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Abstract
How are cholangiocarcinoma cells different from non‐malignant cholangiocytes?

All of the hallmarks of cancer apply‐ those reported in this dissertation include
cell proliferation, migration, apoptosis, and evasion of growth suppression. My studies
began with testing how apoptosis might be regulated through embelin, a small molecule
reported to sensitize cells to apoptosis by blocking XIAP. My data however revealed that
embelin reduced the proliferative capacity in cholangiocarcinoma cells, but did not
increase cell death. Malignant cells exhibit dysregulation of microRNA processing and
expression. Hence, my studies seeking ways that cholangiocarcinoma eludes apoptosis
transitioned to the oncomiR miR‐106b, which is overexpressed in cholangiocarcinoma. I
observed that miR‐106b protected cholangiocarcinoma cells from apoptosis. Genome‐
wide screening identified the landscape of miR‐106b‐targeted genes in a
cholangiocarcinoma cell line, some with roles in tumor biology. MiR‐106b targets
included members of the Krüppel‐like factor (KLF) family of transcription factors.

The function of KLF2 in biliary epithelia or cholangiocarcinoma is unknown. I describe
in part how the cholangiocyte senses the environment through the primary cilium and
translates this to regulation of KLF2, a flow‐responsive regulatory protein and tumor

suppressor in several cancers. I observed lower expression of KLF2 in malignant
cholangiocarcinoma cells and tumors compared to normal, and its enforced expression
inhibited proliferation and migration while reducing sensitivity to apoptosis. In the
normal bile duct epithelium, environmental cues are detected by the cholangiocyte
primary cilium, a sensory organelle that functions as a signaling nexus for the cell.
Cholangiocarcinoma cells are highly proliferative despite extracellular signals to remain
quiescent. Cholangiocarcinoma cells often lose their cilia, resulting in altered
communication and unchecked cell growth. I identified a cholangiocyte signaling axis in
which the primary cilium maintains quiescence through enhanced KLF2 expression. I
present the first finding of a ciliary‐dependent KLF2 flow response in cholangiocytes.
Overall, this dissertation sought deeper understanding of biochemical and molecular
features of cholangiocarcinoma and added to our understanding of microRNAs and
mechanosensory pathways.
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Chapter 1 ‐ Introduction
Cholangiocyte biology
The biliary system is composed of an extensive branching network of bile ducts
throughout and exiting the liver and the gall bladder. At the base or trunk of the biliary
tree, all of the intrahepatic ducts funnel to the common hepatic duct, which then meets
the cystic duct of the gall bladder to form the common bile duct. This joins the
pancreatic duct and finally drains to the duodenum. This biliary apparatus functions in
the production, modification, storage, and drainage of bile to aid in the digestion of
dietary fats. The biliary epithelium is formed by cholangiocytes, which themselves are
heterogeneous. Two cell types exist, small and large. Small cholangiocytes line small
intrahepatic bile ducts and have cuboidal shape, while large cholangiocytes are more
columnar and form the epithelium of larger bile ducts (lumen diameter >15 mm) [1]. In
normal physiologic conditions, cholangiocytes remain mitotically dormant. Injury
causes a proliferative response in order to maintain homeostasis and there is differential
responsiveness to injury between the two cell types. Large cholangiocytes proliferate in
response to cholestatic liver injury via cAMP signaling. Small cholangiocytes do not
proliferate during cholestasis but can differentiate to large cholangiocytes in an IP3/Ca2+‐
dependent manner [2]. One of the major roles of cholangiocytes is a structural one, to
form the epithelial channel for the delivery of hepatic bile, but it is now recognized that
they are also involved in diverse and important cellular processes for normal liver
function [3]. Cholangiocytes are a liver minority, constituting just 3%‐5% of the total
cells [4], compared to hepatocytes, which make up about 65% of the cell number and a
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larger percentage of the liver mass due to their large size. Hepatocytes are responsible
for the initial generation of primary bile [5], but about 30% of the bile volume is made by
cholangiocytes, which modify its composition through secretory and reabsorptive
processes [6]. Secretion from hepatocytes is continuous and not well controlled, while a
highly regulated system of secretion by cholangiocytes is well documented [7, 8]. Bile is
a compendium of suspended or dissolved organic and inorganic substances. It consists
of ~95% water with electrolytes, bile salts, bilirubin, cholesterol, amino acids, steroids,
enzymes, porphyrins, vitamins, and heavy metals. Biliary excretion also provides a
route for the elimination of exogenous drugs, xenobiotics, and environmental toxins [9].
The mean basal flow rate of bile in a normal human liver is approximately 620 mL/day
[6] and its regulation is complicated. In general, through the actions of aquaporins, ion
channels and exchangers, and ABC (ATP‐binding cassette) transporters, bile acids and
ions are secreted or resorbed to modulate the flux of water and adjust the local osmotic
luminal gradient [10‐12]. As an example, the cystic fibrosis transmembrane conductance
regulator, CFTR, is an apical chloride channel in cholangiocytes that helps regulate bile
volume–hepatocytes do not express CFTR. Opening of CFTR allows chloride to enter the
bile duct lumen, where it can be used by a chloride‐bicarbonate exchanger for reuptake
of chloride and net excretion of bicarbonate. This bicarbonate can then osmotically draw
water into the bile duct lumen, resulting in increased volume, flow, and pH. Loss of
CFTR function results in poorly hydrated, acidic bile that can promote biliary fibrosis
and cirrhosis [13].The importance of cholangiocyte function is highlighted by the
recognition of the many pathologies arising from cholangiocyte dysfunction, collectively
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called cholangiopathies. The initial causes and progression mediators of
cholangiopathies are wide‐ranging, from genetic to neoplastic, infectious, immune‐
mediated, idiopathic, and toxin‐ or drug‐induced [14]. The most devastating of the
cholangiocyte‐targeting diseases is cholangiocarcinoma, which will be discussed in the
next section.

