatic stellate cells (HSC) via Smad7 activity
but stimulates fibrotic reaction in activated HSCs or differentiated myofibroblasts via
Smad3 activity (54). TGF-p1 is anti-proliferative and pro-apoptotic in hepatocytes (54).

Loss of hepatic TGF-g signaling in dnTGFgrll mice is a model for primary biliary
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cirrhosis (PBC) featuring anti- mitochondrial antibodies, lymphocytic infiltration,
periportal fibrosis, and increased incidence of HCC (55). One study showed that
dnTGFgrll mice displayed increased pro-inflammatory Treg cells compared to wild-

type (WT) (56), indicating that TGF-£ can affect non- parenchymal cell types.

Menin has been shown to interact with SMAD3 and the inactivation of menin blocks
TGF-41 signaling (33). SMAD3 phosphorylation and TGF-51 have previously been
shown to contribute to hepatic fibrosis (57); however, the role of menin in this pathway
is unknown. The multidrug resistance gene-2 knockout (Mdr2~/~) and bile-duct ligated
(BDL) mouse is a widely utilized murine model of cholestatic liver disease that
represents PSC and biliary obstruction, respectively, with characteristic biliary
proliferation and portal fibrosis (57-59). We hypothesized that targeting menin

expression/function could alter the progression of hepatic fibrosis.
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2.3 Materials and Methods

All reagents were purchased from Sigma Aldrich (St. Louis, MO), unless otherwise
indicated. Cell culture reagents and media components were purchased from Invitrogen
Corporation (Carlsbad, CA). Total RNA and microRNA were isolated from cells and
liver tissue using the mirVana miRNA isolation kit from ThermoFisher Scientific
(Waltham, MA). Total RNA was used to create cDNA from 1200 pg of mRNA using
iScript™ Reverse Transcription Supermix (Bio- Rad, Hercules, CA) for reverse
transcriptase polymerase chain reaction (rtPCR). Primers for rtPCR were purchased
from Qiagen (Valencia, CA), unless otherwise indicated. The rtPCR experiments were
performed using SYBR Green PCR Master Mix from SABiosciences (Germantown,

MD) on the Agilent Technologies Mx3005P rtPCR system.

MENL1 gene expression was quantified by rtPCR using RNA isolated from cultured
mouse cholangiocytes, as well as mouse and human liver tissues. Fibrosis was evaluated
by rtPCR using mouse primers for fibronectin 1 (FN1), type 1 collagen (COL1al), TGF-
1 and alpha smooth muscle actin (a-SMA). Proliferation was evaluated by rtPCR using
mouse primers for Ki-67 and proliferating cell nuclear antigen (PCNA).
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene expression was used as a

relative control. Data is expressed as relative mRNA levels.
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In Vitro Studies

In vitro studies were performed using our immortalized murine cholangiocyte line
(IMCL) (60), a gift from Dr. Yoshiyuki Ueno, Yamagata University, Yamagata, Japan.
IMCL were cultured under standard conditions (5% CO2 and 37°C incubation and
treated with 75 nM of mirVana miR-24 inhibitor, mimic or the standard control for 24
hours, according to the manufacturers protocol. Cells were collected following treatment
with Gibco®TrypLE dissociation reagent (Life Technologies, Grand Island, NY) and
used for RNA isolation. Cholangiocyte and murine liver miR-24 expression was
measured using rtPCR. Isolation of microRNAs was per- formed using the mirVana
RNA isolation kit, with cDNA synthesized using the TagMan™ microRNA Reverse
Transcription Kit from Applied Biosystems (Foster City, CA). Sequence specific

primers for miR-24 and U6 control were purchased from Qiagen (Germantown, MD).

The luciferase assay was performed to determine if miR-24 directly interacts with the
MENL1 gene to alter its expression in cholangiocytes. Luciferase constructs were obtained
from Dr. Judy S. Crabtree (Louisiana State University, Baton Rouge, LA). These
constructs consisted of a 1600-bp fragment of human MEN1 3-UTR cloned into a
pmirGLO vector (pmirGLO-MEN1). A total of 5x10° IMCLs per assay were co-
transfected with pmirGLO-MENL1 at 5 pmol/0.5 mL medium. After24 hr, luciferase
levels were measured using Dual-Glo®Stop & Glo® per vendors instructions (Promega,
Madison, WI), imaged using Thermo Scientific Varioskan Lux and analyzed using
Thermo Scientific Skanit 4.1 software. Data are expressed as fold-change of

firefly/renilla luminescence = SEM.
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Human Samples

Control and late stage PSC samples were obtained as a gift form Dr. Pietro Invernizzi,
under a protocol approved by the ethics committee by the Humanitas Research Hospital
(Rozzano, lItaly) (57, 60). Total RNA was extracted from formalin-fixed, paraffin-
embedded sections using the RNeasy® FFPE kit from Qiagen. Menin expression in

control and late-stage PSC samples was verified using rtPCR.

In Vivo Studies

All animal experiments were performed according to protocols approved by the Baylor
Scott & White Institutional Animal Care and Use Committee. Male FVB/NJ WT were
purchased from The Jackson Laboratory (Sacramento, CA). The Mdr2~/~ mouse colony
is established in our facility. Animals were maintained in a temperature and light
controlled environment with free access to drinking water and rodent chow. Male
C57BL/6 (wild-type, WT, 12-week age, 25-30 gm) were purchased from Jackson
Laboratory (Bar Harbor, ME), housed in a temperature- controlled environment (22C)
with 12:12-hr light-dark cycles, fed standard rodent chow with free access at water ad

libitum. WT mice were subject to either sham or BDL surgery for 7 days.

Inhibition of miR-24 signaling in vivo was performed using a miR-24 Vivo Morpholino
purchased from Gene Tools, LLC. (Philomath, OR) (61). The miR-24 Vivo Morpholino
sequence was 5-TCCTGTTCCTGCTGAACTGAGCCAG-3. Twelve-week-old

Mdr2~/~mice were treated with the miR-24 Vivo Morpholino (12.5 mg/kg) via tail vein
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injection every other day for 1 week. Mice were euthanized and tissues were collected
on the 7th day following the first treatment. The menin-MLL inhibitor, MI-2-2, was
purchased from EMD Millipore (Burlington, MA). WT sham and BDL mice were
treated with vehicle or MI-2-2 (20-40 mg/kg, 1.P.) for 1 week before collecting liver

tissue.

Liver fibrosis was evaluated by Sirius Red staining in liver sections (5 um thick) and by
rtPCR of RNA isolated from total liver samples for the aforementioned genes associated
with liver fibrosis. Bile duct mass was measured using IHC for cytokeratin-19 (CK-19), a
cholangiocyte-specific protein (62). The tissues were stained with mouse polyclonal CK-19
antibody purchased from Abcam (Cambridge, MA) using a 1:200 dilution. The mouse
IgG Vectastain® ABC Kit from Vector Laboratories, INC. (Burlingame, CA) was used
for secondary staining. Light microscopy and IHC observations were taken with a BX-40
light microscope (Olympus, Tokyo, Japan). Semi-quantitative analysis was performed using

Adobe Photoshop.

Statistical Analysis

All data are expressed as mean + SEM. Differences between groups were analyzed by
Students unpaired t-test when two groups were analyzed and ANOVA when more
than two groups were analyzed, followed by an appropriate post-hoc test. P<0.05

was considered to be statistically significant.
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2.4 Results

MEN1 Expression is Increased in Advanced Stage PSC and 66-week Mdr2/- Mice
Expression of the MEN1 gene was measured by rtPCR in total liver tissues from
FVB/NJ WT and Mdr2™~ mice at 12 and 66 weeks of age. MEN1 expression was
significantly decreased in the 12-week old Mdr2~~ mice compared to the FVBNJcontrol
mice, but was significantly upregulated in the 66-week old Mdr2~~ mice (Figure 1A).
This corresponded with increased expression of miR-24 at 12 weeks and decreased
expression of miR-24 at 66 weeks in the Mdr2~ mice (Figure 1B) compared to the
FVB/NJ control mice. MEN1 expression measured in human liver from patients with
advanced stage PSC was also upregulated, similar to the 66-week old Mdr2~~ mouse
(Figures 1C-D). These data show that menin expression is variable throughout the

lifespan of the Mdr2~~"mouse and is higher in mice with advanced disease.

miR-24 Regulates MEN1 Expression in Mouse Cholangiocytes

Inhibition of miR-24 in IMCLs corresponded with a significant increase in MEN1 gene
expression (Figures 2A-B). Treatment of IMCLs with miR-24 mimic decreased MEN1
expression (Figures 2C-D). These results demonstrate that miR-24 participates in a
negative feedback loop within cholangiocytes to alter the expression of menin. Results
of the luciferase assay are shown in Figure 2E. Treatment of cholangiocytes with a miR-
24 inhibitor significantly increased luminescence, whereas treatment with the miR-24
mimic significantly decreased luminescence. These results confirm that miR-24 directly

interacts with the MENL1 gene to negatively regulate expression.
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Figure 1: Menl expression in Mdr2~~ mice.

A: Hepatic Menl gene expression is decreased in 12-week Mdr2™~ mice and increased in 66-week Mdr2~"~
mice compared to the FVB/NJ control mice when examined using rtPCR (n=3). B: Hepatic miR-24 expression
is significantly increased in 12-week Mdr27~ and decreased in 66-week Mdr2™~ compared to FVVB/NJ control
mice via rtPCR (n=3). C-D: Menl gene expression is increased in human liver with advanced stage PSC

compared to normal control liver (n=1). *p < 0.05 vs control.
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Expression of MEN1 Correlates with Markers of Fibrosis

The expression of fibrotic genes was evaluated by rtPCR in IMCLs treated with a miR-
24 inhibitor. When MENL1 expression was increased (Figure 2A), expression of FN1,
COL1lal, TGF- g1, and a-SMA were also increased (Figure 3A). Inhibition of MEN1
with the miR-24 mimic resulted in decreased expression of these fibrotic genes (Figure
3B). These results demonstrate that the negative feedback loop between miR-24 and

menin also contributes to the in vitro expression of genes associated with liver fibrosis.
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Figure 2: miR-24 negatively regulates Men1 expression

A-B: miR-24 inhibition increases Menl expression and decreases miR-24 expression (n=3). C-D: miR-24
mimic decreases Menl expression and increases miR-24 expression (n=3). E: miR-24 inhibition/mimic
inversely alters luminescence of Men1 luciferase construct. (n=3). *p < 0.05 vs control.
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Figure 3: Men1l expression positively associates with expression of fibrotic markers.

A: Expression of fibrotic genes (FN1, Col 1al, TGF-f1 and a-SMA\) is increased in IMCL treated with
miR-24 inhibitor (n=1). B: Expression of fibrotic genes (FN1 and Col 1al) is decreased in mouse
cholangiocytes treated with miR- 24 mimic. Expression of TGF-£1 and a-SMA did not significantly
change with miR-24 mimic (n=1). *p <0.05 vs control.