Cholangiocarcinoma
Cholangiocarcinoma is a bile duct epithelial cell neoplasm and is the second
most common primary malignant liver cancer. This cancer is particularly aggressive
with a 5‐year survival rate below 15% [15]. Incidence is on the rise. Treatment options
are few. Surgical resection represents the most favorable option, as it is the only
potentially curative one; however, due to the location of the tumor and late onset of
symptoms and diagnosis, most patients are ineligible for resection. Patients who do
undergo surgery have an overall survival of about 36 months, and 5‐year survival of less
than 30% [16]. For non‐resectable tumors, treatment options are palliative only, and
most patients receive the current standard‐of‐care regimen of combination
chemotherapy (gemcitabine and cisplatin) [17]. However, overall survival in this case is
less than one year [18]. More investigation is essential to address the specific
characteristics of this cancer and to tailor and improve treatment strategies.
Cholangiocarcinoma is classified into three types, intrahepatic, perihilar, and distal,
based on the primary anatomical location relative to the liver. Intrahepatic tumors are
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those that arise in the smallest bile ducts within the liver itself, while perihilar are those
that occur within the area including the second‐order bile ducts, the largest branches
connecting to the main hepatic duct, up to the junction of the cystic duct; and distal
tumors are extrahepatic, including the region after the cystic duct to the ampulla of
Vater, where the common bile duct joins the pancreatic duct [19]. (Figure 1.1) Relative
incidence of each type is 50% perihilar, 40% distal, and less than 10% for intrahepatic
[20], although the incidence of intrahepatic cholangiocarcinoma is on the rise [21]. Each
subtype has unique cancer biology, epidemiology, and prognosis, and consequently
different, limited, therapeutic options [22]. Cholangiocarcinoma is characterized by its
association with inflammation, a desmoplastic stroma, resistance to apoptosis, and
induction of cell survival mechanisms. Liver injury, chronic inflammation and
obstruction of the bile ducts are common features of the disease. Bile duct obstruction
can arise from conditions that predispose to cancer, such as primary sclerosing
cholangitis (PSC) or intrahepatic cholelithiasis, or it can be caused by tumor‐induced
ductal blockage. Most cholangiocarcinomas are of de novo origin, with no identifiable
associated risk factors. However, some diseases and conditions exist that predispose
patients to development of cholangiocarcinoma. Risk factors that contribute to U.S.
incidence are PSC, intrahepatic cholestasis, hepatitis viruses, and cirrhosis. Chronic
inflammation of the bile ducts as seen in PSC leads to increased incidence of
cholangiocarcinoma, with PSC patients having a lifetime risk of approximately 10‐15%
of developing cholangiocarcinoma, a vastly higher rate than in the general population
[23, 24].
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Figure 1.1 Cholangiocarcinoma anatomy