Inhibition of miR-24 in Vivo Regulates Expression of MEN1 and Drives Hepatic
Fibrosis

Treatment of Mdr2~~ mice with miR-24 Vivo Morpholino significantly increased
MENL1 expression in total liver tissues, as measured by rtPCR (Figure 4A). Expression
of proliferation markers (Ki-67 and PCNA) did not significantly change with miR-24
Vivo Morpholino treatment (Figure 4B). Similar to our in vitro results, inhibition of
miR-24 resulted in significantly increased expression of fibrotic genes, including TGF-
S1 (Figure 4C). Sirius Red staining and semi-quantitative analysis of liver sections was
performed to evaluate changes in hepatic fibrosis. Mdr2~~ mice treated with miR-24
Vivo Morpholino demonstrated significantly more collagen deposition than the

FVB/NJ WT and untreated Mdr2~~ mice (Figure 5).
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Figure 4: miR-24 vivo morpholino increases hepatic Menl expression

A: Treatment of Mdr2~~ with miR-24 Vivo Morpholino significantly increases hepatic Menl expression
compared to mismatch scramble (n=3). B: Expression of proliferative markers do not significantly change.
(n=3) C. Hepatic expression of fibrotic genes (FN1, Collal, TGF-A1, and a-SMA) increases in Mdr2~" treated

mice (n=3). *p< 0.05 vs control.
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Figure 5: miR-24 vivo morpholino increases hepatic fibrosis in Mdr2” mice.
A: Sirius Red staining shows increased hepatic collagen deposition in Mdr2~~ mice treated with miR-24 Vivo

Morpholino compared to untreated FVB/NJ and Mdr2~~ mice. *p < 0.05 vs control.
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Treatment of BDL Mice with M-2-2

Menl gene expression is increased in total liver from BDL mice compared to WT (Figure
6A) but not in pure cholangiocytes (not shown). Treatment of BDL mice with MI-2-2
decreased focal hepatic necrosis and overall cellularity compared to untreated BDL via H&E
staining (Figure 6B). IBDM decreased in MI-2-2 treated BDL mice compared to untreated
BDL via CK-19 staining (Figure 7A-B). Hepatic fibrosis decreased in MI- 2-2 treated BDL

mice compared to untreated via Sirius Red staining (Figure 8A-B).
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Figure 6: Menin-MLL interaction drives hepatic necrosis in BDL mice model.
A: Men1l gene expression increased in total liver (TL) following BDL but not pure cholangiocytes *p <
0.05 vs control. B.: H&E staining shows sparing of focal hepatic necrosis in M1-2-2 treated BDL
compared to untreated BDL.

26



E CK-19 staining
i 14
1 *

o

2 10

3

< 8

=

E

E 4 * *#
: T W 1
a o Ll

WT WT + BDL BDL +
MI-2-2 MI-2-2

Figure 7: Menin-MLL interaction increases IBDM in BDL mice.
A-B: Ck- 19 staining shows decreased IBDM in MI-2-2 treated BDL compared to untreated BDL. *p < 0.05
vs WT, #q <0.05 vs BDL.

5 40 - ;
£ 2
2 & 35
S 30 A
<
= 25
£
S 20 4
@
& 15
2
E 10 1
wn 5 4 *g
a WT WT+MI- WTBDL BDL +
22 MI-2-2

Figure 8: Menin-MLL interaction increases hepatic fibrosis in BDL mice.
A-B: Sirius Red staining shows decreased hepatic fibrosis in MI-2-2 treated BDL compared to untreated
BDL. *p <0.05 vs WT, #q < 0.05 vs BDL.
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2.5 Discussion

The findings of this study suggest that the miR-24/menin regulatory system may play a
key role in the progression of hepatic fibrosis. We demonstrated in vitro that miR-24
directly interacts with the MEN1 gene in murine cholangiocytes. Also, we demonstrated
that inhibition of miR-24 signaling in vitro and in vivo increases MEN1 gene expression
and subsequently promotes expression of fibrotic genes in cultured cholangiocytes and
liver tissues, respectively. These findings correlate with increased MEN1 expression in
patients with late stage PSC and the 66-week old Mdr2~~ mice. Furthermore, we have
established that menin-MLL interaction drives biliary proliferation and hepatic fibrosis

in BDL mouse model of cholestasis.

Menin has traditionally been characterized as a nuclear tumor suppressor protein due to
its involvement in MEN1 syndrome, an autosomal dominant disorder characterized by
tumors of the pituitary, parathyroid glands, and pancreatic islet cells 3. Early studies
suggested that menin inactivation contributes to parathyroid tumorigenesis through a
loss of TGF-p1 signaling (35). Previous studies have also shown that menin interacts
with SMAD3 to regulate TGF-£ signaling (33). Specifically, inactivation of menin
disrupts SMAD3 binding to its cognate DNA element and blocks TGF-41 signaling (33).
This pathway has been supported by other studies that suggest SMAD3 is also an
important tumor suppressor that regulates menin and TGF-41 signaling in parathyroid
adenomas and pancreatic endocrine tumors (63, 64). Our study contributes to a small,

but growing amount of evidence that suggests menin is involved in liver disease. We

28



have shown that upregulation of menin increases TGF-$1 expression and promotes
fibrosis in cholangiocytes and in a murine model of cholestatic liver disease. Additional
research in this model is needed to further elucidate menin's involvement and

characterize the interactions between hepatocytes, cholangiocytes and HSCs.

Increased SMAD3/TGF-41 signaling contributes to the development of hepatic fibrosis
in cholestatic liver disease (57, 65), but menin's role in liver pathology has not been well
defined. Zindy et al. demonstrated that MEN1 expression is upregulated in
hepatocellular carcinoma (HCC) and in adjacent cirrhotic liver tissue (32, 33). In this
study, menin was a key regulator of hepatic fibrosis through TGF-£1 signaling and
activation of hepatic stellate cells (32, 33). Xu et al. also demonstrated that menin
expression is upregulated in HCC and expression correlates with apoor prognosis (66).
Furthermore, a recent study by Cao et al. suggested that deletion of MENL1 in

hepatocytes induced lipid accumulation and liver steatosis in aging mice (64).

This study also demonstrates that a negative feedback loop between miR-24 and menin
exists within the liver and may play a role in the progression of liver disease. miR-24 has
previously been shown to regulate menin expression within pancreatic islet cells, which
affects the cells overall viability and proliferation (26). This negative feedback loop has
also been demonstrated within parathyroid tissues and may contribute to the
tumorigenesis of MEN1 syndrome (42). The interactions between miR-24, menin, and
TGF-$1 have not been previously described, however, previous studies have reported a

link between miR-24 and TGF-f1 signaling. Wang et al. demonstrated that miR-24
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downregulates TGF-A1 signaling and mitigates cardiac fibrosis following myocardial
infarction (67). Furthermore, miR-24 has been shown to decrease TGF-41 signaling that

results from mechanical stress (68).

While our studies focused on cholangiocytes, it is important to recognize the role that
non-parenchymal cell types may play in cholestatic disease states. Inhibiting miR-24
expression or menin-MLL interaction can have a profound effect on macrophage
maturation and polarization. MLL-dependent H3K4-me3 and H3K27 demethylation
characterize pro-inflammatory M1 polarization while alternative M2 polarization is
characterized by DNA methyltransferase and histone deacetylase. M1 macrophages that
were treated with a menin-MLL inhibitor exhibited decreased expression of the
proinflammatory cytokine CXCL10 (69). Interestingly, the M2 macrophage phenotype
is more prevalent in CCA tissue and is associated with secretion of factors that suppress
immunity and facilitate CCA angiogenesis and EMT activity (70). However, miR-24
activity was shown to suppress cytokine production and M1-type pro-inflammatory

differentiation of macrophages (71).

As a ubiquitously expressed protein, menin plays a role in immune cells. Recently,
menin has been implicated in CD4+ T cell immunosenescence and the senescence-
associated secretory phenotype (72). Senescent CD4+ T cells exhibit irregular
homeostasis and cytokine production that can contribute to cancer, infectious disease,
and autoimmune disease (72). Menin binds to the BACH2 locus and suppresses its

expression through histone deacetylation. Decreased BACH2 expression increases
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cellular senescence. The role of menin in immune cells and hepatobiliary diseases such

as PSC, PBC and cholangiocarcinoma has not been explored.

Th17+ T cell differentiation is menin-dependent as well. In naive CD4+ T cells, menin
is recruited to the IL17 locus to drive its expression. Furthermore, menin binds the
RORC locus to drive expression of RORyo in order to maintain Thl7+ T cell
differentiation and function (73). IL17 secretion by Th17+ T cells can trigger HSC
activation, collagen deposition, and subsequent hepatic fibrosis (74). Peripheral blood
mononuclear cells from patients with PSC showed a significantly higher proportion of
Th17+ cells compared to healthy patients (75). In MDR2~~ mice, the prevalence of IL-
17+CD4+ T cells is thought to come at the expense of anti-inflammatory Foxp3+
regulatory T cells (76, 77, 78). Interestingly, Foxp3 interacts with EZH2, a polycomb
group protein and menin-binding partner involved in chromatin silencing, to suppress
gene expression through DNA and histone methylation. Ezh2™~ T cells failed to
adequately differentiate into Foxp3+ regulatory T cells nor function properly in vivo
(79). Thus, targeting menin expression in Th17+ or nave CD4+ T cells could ameliorate

the fibrotic reaction in cholestatic liver disease.

Inhibiting menin expression also seems to decrease effector antigen-specific CD8+ T
cells, which were shown to be pro-fibrotic in a bile-duct ligated mouse model of
cholestasis (77) (80). Yamada et al. infected CD8+ T cell-specific menin knockout mice
with Listeria monocytogenes ovalbumin-expressing bacteria in order to assess menin's

role in the antigen-specific CD8+ T cell response. The lack of CD8+ T cell menin

31



expression reduced cell proliferation and survival upon infection via induction of cell
cycle inhibitors, proapoptotic genes, and transcription factors associated with effector
CD8+ T cell death (80). Thus, theoretically, overexpressing menin could drive
proliferation and survival of effector CD8+ T cells necessary to clear infection but

provoke hepatic fibrosis as a consequence.

While menin expression is directly implicated in CD4+ T cell senescence, Th17+ T cell
differentiation and maintenance, and CD8+ effector T cell survival, it is indirectly
implicated in CD4+ Th2 cell development through the MLL complex (81). MLL™" cells
were able to differentiate into Th2 memory cells but not able to maintain H3K4-
methylation and H3K9-acetylation at the Th2 and GATA loci nor expression of Th2
cytokines IL-4, IL-5, and IL-13 (81). Later studies showed that co-immunoprecipitated
Menin and MLL from the c-Myb/GATA-2 complex is necessary for Th2 memory cell
formation (82). Interestingly, menin was more prevalent at the GATA-3 promoter site
under Th2-promoting conditions, while MLL was more prevalent among CD4+
effector/memory cells. Enhanced Th2 activity has been implicated in 1G4-related
cholangitis (83). However, overall measurements of Thl/Th2 ratios in PSC/PBC
populations have been inconsistent (84). Currently, there is limited research on the
expression profile of miR-24 and menin-MLL interaction in liver disease. It has been
shown that miR-24 is downregulated in cholangiocytes isolated from a rat model of
polycystic liver disease (85). One study has also shown that miR- 24 is downregulated
in a model of acute cholestatic hepatitis produced by alpha-naphthylisothiocyanate

administration (86). Our study suggests that using miR-24 to downregulate menin and
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TGF-41 signaling may also have a therapeutic affect within the liver; however,
additional studies are needed to support this hypothesis. With more research, miR-24
may be added to the growing list of microRNAs (miR-29, miR-21, miR-122) that

provide a therapeutic benefit by mitigating the progression of liver fibrosis (87).

The role of miR-24 and menin-MLL interaction in the progression of liver disease that
we present in this study is a novel concept with therapeutic potential, but we must
consider the limitations of the study. The amount of human data in this study is low due
to the limited availability of human tissues. The Mdr2~~ mouse is a valid model of
cholestatic liver disease, but additional studies with human tissues are necessary to
explore expression patterns and signaling pathways of miR-24 and menin throughout the
progression of cholangiopathies, such as PSC and PBC. Furthermore, we have shown
that inhibition of miR-24 increases menin expression and drives hepatic fibrosis. The
therapeutic potential of this pathway may involve upregulating miR-24 expression or
inhibiting menin-MLL function. This could involve the delivery of miR-24 to liver
tissues or the systemic administration of a menin-MLL inhibitor (88). Additionally,
we need to consider other models of liver disease, such as alcohol-induced cirrhosis,
non-alcoholic steatohepatitis, and viral-induced hepatitis, to determine whether or not
other types of liver disease may benefit from targeting this pathway. In conclusion, the
miR-24/menin regulatory axis and the menin-MLL interaction regulates TGF-£1 and
the progression of hepatic fibrosis in Mdr2~~ and BDL mice respectively. This pathway
has not been previously described within hepatology literature and has therapeutic

potential for the management of cholestatic liver diseases, such as PSC and PBC.
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3. MENIN ACTS AS A TUMOR SUPPRESSOR IN CHOLANGIOCARCINOMA 3

3.1 Overview

Menin (MENL) is a tumor suppressor protein in neuroendocrine tissue. Since cholangiocytes can take
on a neuroendocrine phenotype, we tested the novel hypothesis that menin regulates
cholangiocarcinoma proliferation. Menin and miR- 24 expression levels were measured in the
following intra- and extrahepatic CCA cell lines: Mz-ChA-1, TFK-1, SG231, CCLP, HUCCT-1, and
HuH-28, as well as the non-malignant human intrahepatic biliary line, H69. miR-24 miRNA and
menin protein levels were manipulated in vitro Mz-ChA-1 cell lines. Markers of proliferation and
angiogenesis (Ki67, VEGFA/C, Tiel/2, VEGFR-2/3 & Angl/2) were evaluated. Invasion and
migration were evaluated with Boyden chamber and scratch assays. Mz-ChA-1 cells were injected
into the flanks of nude mice and treated with miR-24 inhibitor or inhibitor scramble. Menin expression
was decreased in advanced CCA specimen while miR-24 expression was increased in CCA. Menin
overexpression decreased proliferation, angiogenesis, migration, and invasion. Inhibition of miR-24
increased menin protein expression while decreasing proliferation, angiogenesis, migration, and
invasion. miR-24 was shown to negatively regulate menin expression by luciferase assay. Tumor
burden and expression of proliferative and angiogenic markers was decreased in the miR-24 inhibited
tumor group compared to controls. Interestingly, treated tumors were more fibrotic then the control
group. miR-24-dependent expression of menin may be important in the regulation of non-malignant

and CCA proliferation and may be an additional therapeutic tool for managing CCA progression.

3 § Part of this chapter is reprinted with permission from L. Ehrlich, C. Hall, J. Venter, D. Dostal, F.
Bernuzzi, P. Invernizzi, F. Meng, J. P. Trzeciakowski, T. Zhou, H. Standeford et al., miR-24
inhibition increases menin expression and decreases cholangiocarcinoma proliferation, The American
Journal of Pathology, vol. 187, no. 3, pp. 570580, 2017. Copyright © 2018 Copyright Clearance Center,
Inc
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3.2 Introduction

CCA is a biliary epithelial adenocarcinoma associated with late diagnosis, poor long-
term survival, and limited responsiveness to current therapies (89). The topographical
range of biliary histology contributes to the heterogeneous presentation of CCA,
although its classification as intra- or extra-hepatic remains to be anatomically based
(90). Cholangiocytes proliferate in response to damage and various endothelial
stressors. During cell proliferation, cholangiocytes adopt a neuroendocrine-like
phenotype via autocrine/paracrine signaling by cytokines (interleukin-6), vascular
growth factors (VEGF) and neuropeptides (91, 92). Surgery is potentially curative for
early disease, but few patients are surgical candidates and 5-year survival rates remain
low (89, 90). Clearly, there is a need for advanced diagnostic strategies and improved

targeted therapies for CCA.

Menin, encoded by the MEN1 (multiple endocrine neoplasia type I) tumor suppressor
gene, is a 610 amino acid, 67 kilodalton nuclear protein that is ubiquitously expressed
in all tissues and evolutionarily conserved, but shares little sequence homology with
other proteins (17). Although menin's function has not been comprehensively
elucidated, several studies have suggested that it is a scaffold protein involved in diverse
cell functions including binding and regulating transcription factor activity (93),
modifying histone proteins and chromatin structure (94, 95), and DNA repair (96, 97,
98). Loss of heterozygosity at the MEN1 gene locus (11913) inactivates or deletes

menin leading to tumorigenesis. Patients with MEN1 syndrome develop parathyroid
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neoplasms (95%), gastro-entero-pancreatic tract neuroendocrine tumors (40%), and
pituitary adenomas (30%) as well as tumors in non-endocrine tissues such as lipomas

and cutaneous angiofibromas (99%).

Since menin's discovery as a tumor suppressor protein in MEN1 syndrome, it has been
shown to regulate cell proliferation in lung, stomach, liver, breast, and prostate tissue
(27, 28, 29, 99, 100); however, menin's role in liver carcinogenesis has not been widely
studied. One study has shown that menin expression is downregulated in HCC, and that
overexpressing menin in vitro decreased cell proliferation and gene expression of
inflammatory cytokines (29). However, another study has shown that menin is
upregulated in HCC samples and promotes HCC formation via interaction with MLL
histone methyltransferase complex and overexpression of homeobox A (HOXA) genes
(66). While menin appears to play a role in HCC formation, its role in CCA development

and progression has not been studied.

Recent evidence demonstrates that menin and miR-24 form a negative regulatory
feedback network to tightly control cell cycle and apoptotic genes (26, 42). MiR-24
targets menin's 3’-UTR, resulting in decreased menin protein expression. Conversely,
Vijayaraghavan et al. showed that the menin-MLL protein complex is present upstream
of miR-24 in both of its chromosome locations and that over-expression of menin
increases miR-24 expression (26). MiR-24 has been implicated as an oncogene in a host

of other cancers, particularly in the gastrointestinal tract (101-104).
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We propose that menin and miR-24 contribute to a regulatory negative-feedback loop
that maintains cholangiocyte proliferation and that dysregulation leads to malignant
growth. We have demonstrated the novel finding that menin is downregulated in human
CCA cell lines and advanced stage human CCA samples and modulation of menin
expression alters cholangiocarcinoma proliferation. We have also shown that miR-24
expression is upregulated in human CCA cell lines and human CCA samples and
modulation of miR-24 expression alters cholangiocarcinoma proliferation through

changes in menin expression.
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3.3 Materials and Methods

Materials

Reagents were purchased from Sigma (St. Louis, MO), unless otherwise indicated.
Human MEN1 siRNA (sc-35922) (Santa Cruz Biotechnology) and control vectors were
purchased from Santa Cruz Biotechnology (Dallas, TX). Human pCMV6-Entry MEN1
cDNA and control vector were purchased from Origene (Rockville, MD) and transfected
with Lipofectamine® 2000 Transfection reagent (Thermo Fisher Scientific, Grand Island,
NY). miRIDIAN microRNA Human hsa-miR-24-1 5p mimic (C-300495-07-0005), hairpin
inhibitor (IH-300495-08-0005), and negative controls were purchased from GE Dharmacon
(Lafayette, CO) and were transfected with Lipofectamine® RNAIMAX Transfection
reagent (ThermoFisher Scientific). The RNeasy Mini Kit for RNA purification and all the
following primers were purchased from Qiagen (Valencia, CA): Menin (MENL,
NM_000244); Glyceraldehyde-3-phosphate dehydrogenase (GAPDH, NM_002046);
MKI167(NM_001145966); VEGF-A (NM_001025366); VEGF-C (NM_005429); VEGFR-
2(NM_VEGFR-2); VEGFR-3 (NM_002020); ANG-1 (NM_001146); ANG-2

(NM_001118887); TIE-1 (NM_001253357); TIE-2 (NM_000459).

Antibodies used were as follows: hsa-miR-24-1 (002440 Tagman® ThermoFisher
Scientific), U6 snRNA (004394 Tagman®), Menin (A300-105A, Bethyl Laboratories,
Montgomery, TX), Ck-19 (Ab15463 (Abcam, Cambridge, MA), Ki67 (Ab15580,

Abcam), and CD31 (89C2, Cell Signaling Technology, Danvers, MA).
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Cell Lines

We studied six human CCA cell lines: Mz-ChA-1, TFK-1, SG231, CCLP-1, HuCC- T1,
and HuH-28. The human intrahepatic CCA cell lines CCLP-1 (105), HUCC- T1 (106),
and SG231 (107) were a gift of Dr. A. J. Demetris of University of Pittsburgh
(Pittsburgh, PA). The human extrahepatic CCA line, Mz-ChA-1 (108), was a gift from
Dr. G. Fitz (UT Southwestern Medical Center, Dallas, TX). The human intrahepatic
biliary cell line, HuH-28 (109) and the human extrahepatic biliary TFK-1 cells (110)
were obtained from the Cancer Cell Repository (Tohoku University, Japan); the cell lines
were maintained as described (111). The human immortalized, nonmalignant,
cholangiocyte cell line, H69, was obtained from Dr. G. J. Gores of Mayo Clinic,

(Minneapolis, MN) (112).

Expression of Menin in Nonmalignant and CCA Cells and cDNAs from Control
and CCA patients

Real-time PCR analysis of H69 and all CCA cell lines was evaluated using 1 g of
RNA (113). Glyceraldehyde-3-phosphate dehydrogenase was used as a control primer
along with the SYBR Green real-time PCR kit (SABIiosciences, Frederick, MD). A
A4Ct (delta delta of the threshold cycle) analysis was performed using H69 as the

control sample (114). Data are expressed as relative mRNA levels £+ SEM (n = 3).

We evaluated the expression of MEN1 mRNA in cDNAs obtained from three control
patients and three CCA patients (Figure 13C); these samples were obtained from Dr.
Pietro Invernizzi (Humanitas Research Hospital, Rozzano, Italy) under a protocol

number approved by the Ethics Committee of by the Humanitas Research Hospital; the
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protocol was also reviewed by the Veterans Administration Institutional Review Board
(Temple, TX) and Research & Development Committee. The use of human tissue was
also approved by the Texas A&M Health Science Center College of Medicine
Institutional Review Board (College Station, TX). Real-time PCR was performed in

triplicate.