CCA

Intrahepatic CCA
or
Extrahepatic CCA (hilar)

• Biliary epithelium
Ciliated
Senses and modifies bile
• Cholangiocarcinoma (CCA)
Primary liver tumor
Aggressive malignancy
Limited treatment options
•Features
Cholestasis
Fibrotic stroma
Inflammation

Figure 1.1. Cholangiocarcinoma anatomy. Cholangiocarcinoma tumors are heterogenous and
can differ in anatomical location. This can lead to some variability in presentation of malignant
features. For instance, the severity of ductal obstruction may depend in part on the location
and size of the tumor. Feasibility for resection may also be contigent on tumor accessibility.
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The highest incidence rates of cholangiocarcinoma in the world are in Southeast
Asia, where the main risk factor is liver fluke infection [22]. These hepatobiliary
parasites cause chronic inflammation and cell turnover and have been classified as
carcinogens [25].
Solid tumors are commonly under exposure to hypoxic conditions. Rapid,
unchecked cell growth comes at the cost of nutrient deprivation in the tumor
microenvironment when neovascularization lags behind. The normal biliary epithelium
is distinctly sensitive to hypoxia and undergoes apoptosis under low oxygenation [26].
Cholangiocarcinoma tumors are typically hypovascular and highly fibrotic. These harsh
conditions puzzlingly accelerate a malignant phenotype by promoting pro‐survival
mechanism and increased metastatic potential [27, 28]. Therefore, an important
characteristic of cholangiocarcinoma cells is their ability to evade cell death either by
activation of cell survival pathways or through alteration of pro‐apoptotic molecules.
One example is the increased activity of X‐linked inhibitor of apoptosis protein (XIAP).
High expression of XIAP in cholangiocarcinoma patients is correlated with poor
survival, and increased levels of inflammatory cytokine IL‐6 have been shown to
increase translation of XIAP in cholangiocarcinoma cells, which results in greater
resistance to chemotherapeutic drug‐induced cell death [29, 30]. We investigated the
effect of an XIAP inhibitor in cholangiocarcinoma cells, and the results of that project
form the bulk of Chapter 3 [31]. Cancer cells are often characterized by their sensitivity
to TNF‐related apoptosis‐inducing ligand (TRAIL). TRAIL is a significant cytokine that
induces apoptosis in transformed (but not healthy) cells via the extrinsic cell death
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pathway. It is expressed in normal tissues, particularly NK and NK‐T cells, and acts as a
tumor surveillance mechanism to induce apoptosis in cancer cells. Paradoxically, some
cancer cells including cholangiocarcinoma cells express TRAIL, which would be
expected to result in paracrine apoptosis of neighboring malignant cells. Cholangiocytes
therefore must employ pro‐survival signaling and methods of resistance [32]. These
features make TRAIL a useful tool for investigating cell death resistance mechanisms in
cholangiocarcinoma cells [33]. The dismal prognosis, difficulty and delay in detection,
and dearth of treatment options for cholangiocarcinoma warrant continued and
increased effort toward the understanding of survival pathways and targeted therapies
for this disease.