For immunoblotting analysis (115), protein was obtained and quantified from whole cell
lysates from nonmalignant and CCA cell lines and 40 pg was loaded into each well.
Blots were blocked overnight and then stained with menin antibody at a 1:2000
dilution and g-actin antibody at a 1:5000 dilution. Data are expressed as fold change
(mean = SEM (n = 3)) of the relative expression after normalization with S-actin

(housekeeper).

Measurement of menin expression was also performed using flow cytometry as
described (115). Briefly, H69 and Mz-ChA-1 cells (the CCA lines implanted into
athymic mice) were harvested from culture plates using TrypLE™ solution
(ThermoFisher Scientific, Grand Island, NY), and washed with appropriate dilution of
fixation buffer (eBioscience, Inc., San Diego, CA). Cells were resuspended at a minimum
of 5x10° cells/mL in 1x permeabilization buffer (eBioscience, Inc.) and incubated for 15
minutes at room temperature with menin antibody at a dilution of 1:100. Then Alexa
Fluor® 488 conjugated secondary antibody was added to suspension at a dilution of
1:50 and cells were incubated for 15 minutes at room temperature in the dark. Cells

incubated without antibody or with only Alexa Fluor® 488 conjugated secondary
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antibody were used as negative controls. Cells were analyzed using (FACSCalibur,
Becton Dickinson, San Jose, CA), with CellQuest Pro 5.2 software. At least 10,000
events in the light scatter (SSC/FSC) were acquired. The expression of menin was
identified and gated on FL1-A/count plots. The relative quantity of the selected proteins
(mean selected protein fluorescence intensity) is expressed as mean FL1-A

(samples)/mean FL1-A (secondary antibodies only) (n=3).

Modulation of Menin Expression, Proliferation and Angiogenesis in Vitro

Mz-ChA-1 cells were targeted for the transient knockdown of menin expression using a
human MEN1 siRNA (Santa Cruz Biotechnology) (sc-35922) along with siRNA
Transfection Reagent (Santa Cruz Biotechnology) (sc-29528) according to the vendor's
instructions. Mz-ChA- 1 cells were targeted for menin overexpression using the
pCMV6-Entry expression vector containing MEN1 cDNA purchased from Origene
(Rockville, MD) (113) and the Lipofectamine® 2000 Transfection reagent
(ThermoFisher Scientific,) according to manufacturer’s protocol. Transfected cell lines

were allowed to grow for 24-48 hours before harvesting.

The menin-containing plasmid was amplified using ElectroMAX™ DH5-DH™
Competent Cells (Qiagen) and Invitrogen imMedia™ CITE™ agar and liquid media
and isolated using Qiagen mini Kit according to vendor's instructions. Plasmid yields
were quantified using ND-1000 NanoDrop (ThermoFisher Scientific). The pCMV6-

Entry vector without the Menl insert was used as a control.
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Transfection efficacy was assessed by measuring menin expression by real-time gPCR
and flow cytometry (114) (116). Cell proliferation was measured by Ki67 real-time PCR
expression, migration via wound healing (117), invasion via Boyden chamber, and
angiogenesis via VEGF- A, VEGF-C, VEGFR-2, VEGFR-3, ANG- 1, ANG-2, TIE-1,

and TIE-2 real-time PCR expression.

Wound Healing Assay

Mz-ChA-1 cells were plated on 6-well plates as described above and transfected 24
hours later. Twenty-four hours post-transfection, cells were tryspinized and
reseeded on a new 6- well plate with twice the number of cells. Twenty-four hours
later, a wound was initiated in the cell monolayer using a small pipette tip and a 19
gauge needle (117). Phase contrast images were taken at 0, 3, 6, 24, and 48 hours with
a Nikon Eclipse TS100 microscope and NIS-elements D 4.00.07 soft- ware was used
to measure the width of the wound (Nikon, Melville, NY). Data are expressedasfold-
change of relative widths compared with 0 hour measurements of their respective
transfected cell type + SEM (n = 6). Statistical significance was valuated between

control and transfected cell types at respective time points.

Boyden Chamber Migration Assay

Migration of Mz-ChA-1 cells was evaluated using QCM CITETM ECMatrix Cell
Invasion Assay (Millipore, Billerica, Massachusetts) according to manufacturer’s
protocol. Fluorescence was read at 480/520 nm using a VersaMax microplate reader.

Data are expressed as fold-change of transfected cell lines relative to control cell
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linesx SEM (n = 7).

Proliferation Assay

Cell proliferation was measured by the CellTiter 96™ Aqueous Non-radioactive cell
proliferation assay (Promega, Madison, WI1) (113). Absorbance was measured at 490 nm
on a microplate spectrophotometer (VersaMax, Molecular Devices, Sunny- vale, CA).
Data were expressed as the degree of change of treated cells compared with vehicle-
treated controls (n=7). Proliferation assay was used to assess the effects of altered Menl

and miR-24 expression on CCA cell growth.

Expression of miR-24 in Nonmalignant and CCA Cells and miRNA Sequencing
Data from Control and CCA Patients

MiRNAwas isolated from samples using the Ambion mirVana™ miRNA isolation kit
per protocol 3. cDNA libraries were created using TagMan® microRNA RT kit per
protocol (ThermoFisher Scientific) a TagMan® MicroRNA Assay hsa-miR-24 primers.
(ThermoFisher Scientific). TagMan Universal PCR Master mix wasused for real-time
PCR, and U6 snRNA were used forendogenous control (ThermoFisher Scientific). A
A4Ct (delta delta of the threshold cycle) analysis was performed using normal H69
as controls. Data are expressed as fold-change of relative microRNA levels

+ SEM (n = 3).

MiRNA-sequencing data was obtained from nine human CCA patients from the Cancer
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Genome Atlas Research Network (http://cancergenome.nih.gov, last accessed April 7,
2016) via the Genomic Data Commons Data Portal the Cancer Genome Atlas -CHOL.
File manipulation was performed with Python, Python Software Foundation, Python
Language Reference, version 2.7. (http://www.python.orglast accessed April 7, 2016).
Example coding for this process can be found at https://github.com/ehrllch/RNA-Seq (last
accessed April 7, 2016). MiR-24 expression is displayed as normalized miRNA
transcripts count for each tumor sample compared with its matched human control. A t-

test was performed to assess statistical significance.

Luciferase Construct

Experiments were performed to test whether mir-24 directly interacts with menin to
change its expression. Luciferase constructs were obtained from Dr. Judy S.
Crabtree (Louisiana State University, Baton Rouge, LA). These constructs consisted
of a 1600-bp fragment of human MEN1 3-untranslated region cloned into a
pmirGLO vector (pmirGLO-MEN1). The plasmid was amplified and isolated
according to the protocol described above. A total of 5x10° Mz-ChA-1 cells per assay
were co-transfected using techniques described above with pmirGLO-MEN1 at 0.5
Hg/well along with miR-24-1 mimic or hairpin inhibitor in addition to negative
control at the concentration of 5 pmol/0.5 ml medium. After 24 hr, luciferase levels
were measured using Dual-Glo®Stop & Glo® per vendors instructions (Promega,
Madison, WI), imaged using Thermo Scientific Varioskan Lux and analyzed using
Thermo Scientific Skanit 4.1 software. Data are expressed as fold-change of

firefly/renilla luminescence + SEM (n = 3).
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Modulation of miR-24 in Vitro

We next performed experiments to determine whether miR-24 changes in Mz-ChA-1
cells lead to changes in menin expression and subsequently CCA proliferation. Mz-
ChA-1 cells were targeted for miR24 knockdown using miR-24 hairpin inhibitor (GE
Dharmacon, 1H-300495-08-0005) using the Lipofectamine® RNAIMAX Transfection
reagent (ThermoFisher Scientific, Grand Island, NY) according to the vendors
instructions. After 24-48 hours, cells were harvested and transfection efficiency was
assessed by measuring miR-24 TagMan® microRNA expression. Menin protein
expression was assessed using FACS. Cells were also assessed for proliferation via MTS
assay, migration via wound healing (117), invasion via Boyden chamber, and expression

of Ki67 and angiogenic factors were determined using real-time PCR.

In Vivo Studies

Male BALB/c eight-week-old nude (nu/nu) mice were kept in a temperature- and light-
controlled environment with free access to drinking water and rodent chow (118). Mz-
ChA-1 cells were suspended in extracellular matrix gel and subcutaneously injected into the
left rear flanks of these nude mice. The experimental group received miR-24 hairpin
inhibitor (GE Dharmacon, IH-300495-08-0005) injected directly into tumor at 4 ng/mm~”3
three times per week, whereas the control group received a hairpin inhibitor scramble. Tumor
growth was measured three times a week using an electronic caliper, and volume was
determined as follows: tumor volume (mm~#3) = z/6 x length (mm) x width (mm) x height

(mm). Tumors were allowed to grow until the maximum allowable tumor burden was
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reached, as set forth by the Baylor Scott & White Healthcare Institutional Animal Care and
Use Committee tumor burden policy (http://researchers.sw.org/imedris/imedris), last
accessed April 7, 2016). After 8 weeks, mice were euthanized with sodium pentobarbital (50
mg/kg body weight i.p.). We evaluated biliary proliferation in CCA tumor sections via
immunohistochemistry (IHC) for CK-19, a cholangiocyte-specific marker, Ki67, and
Sirius Red, a collagen-specific dye. In CCA tumor tissue, we measured the expression
of menin, biliary proliferation (by real-time PCR for Ki67), and the expression of select

angiogenic factors (CD31).

Statistical Analysis
All data are expressed as means =+ SEM. Differences between groups wereanalyzed
by Students unpaired t-test when two groups were analyzed and ANOVA when more

than two groups were analyzed, followed by an appropriate post hoc test.
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3.4 Results

The Expression of Menin is Decreased in CCA

By real-time PCR and immunoblots, we demonstrated that MEN1 mRNA and protein
expression was significantly decreased in all selected CCA lines compared to H69 cells
(Figure 9A-B). Similarly, by flow cytometry we demonstrated that menin expression was
decreased in Mz-ChA- 1 cells compared to H69 cells (Figure 9C). By real-time PCR,
there was reduced mRNA expression of menin in samples from human biopsies from
patients with advanced grade CCA compared to control non- malignant samples (Figure

9D).
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Figure 9: Menin is downregulated in human CCA.

A-B: Meninexpression is decreased in CCA cell lines by rtPCR and immunoblots, respectively (n=3).
C. Menin expression is decreased in Mz-ChA-1 cell line, via flow cytometry. D. Menin expression is
decreasedinadvancedstage human CCAtissue biopsies compared with normal control. *p < 0.05 vs
H69.
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Menin Regulates CCA Cell Growth

To evaluate the role of menin in the regulation of CCA proliferation, we manipulated
menin expression in Mz-ChA-1 cells. Menin expression was first decreased by MEN1
SiRNA in Mz-ChA-1 cells (Figure 10A-B). Based on nuclear Ki67 protein expression,
menin knockdown resulted in increased Mz-ChA-1 cell proliferation compared to
controls (Figure 10C). In contrast, overexpression of menin, by transfection with a
pCMV6-Entry vector containing the MEN1 gene insert, resulted in decreased Mz-ChA-
1 cell proliferation compared to controls (Figure 11A-C). Menin overexpression resulted
in decreased cell migration and invasion by Boyden chamber and wound healing assays

(Figure 11D-E).
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Figure 10: Downregulating menin increases CCA proliferation.
A-B: Menin siRNA decreases menin expression via flow cytometry and rtPCR, respectively. C. Decreased
menin expression upregulates Ki67 proliferative marker *p 0.05 vs control.
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Figure 11: Overexpressing menin decreases CCA proliferation and cell migration.

A-B: Menin overexpression (OE) with pCMV6-MENL1 entry vector via rtPCR and flow cytometry,
respectively. C. Menin overexpression decreases proliferation, wound healing, and cell invasion,
respectively. *p <0.05 vs control.

Effect of Changes on Menin Expression on Angiogenic and Proliferative Factors

Expression of the angiogenic factors VEGF-A/C, angiopoietins-1/2 (ANG-1/2), and the
corresponding receptors VEGFR-2/3 (for VEGFs) and TIE1/2 (for angiopoietins- 1/2)
were determined by real-time PCR following changes in MEN1 expression. The
expression of the aforementioned increased in Mz-ChA-1 MEN1 KO (Figure 12A) cells
and decreased in Mz-ChA-1 cells overexpressing menin (Figure 12B) compared to

controls.
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human CCA.

A-B: By rtPCR, expression of angiogenic factors inversely correlated to Men1 expression in Mz-ChA-1
CCA cell lines *p < 0.05 vs control.
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Negative Regulation of Menin Expression by miR-24

We tested the hypothesis that miR-24 acts as a negative regulator of menin in
cholangiocytes. We evaluated miR-24 expression in H69 and CCA cell lines by real-
time PCR and demonstrated that miR-24 is overexpressed in the selected CCA lines
compared to H69 cells (Figure 13A). We transfected pmirGLO-MENL1 vector into Mz-
ChA-1 cells with a miR-24 mimic, hairpin inhibitor, or negative control and measured
luminescence which demonstrated that miR-24 negatively regulates menin expression
(Figure 13B). Finally, we obtained miRNA-seq data from 9 human CCA patients from
the Cancer Genome Atlas Research Network (http://cancergenome.nih.gov/, last accessed
April 7, 2016). We showed that miR-24 expression is increased compared to matched

normal tissue (Figure 13C).
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Figure 13: miR-24 is upregulated in human CCA.

A: miR-24 expression is increased in 5 of 6 human CCA cell lines. B: miR-24 mimic decreased MEN1
luminescence from luciferase construct. C: miRNA-sequence data from TCGA online database
demonstrates increased miR-24 expression in 7 of 9 human CCA tumors compared to matched normal
tissue. Statistical significance is validated with a Students unpaired t-test. *p < 0.05 vs control

We modulated miR-24 expression in Mz-ChA-1 cells and measured the expression of
menin (FACS), angiogenic factors (by real-time PCR), cell proliferation (by MTS
assays), cell migration by wound healing assay, and cell invasion by Boyden chamber
assay. We knocked down miR-24 expression in Mz-ChA-1 cells using a hairpin inhibitor
(Figure 14A). miR-24 downregulation correlated with increased menin expression
(Figure 14B), decreased expression of angiogenic/proliferative factors (Figure 14C),
decreased cell proliferation (Figure 15A), and decreased migration and invasion (Figure

15B-C).
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Figure 14: miR-24 increases menin expression and decreases angioproliferative marker expression.
A-B: miR-24inhibitionin Mz-ChA-1 cellsdecreases miR-24 expression and increases menin protein expression
via flow cytometry, respectively. C: miR-24 inhibition decreases expression of angiogenic factors via rtPCR.
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Figure 15: miR-24 inhibition decreases human CCA proliferation and migration.
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points. B-C: miR-24 inhibition decreased wound and cell invasion, respectively. *p <0.05 vs control.
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miR-24 Inhibitor Decreases Mz-ChA-1 Cell Growth in a Xenograft in Vivo Model
At the end of the treatment (10 weeks), as validation of our in vivo model, there was
enhanced expression of menin in the tumor samples from the athymic mice treated with
miR-24 hairpin inhibitor compared to scramble mismatch-treated mice (Figure 16B).
Ten weeks following Mz-ChA-1 implantation into the flanks of nude mice, there was a
significant reduction in tumor size in athymic mice treated with the miR-24 hairpin
inhibitor compared to mice treated with mismatch scramble (Figure 16A). Real-time
PCR performed on total RNA isolated from both tumor groups revealed decreased
expression of proliferative and angiogenic factors (Figure 16C). Histological
examination (Figure 17) demonstrated decreased proliferation via nuclear Ki67 staining,

increased fibrosis via Sirius Red staining
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Figure 16: miR-24 inhibition decreases Mz-ChA-1 tumor burden.

A: 10 weeks following Mz-ChA-1 implantation into the flanks of nude mice, there was significant
reduction in tumor size in athymic mice treated with the miR-24 hairpin inhibitor compared to scramble
mismatch-treated mice. B. Inhibiting miR-24 expression in Mz-ChA-1 ex vivo tumors increases menin
protein expression via flow cytometry. C: rtPCR on total RNA isolated from both tumor groups revealed
decreased expression of proliferative and angiogenic factors. (n=3). *p 0.05 vs control.
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Figure 17: miR-24 inhibition decreases proliferation but increases fibrosis in Mz-ChA tumors.

IHC images of FFPE sections confirm expected histological depictions of Mz-ChA-1 CCA tumor via H&E
and CK-19 staining (not shown). Top Row miR-24 inhibition decreased nuclear Ki67 staining (quantification
on right). Bottom Row miR-24 inhibition increased collagen deposition and fibrosis via Sirius Red
staining (n=3). * p < 0.05 vs control.
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3.5 Discussion

This novel study demonstrated that menin acts as a tumor suppressor in malignant
cholangiocytes and is downregulated in human CCA. Overexpressing menin in vitro
decreases migration, invasiveness, proliferation and angiogenesis, whereas knocking
down menin expression in vitro increases proliferation and angiogenesis. Furthermore,
we show that miR-24 acts as an oncogene partly through its negative regulation of menin
expression via binding to its 3 UTR. Knocking down miR-24 expression with a hairpin
inhibitor increases menin expression and decreases proliferation, migration,

invasiveness, and angiogenesis both in vitro and in vivo xenograft models.

In addition to menin's canonical role in the MEN1 familial cancer syndrome, it is
associated with a host of other cancers and proliferative pathologies. For example, loss
of menin drives G cell proliferation in the stomach leading to hyperplasia and
hypergastrinemia (28). Menin suppresses proliferation and migration in lung carcinoid
tumors, non-small cell lung cancer, and lung adenocarcinoma (27). Yan et al. revealed
that menin interacts with scaffold protein IQGAP1 in the f-cell cytoplasm to decrease
cell motility and increase cell adhesion through enhanced E-cadherin and fS-catenin
intercellular junctions (119). Koen et al. reported mutations in the MEN1 gene disrupted
menin's co-activation of estrogen receptor-mediated transcription in breast cancer cells
(99). However, menin is not necessarily tumor suppressive in all tissues. Menin
overexpression is correlated with growth of prostate tumors (100). Functional menin

expression is required for leukemogenesis in MLL in order to drive transcription of mutant
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MLL-fusion protein targets (120).

Menin's role in HCC formation is controversial. One study showed that menin interacts
with Sirtl, a type Il histone deacetylase (HDAC), to inhibit NF-xB-mediated
transactivation of inflammatory cytokines in HCC (29). A contradicting study showed
that the menin-MLL interaction epigenetically enhances Yapl transcription factor
expression to drive HCC formation (66). However, no information has previously been

published regarding the role of menin in CCA formation and progression.

Menin mainly acts in concert with scaffold proteins to drive histone methylation or
deacetylation depending on its binding partners and its tissue of origin; however, other
histone marks have been associated with menin activity. In G cells, menin binds to and
inhibits JunD transcriptional activation by recruiting HDACs to JunD target sites and
removing transcriptionally activating histone acetylation marks (28). In pancreatic f-
cells, the menin-MLL complex enables transcriptionally activating H3K4 trimethylating
marks at MLL target genes. In particular, this drives expression of the CDKIi proteins

p27Kipl and p18INKA4c to suppress proliferation (121).

In this study, we show that menin expression negatively regulates angiogenic and
proliferation markers in cholangiocytes. Cholangiocytes secrete and respond to VEGF
in an autocrine and paracrine manner to promote proliferation (122). No evidence to date
points to a role for menin in angiogenesis. However, histone acetylation dynamics are
closely connected with epigenetic regulation of angiogenesis (123). In particular, JunD

plays a major role in combating hepatic ischemic/reperfusion injury through
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antagonizing other AP-1 transcription factors to regulate HIF-lo0 and VEGF-A

expression (124).

In this study, we decreased miR-24 expression with a hairpin inhibitor to increase menin
protein expression and inhibit proliferation, angiogenesis, migration, and invasion in
human Mz-ChA-1 cell lines, using both in vitro and in vivo xenograft models. miR-24
is upregulated in a host of gastrointestinal cancers, and pancreatic cancer xenograft
models overexpressing lentiviral miR-24 grew larger tumors compared to controls (101-
104). However, miR-24 has not yet been characterized in biliary disease. miR-24 is
implicated in many cellular processes including cell cycle, apoptosis, DNA repair (47),

proliferation, migration, and angiogenesis (44).

Melatonin negatively regulates miR-24 expression in several cancers to inhibit tumor
proliferation and migration, and lower melatonin signaling in cholangiocytes leads to
increased VEGF expression (47). MiR-24 expression is increased HCC and its inhibition

reduces proliferation, migration, and invasion (48).

Menin expression can be modulated by other factors as well. Prolactin and glucose
stimulation decrease menin expression and increases proliferation in g-cells whereas
insulin signaling decreases menin expression (23). TGF-£1 and somatostatin signaling
increase menin expression in hepatocytes and the duodenum, respectively (25). Small
molecule inhibitors can block pathway-specific menin functions without altering its

overall expression levels. For example, HDAC inhibitor class 1/2 trichlorostatin A
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reverses menin-dependent transcriptional repression at JunD target sites (25, 125). The

menin-MLL inhibitor can block menin-dependent MLL histone trimethylation.