MicroRNAs
MicroRNAs are short, non‐coding RNAs of approximately 22 nucleotides in
length. Mammalian microRNAs function as post‐transcriptional gene regulators to fine‐
tune expression of their gene targets by repression. The human genome may encode
over 1000 microRNAs; however, a recent annotation study indicated that the number
may be closer to 600 [34]. MicroRNAs collectively play a role in the regulation of
approximately 60% of all human protein‐coding genes [35]. They act by recognition of
target mRNAs through complementary binding to specific transcript sequences. The
most important point of interaction is binding of the seed region of the microRNA, a 7 to
8‐nucleotide stretch at the 5’ end. This seed region recognizes a seed‐binding site on the
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cognate mRNA transcript through Watson‐Crick base pairing. The seed‐binding site is
conserved among target mRNAs, which allows for regulation of several to hundreds of
transcripts by a single microRNA [36].
Biogenesis of a microRNA is a multistep process involving many interacting
protein partners and consequently many points of regulation. Approximately 40% of
microRNAs are produced from introns or sometimes exons of other genes, while most
others are generated from their own dedicated genes [37]. MicroRNAs can be
transcribed individually or in pairs or clusters from the same primary RNA molecule
[38]. They are generally transcribed by RNA polymerase II into large primary
microRNA (pri‐microRNA) molecules of a few hundred to over a thousand bases in
length. Additional processing by the Microprocessor complex, cleaves the pri‐
microRNA to a hairpin loop structure that is termed pre‐microRNA. This 50 to 80‐
nucleotide RNA is then exported from the nucleus to the cytoplasm via the transport
protein Exportin 5. Cleavage of the hairpin pre‐microRNA by RNase III enzyme Dicer
generates a double‐stranded RNA molecule. One strand of the dsRNA, termed the
mature or guide strand, is loaded onto the RNA‐induced silencing complex (RISC). This
forms a ribonucleoprotein complex in which the bound microRNA acts as a sequence‐
specific guide for mRNA target recognition. RISC can then directly cleave the bound
mRNA through action of a central protein complex member Argonaute. In order for
direct cleavage, or “slicing,” of a transcript to occur, there must be perfect or near‐perfect
complementarity between microRNA and messenger RNA as well as an active slicer
protein [39]. More commonly, mammalian microRNAs dampen expression of their
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targets through mRNA destabilization and decay and translation inhibition, with both
playing a role in gene silencing [40]. However, expansive studies investigating the
genome‐wide effect of microRNAs on mRNA and protein levels, coupled with ribosome
profiling experiments, have shown mRNA degradation to be the dominant effector of
repression [41, 42].
Evidence suggests that microRNA target degradation occurs through mRNA
disassembly. mRNAs are first deadenylated and then decapped, allowing for enzymatic
degradation by the cytoplasmic nuclease 5’‐3’ exoribonuclease 1 (XRN1) [43, 44].
Argonaute‐bound microRNAs direct mRNA degradation by guiding the necessary
degradation machinery composed of several components. GW182 family proteins
interact directly with Argonaute and act as a scaffold, recruiting deadenylase and
decapping complexes. The bridging of these effector complexes with RISC allows the
components to interact directly and couple the deadenylation, decapping, and
degradation processes, making microRNA‐mediated mRNA decay both rapid and
efficient [45, 46]. Nevertheless, because the magnitude of degradation is small compared
to the total amount of target mRNA, the net result is a fine‐tuning of expression, not
silencing. Global analysis of microRNA‐mediated gene dampening indicates that while
most of the repressive effect can be attributed to mRNA degradation, some is accounted
for directly by translational repression and not secondary to mRNA degradation [42].
Exactly how microRNAs repress translation has been an ongoing question, but the
general consensus is that they inhibit cap‐dependent translation at initiation. This
mechanism suggests the displacement of the ternary eukaryotic translation initiation
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factor 4F (eIF4F) complex, which is responsible for unwinding of secondary structures in
the 5’ UTR of mRNAs by RNA helicase and recruitment of the 43S pre‐initiation
complex [45, 47, 48].
MicroRNAs in cancer
The significance of microRNAs as biologic mediators, therapeutic targets, and
diagnostic markers has been demonstrated in a myriad of disorders including nearly all
cancers, cholangiocarcinoma among them. And, microRNA dysregulation has been
implicated in every aspect of cancer biology, either through increased or decreased
expression of important regulatory members. Different microRNA species can thus act
as tumor suppressors or oncogenes with roles in cancer cell apoptosis, proliferation,
differentiation, and metastasis [49‐51]. The expression and functions of microRNAs in
cancer are often cell type‐ and disease‐specific [52, 53]. Consequently, not only can
microRNAs serve as potential targets for therapies, there has also been a large effort to
characterize the expression signatures in cancer, so they may be used as diagnostic
biomarkers [54]. Additionally, since the expression pattern can also change with disease
progression, the specific microRNA fingerprint could be useful as a prognostic tool,
helping to identify patients that would benefit from a more aggressive therapy [55, 56].
The dysregulation of many microRNAs has been studied in cholangiocarcinoma, and
many of their target genes and functional effects have been revealed.
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Figure 1.2 MicroRNA regulation in cancer