In summary oncogene miR-24 and tumor suppressor menin work together in a negative
feedback loop to maintain cholangiocyte homeostasis. Dysregulation of this network
alters expression of cell cycle and apoptotic genes leading to increased proliferation,
migration, and angiogenesis. Targeting miR-24 expression represents a novel means to
increase menin expression and reduce biliary tumor growth. Other means of targeting
menin expression and/or function include hormonal therapy or small molecule

inhibitors such as menin-MLL or HDAC inhibitors.
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4 a7-NACHR KNOCKOUT MICE DECREASES BILLIARY
HYPERPLASIA AND LIVER FIBROSIS IN CHOLESTATIC

BILEDUCT LIGATED MICE 4

4.1 Overview

a7-nAChR is a nicotinic acetylcholine receptor specifically expressed on hepatic stellate
cells, Kupffer cells, and cholangiocytes that regulates inflammation and apoptosis
through intracellular [Ca2+] increase and activation of ERK1/2. Thus, targeting a7-
NAChR may be therapeutic in biliary disease. Bile-duct ligation (BDL) was performed
on wild-type (WT) and a7-nAChR~/~ mice, with sham-operated mice as controls. Gene
expression of a7-nAChR, Ki67/PCNA (proliferation), and TGF-f1, fibronectin-1,
Collal, and a-SMA (fibrosis) was measured with real-time PCR.
Immunohistochemistry (IHC) was performed to assess bile-duct mass (Ck-19), and
Sirius Red staining was performed to quantify the amount of collagen deposition.
Immunofluorescence was performed to assess co-localization of a7-nAChR with bile
duct (Ck-19) and hepatic stellate cells (desmin). Biliary TGF-f1 expression was
assessed using IHC, and serum chemistry measured to assess liver damage. Stable a7-
NAChR~/~ pooled cholangiocytes were subject to mechanical stress similar to biliary

pressure following BDL, and menin expression was measured. o7-nAChR~/~ mice

4 § Part of this chapter is reprinted with permission from L. Ehrlich, A. O'Brien, C. Hall, T. White, L. Chen,
N. Wu, J. Venter, M. Scrushy, M. Mubarak, F. Meng et al. a7-nAChR Knockout Mice Decreases Biliary
Hyperplasia and Liver Fibrosis in Cholestatic Bile-Duct Ligated Mice. Gene expression, 2018. ©2018
Cognizant, Inc.
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exhibited decreased bile duct mass and fibrosis following BDL compared with WT mice.
Expression of fibrotic marker genes and biliary TGF-f#1 was also decreased. a7-nAChR
co-localizes with Ck-19 and desmin and «7-nAChR ™~ BDL show reduced Ck-19 and
desmin expression compared to WT BDL. Furthermore, menin expression increases
following mechanical stress but is reduced in a7- nAChR ™~ cells. a7-nAChR activation
drives biliary proliferation and fibrosis in BDL model, possibly through induction of
menin expression, and may be a therapeutic target in combating extra-hepatic biliary

obstruction.
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4.2 Introduction

Cholangiocytes are epithelial cells that line the bile duct system and are the main targets
of cholangiopathies (126, 37). Cholangiopathies, while broad in etiology, are
characterized by cholestasis, ductular reaction, and liver damage (127). Extra-hepatic
bile duct obstruction, mimicked by bile-duct ligation (BDL) in mice, increases pressure
across the biliary tree leading to increased intrahepatic bile duct mass (IBDM) and
bridging fibrosis between intra-hepatic portal triads (2, 128). In contrast, primary
sclerosing cholangitis (PSC), a well-known autoimmune cholangiopathy, results in
irregular bile duct proliferation, periductal fibrosis, and bridging necrosis which

progresses to cirrhosis and the need for liver transplantation (129, 130).

Vagal stimulation of the hepatic cholinergic system is anti-inflammatory and anti-
apoptotic and is strongly mediated by a7-nAChR activation (131, 132). It is important
to recognize distinct dynamics between nicotine and acetylcholine (endogenous
physiological stimulants of nAChRs). While extracellular acetylcholine is quickly
degraded by acetylcholinesterase (small fraction of a second), nicotine has a much
longer half-life (2 hours) and therefore stimulates NAChR for a longer time period before
being degraded and cleared (133). Acetylcholine also acts through muscarinic AChRs,
which nicotine does not, to drive cholangiocyte proliferation and secretin-dependent
choleresis in a cAMP-dependent fashion following BDL (134) as well as hepatic stellate

cell activation and fibrogenesis in an PI3K- and MEK-dependent pathway (135).

61



There remains considerable controversy on the effects of smoking and the pathogenesis of
certain biliary diseases, particularly PSC (136). In particular, there is small but significant
epidemiological data indicating that smoking may be protective in PSC patients who are
male or who have concomitant ulcerative colitis (UC) (136, 137). Patients with PSC are less
likely to smoke and male daily smokers experienced later onset of disease compared to non-
smoking male counterparts (136). While smoking may increase the incidence of CCA in
patients with PSC, it may be protective in the subtype of PSC with concomitant
inflammatory bowel disease (IBD) (138, 139). Of course, smoking increases the incidence

of colorectal cancer in patients with IBD, which is in itself a risk factor for CCA onset.

With regards to extra-hepatic causes of cholestasis, smoking is not associated with onset
of gallstones, however smoking is an independent risk factor for the onset of gallbladder
cancer in patients with underlying gallstones (140). We have previously shown that rats
treated with nicotine by osmotic minipump exhibited increased cholangiocyte
proliferation, which is consistent with its pro-cholinergic, anti-inflammatory, and anti-
apoptotic effects (141). Nicotine treatment also increased expression of fibrotic genes
and a7-nicotinic receptor (141). We have also shown that nicotine increases growth and
proliferation of CCA xenograft tumors, which is abrogated in a7-nAChR™~CCA tumors
(142). In this paper, we sought to characterize the role of a7-nAChR in BDL mice, a
model of extra-hepatic cholestasis characterized by increased biliary proliferation and

fibrosis.

There is little literature regarding the relationship between the miR-24/menin axis and
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NAChR signaling. Emerging evidence points to a role for menin in determining nAChR
subunit expression and surface clustering in hippocampal neurons. In central neurons
from invertebrates, the full length menin protein and its N-terminal proteolytic fragment
localize to the nucleus whereas the C-terminal proteolytic fragment localizes at
synapses. The C-terminal fragment coordinates a7-nAChR subunit clustering which is
abrogated following knockdown of MEN1 expression (143, 144). However, little is
understood about menin proteolytic fragments or regulation of a7-nAChR subunit

surface clustering in liver physiology.
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4.3 Materials and Methods

Materials

Reagents were purchased from Sigma Aldrich (St. Louis, MO), unless otherwise
indicated. a7-nAChR shRNA was purchased from Qiagen (KH22901, Valencia, CA)
and transfected with Lipofectamine®2000 Transfection reagent (ThermoFisher Scientific,
Grand Island, NY). The following antibodies were purchased from Abcam (Cambridge,
MA): a7-nAChR (ab24644); cytokeratin-19 (CK-19, ab52625). a7-nAChR (Chrna7,
NM 007390); CK-19 (Krt19, PPMO02968A); Ki67 (Mki67, PPM03457B); PCNA
(PPMO03456F); Collagen Type | Alpha 1 (Collal, PPM03845F); fibronectin-1 (Fn-1,
PPMO03786A); a-smooth muscle actin-2 (a-SMA, PPM04483A); Transforming Growth

Factor 1 (TGF-$1, PPM03845F); and fibronectin-1 (Fn-1, PPM03786A);

Animal Models

Animal protocols were approved by the Baylor Scott & White Institutional Animal Care
and Use committee. Male C57BL/6 (wild-type, WT, 12-week age, 25-30 gm) and
a7-nAChR ™~ mice (12-week age, 25-30 gm) were purchased from Jackson Laboratory
(Bar Harbor, ME), housed in a temperature-controlled environment (22 °C) with 12:12-
hr light-dark cycles, and fed standard rodent chow with access to water ad libitum.
Briefly, the last exons of the Chrna7 gene were deleted and a KO mouse was generated
on a mixed 129/SvEv and C57BL/6 background and eventually bred to a C57BL/6
background. Both WT and a7-nAChR™~ mice were subject to either sham or BDL

surgery (14) and utilized 3 or 7 days later.
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Cell Isolation

Following sham or BDL, total liver samples were harvested from the mice and used for
the preparation of frozen or paraffin-embedded liver sections by standard techniques.
Serum was also collected. Cholangiocytes were isolated by standard immunoaffinity
separation (3) (145) by using a monoclonal antibody, rat IgG2a (a gift from Dr. R. Faris,
Brown University, Providence, RI) that recognizes an unidentified antigen expressed by

all intrahepatic cholangiocytes.

Immunoreactivity for a7-nAChR and TGF-p and TGF-p Activity for Unidentified

Antigen Expressed by all Intrahepatic Cholangiocytes

IHC for a7-nAChR and TGF-$ was performed on paraffin-embedded liver sections (4-
5 pm) from the selected groups of mice as described (146). Biliary TGF-S
immunoreactivity was measured in intrahepatic bile ducts as the staining intensity per
bile duct field using the Olympus Image Pro-Analyzer software (Olympus, Tokyo,
Japan); values were normalized to normal WT liver sections. We also evaluated by
immunofluorescence in frozen liver sections (4-5 um thick) the expression of «7-nAChR in
bile ducts (co-stained with CK-19, a cholangiocyte-specific marker) (145) as well as hepatic
stellate cells (HSCs, co-stained with desmin, a marker of HSCs) (147). Immunofluorescent
sections were mounted with DAPI (Invitrogen), to stain for cell nuclei, and imaged with a
confocal microscope (Olympus FluoView 500 laser scanning microscope with DP70 digital
camera, Tokyo, Japan). CK-19 values were normalized to normal WT sections; a7-nAChR

basal expression in normal WT slides were too low to normalize so values were therefore
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expressed as relative changes.

We measured liver fibrosis by: (i) Sirius Red staining in liver sections (4-5 um thick, 10
fields analyzed from 3 different samples from 3 different animals); and (ii) measurement
of hydroxyproline levels in total liver samples using the Hydroxyproline Assay Kit
(MAKO008; Sigma-Aldrich). Following Sirius Red staining, slides were scanned by a
digital scanner (Leica Microsystems, SCN400, Buffalo Grove, IL) and staining

quantified using Image-Pro Premier 9.1 (Media Cybernetics, MD).

Real-time PCR in Total Liver Samples

Total RNA was isolated from snap-frozen samples from total liver and purified
cholangiocytes using the Ambion mirVana™ isolation kit (Ambion, Austin, TX) as
described (146). cDNA was created with 5x iScript™ Supermix (BIO-RAD, Hercules,
CA) according to the vendor’s protocol. Real-time PCR analysis of the selected samples
were performed using 1 pg of total RNA with the SYBR Green real-time PCR kit
(SABiosciences, Frederick, MD) with glyceraldehyde-3-phosphate dehydrogenase

(GAPDH) as the housekeeping gene (148).

Cell Lines

In vitro studies were performed on our immortalized intrahepatic murine cholangiocyte
lines (ICMLs) (148) (149). a7-nAChR expression was knocked down using a7-nAChR
ShRNA (KH22901) with Lipofectamine® 2000 Transfection reagent (ThermoFisher

Scientific, Grand Island, NY) according to vendor's protocol. Knockdown of a7-nAChR
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expression was confirmed by real-time PCR (148). MTS assays were used to assess cell
proliferation using CellTiter 96™ Aqueous One Solution according to the vendor’s

instructions (Promega, Madison, WI) (14).

In Vitro Models Mimicking BDL in WT and a7-nAChR-/- Cholangiocytes

Cells were plated on Flexcell® 6-well membrane plates (Flexcell®, Burlington, NC)
and subjected to biaxial mechanical stress on a Flexcell® FXSK™ Tension system for
12 hours (Flexcell®, Burlington, NC). Controls were plated on the same plates but not
subjected to mechanical stress. The cells were harvested and RNA was isolated

according to the aforementioned protocols. MEN1 gene expression was measured.
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4.4  Results

Mechanical Stress Decreased Menin Expression in a7-nAChR Knockout
Cholangiocytes Compared to WT Cholangiocytes
Following 12 hours of mechanically-induced stress, menin expression increased in WT

and control cells while decreasing in a7-nAChR~"ICMLs (Figure 18).
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Figure 18: a7-nAChR" axis positively regulates Men1 expression following mechanical stress.
ICMLs subject to 12 hours of mechanical stretch increased Menl gene expression. However, ICMLs lacking
the a7-nAChR had a decrease in Menl gene expression. *p < 0.05 vs matched unstretched group.

Expression of a7-nAChR

There was increased immunoreactivity for a7-nAChR in liver sections from BDL WT
compared to WT mice; immunoreactivity for a7-nAChR was absent in both normal and
BDL a7-nAChR ™ mice (Figure 19A-C). The localization of a7-nAChR in intrahepatic
bile ducts (red color co-stained in green with CK-19) and in HSCs (green color in HSCs
co-stained in red with desmin) was also confirmed by immunofluorescence (Figure

19C).
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Figure 19: Loss of a7-nAChR expression in a7-nAChR” mouse model.

[A-C] There was increased immunoreactivity for a7-nAChR in liver sections from BDL WT compared
to WT mice; immunoreactivity for a7-nAChR was virtually absent in both normal and BDL a7-nAChR"
" mice. Orig. magn., x25. [B-C] By immunofluorescence, we demonstrated the immunoreactivity of o7-
NACHR in bile ducts (red color co-stained in green with CK-19) and in HSCs (green color in HSCs co-
stained in red with desmin) was also confirmed by immunofluorescence. Nuclei are stained in blue with

DAPI.
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a7-nAChR-/- Mice Exhibit Lower Biliary Proliferation Following BDL

There was increased IBDM in BDL mice compared to WT mice. However, there was a
significant decrease in IBDM in a7-nAChR ™~ BDL mice compared to WTBDL (Figure
20A-B). BDL-induced increase in Ki67A gene expression was reduced in a7-

nAChR"BDL compared to WT BDL mice (Figure 20C).
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Flgure 20: Reduced ductular reactlon in a? nAChR" foIIowmg BDL.
A-B: Immunochistochemical analysis shows increased IBDM in BDL WT mice com- pared to normal WT,
but decreased IBDM in BDL a7-nAChR” compared to WT BDL mice. Ki67 expression is decreased in
BDL a7-nAChR” compared withWT BDL. *P < 0.05 vs. normal WT mice. #P < 0.05 vs. BDL WT
mice.
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Biliary Fibrosis is Decreased in a7-nAChR-/- Mice Following BDL

Sirius Red staining for collagen deposition and hydroxyproline levels both increased in
WT BDL compared to normal WT mice but decreased in a7-nAChR™~ BDL mice
compared to WT BDL (Figure 21A-C). Additionally, gene expression of the fibrosis
markers a-SMA, TGF-$1, Collal, and Fn-1 decreased in total liver samples from a7-

nAChR™~ BDL mice compared to WT BDL mice (Figure 21).
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Figure 21: a7-nAChR™ mouse is protected from hepatic fibrosis following BDL.
A-B: Sirius Red staining reveals increased fibrosis in BDL W mice compared to normal WT, but
decreased collagen deposition in a7-nAChR” BDL mice compared to WT BDL C: Hydroxyproline assay
reveals decreased hydroxyproline content in a7-nAChR”- BDL mice compared to WT BDL. (n=3). *P

<0.05 vs. normal WT mice. #P < 0.05 vs. BDL WT mice.
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As shown in Figure 22, the biliary immunoreactivity of TGF-g1 greatly increased in
liver sections from BDL WT mice (compared to normal WT mice) but was attenuated
in a7-nAChR~"BDL mice; no significant difference in TGF-A1 immunoreactivity was

observed between normal WT and a7-nAChR ™ mice.
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Flgure 22 a7 nAChR’ decreases blllary TGF -p1 expression following BDL.
Immunohistochemical analysis reveals increased biliary TGF- 1 immunoreactivity BDL mice
compared to WT mice, but reduced immunoreactivity in a7- nAChR-/- BDL mice compared to WT
BDL (n=3). *P < 0.05 vs. normal WT mice. #P < 0.05 vs. BDL WT mice.

Kupffer Cell Infiltration and Expression of Inflammatory Markers are Reduced
in a7-nAChR”- Mice Following BDL

CD68 immunoreactivity was used to assess Kupffer cell infiltrate from the selected
groups of mice. Kupffer cell infiltration increased following BDL but decreased in BDL
a7-nAChR ™" mice (Figure 23). By real-time PCR, the expression of IL-6, IL-1f, and
TNFa increased in cholangiocytes from BDL mice (compared to WT mice) but

decreased in BDL a7-nAChR™~ mice compared to BDL WT mice (Figure 24).
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Figure 23: CD68 immunoreactivity is decreased in a7-nAChR™ BDL compared to BDL WT mice.
CD68 immunoreactivity was used to assess Kupffer cell infiltration in selected mice groups. Figure 6
shows that Kupffer cell infiltration increases following BDL but decreases in «a7-nAChR™~ BDL mice.
Black arrows are used to point out the CD68* Kupffer cells. Orig. magn., x20.
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Figure 24: Inflammatory mRNA expression is decreased in a7-nAChR™ BDL compared to BDL WT

mice.

[A-C] Gene expression for IL-1p, IL-6, and TNFa increased in cholangiocytes from WT BDL compared
to normal WT mice, but decreased in a7-nAChR™~ BDL compared to WT BDL mice. Data are
mean+SEM performed in triplicate in 3 different total liver samples from 3 mice. *P < 0.05 vs. normal

WT mice. #P < 0.05 vs. BDL WT mice.
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Expression of Bile Acid Synthesis and Transport Genes Reduced in a7-nAChR” Mice

Following BDL

The mRNA expression of CYP7A1, CYP27A1, and BSEP (proteins playing important

roles in bile acid metabolism) (150) increased following BDL and decreased in BDL

a7-nAChR ™" mice (Figure 25).
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Figure 25: Expression of bile acid synthesis and transport genes reduced in a7-nAChR™ mice

following BDL.

[A-C] Gene expression of CYP7AL, CYP27A1, and BSEP increased following BDL and decreased in
BDL a7-nAChR™~ mice. Data are mean+SEM performed in triplicate in 3 different total liver samples
from 3 mice. *P < 0.05 vs. normal WT mice. #P < 0.05 vs. BDL WT mice.
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45  Discussion

We have previously shown that chronic nicotine exposure stimulates biliary growth and
hepatic fibrosis (141) (142). In this study, we used total body knockouts of «7-nAChR
to explore its specific effects on a BDL mouse model of cholestatic injury. Mice lacking
the a7-nAChR who underwent BDL exhibited less biliary proliferation and hepatic
fibrosis compared to their WT counterparts, (brought about by receptor-mediated
interaction with both cholangiocytes and HSCs) compared to their WT counterparts. We
also observed increased immunoreactivity of TGF-£1 in liver sections from BDL mice
compared to normal WT mice, immunoreactivity that decreased in a7-nAChR BDL
mice compared to BDL WT mice. Furthermore, we confirmed that «7-nAChR co-
localized with both bile ducts (Ck-19) and HSCs (desmin), and that a7-nAChR~/~ BDL
mice expressed less activated HSCs compared to WT counterparts. On the basis of these
findings, we propose that the decrease in biliary proliferation/ductal mass and liver
fibrosis is mediated by decreased expression of a7-nAChR in cholangiocytes and HSCs,
respectively. Since we have previously shown that the activation of HSCs and increased
liver fibrosis is mediated by enhanced biliary TGF-£1 expression/secretion (148), we
also proposed a paracrine mechanism by which a decrease in biliary TGF-51
immunoreactivity/expression (mediated by knock-out of a7-nAChR) contribute to

reduced liver fibrosis.

a7-nAChR and menin appear to play similar pro-fibrotic roles in the BDL mouse model.

Both are upregulated following expression, and inhibiting both rescues the fibrotic
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phenotype. Furthermore, we demonstrate that increased menin expression following
mechanical stress is abrogated by knocking out a7-nAChR expression in vitro. As
described above, menin can mediate TGF-£1 signaling through interaction with nuclear
p-SMAD proteins and initiate transcription of target genes. Thus, it would appear that

the a7-nAChR axis might interact with menin through the TGF-g1 signaling pathway.

a7-nAChR is part of the vagal cholinergic system that responds to acetylcholine released by
postganglionic efferent nerves (151), although both nicotinic and muscarinic receptors can
bind to acetylcholine. a7-nAChR expression has been measured in in HSCs (152), Kupffer
cells (132) as well as cholangiocytes (141). Various mouse models of liver damage have
been used to study the effects of vagal stimulation and/or «7-nAChR activation but have
resulted in somewhat differing conclusions. For example, it is well established that vagal
nerve firing releases acetylcholine that binds to a7-nAChR on Kupffer cells and reduces
their activation and subsequent hepatic inflammation (132, 153). However, acetylcholine can
also bind to muscarinic receptors directly on HSCs and promote a pro-fibrogenic phenotype
(135). We have previously shown nicotine acts on cholangiocytes in a a7-nAChR-specific

manner to increase biliary proliferation and fibrosis (141, 142).

Cigarette smoke is strongly associated with colon and pancreatic cancer yet epidemiological
evidence for its role in liver diseases is less clear, particularly due to confounding factors
such as alcohol intake (154). While it is generally agreed that smoking contributes to
liver disease, particularly hepatocellular carcinoma and cholangiocarcinoma (CCA), it

is believed to exacerbate liver injury in partnership with other genetic and environmental
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insults. For example, smoking is strongly associated with tumorigenesis in patients with
chronic hepatitis C, PSC, primary biliary cholangitis (PBC), and gallstones (140) (154).
Cigarette smoke contains over 4,000 chemicals among which nicotine provides the
psychoactive and addictive properties. There is a host of literature implicating a7-
NAChR in the liver-tropic effects of nicotine (131, 132, 141, 152, 155). Nicotinic
acetylcholine receptors (nAChR) are ionotropic, as opposed to G-protein coupled
muscarinic acetylcholine receptors, which are metabotropic, and are formed from homo-
or hetero- pentameric assembly of nAChR subunits «1-10, f1-4, y, ¢, and E (156). All
forms are present in the central nervous system, however, liverexpression of a7-nAChR

is limited to hepatic stellate cells (152), Kupffer cells (132) and cholangiocytes (141).

Activated cholangiocytes take on a neuroendocrine-like phenotype that secretes and
responds to neuropeptides and hormones in an autocrine and paracrine fashion (157). In
the BDL mouse model, extrahepatic bile duct blockage increases pressure along the
biliary tree and causes a toxic buildup of bile acids that leads to biliary damage, ductular
reaction, and hepatic fibrosis (158). It is thought that HSCs, or even portal fibroblasts,
contribute to the fibrotic reaction through cross-talk with damaged cholangiocytes
(159). HSCs themselves can respond to mechanical pressure by activating and

transforming into myofibroblasts during the wound healing process (159).

Recently, the role of mechanically-induced stress and TGF-g1 activation, and
subsequent fibrosis, has been clarified through their relationship with the avf6 integrin.