Figure 1.2. MicroRNA regulation in cancer. MicroRNAs associate with
nucleoproteins in the cytoplasm to form RISC, depicted as a green oval. They then
direct RISC to the target mRNA through sequence complementarity. Recognition
occurs with a 6‐8 nucleotide “seed” sequence (shown in yellow) with
complementarity to specific seed binding sites (SBS). The degree of
microRNA:mRNA hybridization varies outside of the seed region and can contribute
to the degree of transcript regulation.
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miR‐106b
MicroRNAs are grouped into families based on sequence homology. The miR
17~92 family contains three clusters with 15 total members and is one of the most
studied microRNA families in cancer biology [57], including miR‐17~92, miR‐106a~363,
and miR‐106b~25. The 106b~25 cluster is located in the 13th intron of the
minichromosome maintenance complex component 7 (MCM7) gene. MCM7 is a
licensing factor for DNA replication, which, with MCM protein complex members 2‐6,
acts as a DNA helicase for replication initiation. Intronic microRNAs are often predicted
to reflect the expression status of their host gene, and studies do show MCM7 and
106b~25 to be co‐transcribed [58]. However, novel transcriptional and post‐
transcriptional mechanisms have been revealed that can stratify expression patterns of
MCM7 and its hosted microRNAs [59]. Moreover, the expression of the individual
microRNAs can be uncoupled, through independent transcription of pri‐microRNAs
from an alternate promoter and via alternative splicing [59‐61]. Through these and other
mechanisms, cancer cells are able to utilize processes that sometimes favor varied and
selective expression of microRNA cluster members. Multiple studies have characterized
miR‐106b as an oncomiR. Its expression is increased in many cancers including prostate
[62], breast [63], gastric [64], hepatocellular carcinoma [65], renal cell carcinoma [66],
colorectal [67], and cholangiocarcinoma [68‐72]. Several miR‐106b target genes are
significant to cancer physiology for their roles as tumor suppressors, transcription
regulators, or apoptosis signaling proteins. Some of the known targets of miR‐106b that
are relevant to cancer biology include retinoblastoma 1 (RB1) [73], phosphatase and
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tensin homolog (PTEN) [74], caspase 8 [75], and twist1 [76]. Through repression of these
and other gene targets, miR‐106b is often a promoter of tumor progression, contributing
to the cancer phenotype via abnormal cell proliferation, apoptosis, migration, and
invasion [59]. MiR‐106b had a predominantly inhibitory effect on the expression level of
over one hundred mRNAs in cholangiocarcinoma cells, described in detail in Chapter 4
of this dissertation [77]. Typically, oncomiRs are upregulated and tumor suppressor
microRNAs are downregulated. Tables 1.1 and 1.2 are a derived from our published
review [78], and have been updated here to be a comprehensive catalog to date, of those
microRNAs that have expression changes in cholangiocarcinoma and their described
targets and functional effects when available.
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Table 1.1 MicroRNAs upregulated in cholangiocarcinoma

Upregulated microRNAs
MicroRNA Target(s)
10a
15a
15b
17
19a
PTEN
20a
20b
21
22
24
25
26a
26b
27a
29a
29b
30b
30e
31
34a
92
93
96
103a
106a
106b
107
122
130b
130
135b
141
142

Function(s)

cell growth, invasion

PTEN, PDCD4,
TIMP3, 15‐PGDH,
PTPN14, DNAJB5

invasion, metastasis, tumor growth,
apoptosis, cell growth, tumor
development, fibrosis,
chemoresistance

Menin
DR4
GSK‐3β, 15‐PGDH
15‐PGDH

proliferation, tumor growth
apoptosis
proliferation, cell growth
cell growth

RASA1
Per1
PTEN

proliferation, apoptosis
proliferation, invasion
cell growth, invasion

apoptosis

PPARγ

chemoresistance

References
[79]
[80]
[80]
[70, 71, 80]
[71, 80, 81]
[79, 80]
[79]
[70, 80, 82‐91]
[79]
[79, 92]
[71]
[93, 94]
[93]
[79]
[79, 95]
[79]
[79]
[79]
[96]
[97]
[81]
[70, 71, 79]
[79]
[79, 80]
[70, 80]
[70, 71, 77, 79]
[79]
[79]
[80]
[98]
[79]
[68, 99]
[80]