As mentioned above, integrin-fibronectin complexes can be activated by increased
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mechanical stress. Increased binding affinity of avf6 integrin associates with latency-
associated peptide, which releases latent TGF-f1 and triggers SMAD phosphorylation
and nuclear translocation. Wang et al. demonstrated that avf6 integrin expression is
highly upregulated in cholangiocytes following acute biliary obstruction, and that lack
of avp6 integrin expression ameliorated the fibrotic phenotype. Additionally, avp6
integrin is implicated in potential cholangiocyte EMT, presumably inducing pro-fibrotic

fibroblasts (160, 161).

We have shown that loss of a7-nAChR reduces biliary proliferation and fibrosis in
response to increased pressure. While there is no previous literature regarding o7-
NAChR activity and mechanical stress or integrin physiology specifically in the liver,
previous studies have demonstrated that ionic events in nicotinic Ach receptors are
linked to keratinocyte locomotion during skin wound healing (162). Thus, the presence
of mechanical stress in human and mouse models of liver diseases may be a deciding
factor in whether «7-nAChR, and by extension nicotine, is beneficial or malevolent in

disease amelioration.
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5 CONCLUSIONS®

The studies presented here suggest a dichotomous role for the canonical tumor
suppressor menin in cholestatic liver disease. On the one hand, menin is positively
associated with liver damage and fibrosis in both BDL and MDR2~/~ mouse models,
specifically via the menin-MLL interaction. However, menin also plays its canonical
tumor suppressor role in human CCA, albeit while still driving tumor fibrosis. The
findings are problematic because it is believed that cholangiocyte proliferation
following injury, termed ductular reaction, is linked to hepatic fibrosis through one or
two ways (163). First, proliferating cholangiocytes may undergo an EMT-like change
and adopt a pro-fibrotic phenotype, or second, they may secrete signals that activate
other cells in the liver, such as fibroblasts, stellate cells, or macrophages, to produce
excessive ECM. However, the results reported in this dissertation show that menin can

disassociate cholangiocyte proliferation from hepatic fibrosis in cholestaticliver disease.

Following cholestatic liver injury, cholangiocytes become reactive and adopt a
neuroendocrine-like phenotype by secreting and responding to a number of peptides in
both autocrine and paracrine fashions. Almost all models of biliary injury trigger
cholangiocyte proliferation, a process deemed ductular reaction. There are multiple cell
types involved in this process, and the type of liver injury determines how ductular

reaction takes shape. For example, following bile-duct ligation (BDL) in a mouse model

5 § Part of this chapter is reprinted with permission from L. Ehrlich, T. Lairmore, G. Alpini, and S. Glaser.
Biliary epithelium: Neuroendocrine Compartment in Cholestatic Liver Disease. Clinics and Research in
Hepatology and Gastroenterology, 2017. © Elsevier Limited.
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for extrahepatic cholestasis, large cholangiocytes respond by undergoing mitosis and
proliferating while small cholangiocytes transdifferentiate into large cholangiocytes.
Distinctsignaling mechanisms regulate these disparate outcomes. In this model, large
cholangiocytes respond to increased secretin-secretin receptor cognate interactions
to boost intracellular cAMP levels and trigger the PKA/Src/MEK/ERK1/1 pathway
(12). In contrast, small cholangiocytes are characterized by activation of the

IP3/Ca?*/calmodulin pathway (15).

TGF-41 plays a major role in fibrosis, proliferation, EMT, and ECM turnover. TGF-51
lies latent within the extracellular matrix until it is activated by mechanical stress and/or
proteolytic cleavage in response to injury or cellular signaling. Once it binds to its
cognate receptor (TGF- 1 receptor), it induces phosphorylation of its associated
transcription factor, SMAD. Phosphorylated SMADs then translocate to the nucleus
where they control gene expression. A direct outcome of TGF-41 signaling is increased
expression, synthesis, and deposition of ECM such as collagen, fibronectin, and
proteoglycans. Furthermore, TGF-£1 inhibits matrix metalloproteinases (MMPs) and
increases the activity of tissue inhibitors of proteinases (TIMPS) to decrease ECM
breakdown (7) (9). An imbalance between MMPs and TIMPs is a major characteristic

of fibrosis, with increased TIMP activity greatly increasing ECM deposition.

Previous studies have also painted a conflicting role for menin in HCC and cirrhosis. In
one such study, the authors showed that menin interacts with Sirtl to deacetylate p65

and repress NK-«B-mediated transcription in order to suppress HCC proliferation (29).
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However, another study reported that menin drives HCC formation through menin-
MLL-dependent H3K4 trimethylation at key promoter sites, including YAP1 (66). In
addition, Zindy et al. established that menin expression increased in human HCC
samples from patients with underlying cirrhosis, and increased MEN1 expression
activates HSCs in a TGF-g1-dependent manner (32). Given that menin-related hepatic
damage and fibrosis is MLL-dependent (marked by histone methylation status), it is
probable that menin's tumor suppressive function is related to histone deacetylase
activity (which is mediated by the JunD binding partner). Interestingly, JunD and
histone deacetylase activity is implicated in oxidative stress, angiogenesis, and RAS-
mediated proliferation. JunD activity decreases reactive oxygen species and thus
reduces expression of HIF-1alpha and VEGF-A. Menin can bind to the N-terminus of
JunD, and loss of menin transforms JunD from a growth suppressor to a growth
promoter (164). Thus, it is conceivable that the reduction in angioproliferative markers
following miR-24 inhibition/menin overexpression is due to enhanced menin-JunD

deacetylase activity.

Furthermore, we have identified the miR-24/menin axis as a suitable target to reduce
CCA tumor burden. miR-24 is well documented to negatively regulate menin expression
in MEN1 syndrome and drive tumorigenesis (42). There is strong evidence for the
oncogenic role of miR-24 in pancreatic ductal adenocarcinoma (PDAC) as well. miR-
24 overexpression was shown to decrease FZD5 (WNT receptor), HNF1B (HOX
transcription factor), and TMEM92 to drive EMT in PDAC. A separate study showed

that miR-24 regulated the BIM pathway to drive PDAC angiogenesis (45, 46). Melatonin
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negatively regulates miR-24 expression in several cancers to inhibit tumor proliferation
and migration, and lower melatonin signaling in cholangiocytes leads to increased VEGF
expression (47). miR-24 expression is increased in HCC and its inhibition reduces
proliferation, migration, and invasion (48). Interestingly, miR-24 expression is regulated

by menin-MLL dependent histone trimethylation (26).

Another possible explanation for the seemingly dichotomous outcomes of menin
expression or function is the cell type through which they function. We have shown,
through in vitro experiments, that manipulating menin expression in cholangiocytes has
a direct effect on proliferation, angiogenesis, migration, and invasion. However, as
mentioned above, menin is ubiquitously expressed, and its function is tissue- and
pathway-specific. For example, menin interacts with SMADs following TGF-51
signaling to activate hepatic stellate cells and drive hepatic fibrosis. Menin-HDAC
complex can bind and repress the BACH2 locus to prevent senescent and inflammatory
CDA4+ T cell phenotypes (72). In contrast, menin-MLL drives histone methylation and
transcription at Th2 and GATA loci to drive the type Il helper T cell phenotype, which
is believed to be profibrotic in numerous cholangiopathies (81) (165). Furthermore,
menin binds to and drives transcription at IL17 and RORC promoter sites to maintain
Th17+ T cell differentiation and function (73). [L17 secretion by Th17+ T cells can
trigger hepatic stellate cell activation, collagen deposition, and subsequent hepatic
fibrosis (74). Additionally, the menin-MLL interaction drives production of the
proinflammatory cytokine CXCI10 in pro-inflammatory M1 macrophages (69). Thus, it

is possible that menin drives a fibrotic phenotype through stromal cells but can suppress
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epithelial cell tumor proliferation in CCA models.

Another interesting result from these studies is the change in menin expression from
early to late stage MDR2 ™~ mice. As described above, menin expression isdecreased
(and miR-24 expression increased) in early stage MDR2 ", which thenflips in later
diseases stages and matches measurements from late stage human PSC samples.
However, overexpressing menin through miR-24 Vivo Morpholino treatment increased
hepatic fibrosis and biliary proliferation in both early stage MDR2 ™~ mice and matching
FVB/NJ background controls. This indicates that menin downregulation may be a
compensatory mechanism in early stage MDR2™~ mice (and possibly early stages of
PSC as well). Furthermore, while menin overexpression did increase biliary
proliferation, it did not increase expression of proliferative markers in total liver.
Similarly, treatment with the menin-MLL inhibitor decreased IBDM but did not change
expression of proliferative markers in total liver. This builds the case that menin exerts
separate effects on stromal cells (which make up only a small fraction of total liver

weight) compared to hepatocytes.

Conversely, menin expression is upregulated in the BDL mouse model, and treatment
with a menin-MLL interaction inhibitor abrogates BDL-induced hepatic damage,
fibrosis, and biliary proliferation. The difference in menin expression between BDL and
MDR2~/~ models is perhaps reflective of the different pathophysiologies of the two
models. BDL damage is acute and marked by a physical increase of pressure along the

biliary tree. Coincidentally our results show that menin expression also increases
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following increased mechanical stress in in vitro models. (which is abrogated with loss
of a7nachr). In the MDR27/~ model, similar to human PSC patients, hepatic fibrosis
takes more time to develop. Human PSC patients and MDR2~/~ mice share phenotypic
and histological properties, but that is where the similarities end. While MDR27/~ is
caused by a genetic defect in the ABC4 gene, a canalicular phospholipase that releases
phosphatidylcholine into the bile duct lumen in order to form fewer toxic micelles,
human PSC has an unknown etiology. There are rare forms of human disease caused by
mutation in ABC4, however they manifest as progressive familial intrahepatic
cholestasis type 3, low phospholipid associated cholelithiasis, parenteral nutrition-

induced cholestasis, sepsis, etc. (165).

Human PSC is considered autoimmune in nature, and certain genetic variations and
environmental exposures are believed to increase susceptibility. However, PSC in
humans and MDR2~~ mice have different molecular signatures. For example, PSC is
characterized by the presence of autoantibodies (p-ANCA) in the serum that is not
present in MDR27/~ mice. PSC has a decidedly male prevalence whereas MDR27/~ is
gender neutral, and PSC is associated with inflammatory bowel disease, which
MDR2~/~ is not. Furthermore, PSC increases lifetime risk of developing CCA,
whereas MDR27/~ mice develop mixed HCC/CCA tumors. While PSC features
dysregulated immune cell populations and altered microbiota, MDR2~/~ do not display
bacterial translocations relative to FVB/NJ controls. Immune cell populations in MDR2-

" have not been rigorously assessed (166).
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In conclusion, we have shown that menin plays an important role in cholestatic liver
disease and could potentially be targeted to treat both cholestatic disease (with the
menin-MLL inhibitor) and cholangiocarcinoma (with the mIR-24 inhibitor). There
remains work to be done. Menin's function is closely tied with a cell’s epigenetic state,
thus there is a need to characterize epigenetic markers in various disease models. Such
studies may help elucidate the tissue- and pathway-specific nature of menin's function.
Furthermore, it will be important to delineate how menin affects cholangiocytes as

opposed to fibroblasts and immune cells.
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