15
150
151a
181a
181c

P27
NDRG2

191

sFRP1, TET1

192
193a
200a
200b
200c
203a

TGFBR3

cell cycle
proliferation, migration, invasion,
apoptosis, metastasis, cell viability
proliferation, migration, invasion
apoptosis

210

HIF‐3α

cell growth, cell viability,
chemoresistance

221

P27, PTEN

cell cycle, EMT

p21

cell cycle

IRF1

proliferation, migration, invasion

223
224
324
331
340
374a
376c
383
424
429
663b
675

CDH6

[100]
[79]
[79, 101]
[102]
[103, 104]
[69, 105]
[80, 106]
[99]
[68, 99]
[69, 90, 99]
[79]
[107, 108]
[79, 90, 101,
109]
[80, 86]
[80, 110]
[80]
[80]
[79]
[80]
[79]
[111]
[79]
[79, 99, 112]
[79]
[113]

Table 1.1. MicroRNAs upregulated in cholangiocarcinoma. A list of the
microRNAs that are upregulated in cholangiocarcinoma. If one or more bona fide
targets were discovered they are listed in the second column, followed by functional
effects if they were observed.
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Table 1.2 MicroRNAs downregulated in cholangiocarcinoma

Downregulated microRNAs
MicroRNA Target(s)
1
let‐7a
NF2
let‐7b
cyclin D1

Function(s)

let‐7c

IL‐6, IL‐6R, EZH2

15a
16
22
26a
26b
27b
29a
29b
30e
31
32
34a
98
99a
100
106b
101

PAI‐2
YAP1
HDAC6
KRT19
S100A7
CDK2, cyclin D1
HDAC4
Mcl‐1
Snail

apoptosis
cell cycle
migration, invasion, tumor growth,
metastasis
proliferation, migration
proliferation, invasion, metastasis
proliferation, migration
proliferation, tumor growth
cell viability, invasion
cell cycle
cell growth, migration, invasion
apoptosis
proliferation, migration, invasion

SMAD4, Notch1

cell growth, EMT

IGF1R

migration, invasion, tumor growth

Zbtb7a
VEGF‐C

122

ALDOA

chemoresistance
migration, invasion
proliferation, apoptosis, migration,
invasion

124

SMYD3, CDK2, CDK4,
cyclin D1, cyclin E1,
GATA6, EZH2, STAT3

proliferation, apoptosis, cell cycle,
migration, invasion, autophagy

125a
125b
126
127
138
139
140
144

References
[79]
[80, 114]
[80, 101]
[79, 90, 115]
[116]
[117]
[69, 118]
[119]
[120]
[101]
[121]
[122]
[123]
[86]
[90]
[124, 125]
[80]
[79, 90]
[79]
[126]
[127]
[86, 90, 128,
129]
[101, 130‐132]
[69]

IL‐6R, SIRT7

cell growth, migration, invasion,
tumor growth

[79, 90, 133]
[79]
[69, 79]

RhoC
SEPT2
LIS1

migration, cell viability

[134]

proliferation, migration, invasion
proliferation, invasion

[79]
[135]
[79, 136]
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145
146a
148a
150
152
182
184
185
188
191
195
198
199a
200b
200c
204
214
221
222
302b
302d
320
328
337
338
370
371a
373
376a
376c
424
433
451a
494
512
513a
517c
519a
520e

NUAK1

proliferation, invasion

DNMT1
ELK1
DNMT1
CDK2, cyclin D1

proliferation
proliferation, migration
proliferation
cell cycle

cell growth, migration, invasion
mTOR
SUZ12, ROCK2
NCAM1, SUZ12,
ROCK2, ZEB1
Twist

chemoresistance
tumor growth, metastasis
migration, EMT, tumor growth,
metastasis
cell growth
EMT

Mcl‐1

apoptosis

MAP3K8

proliferation

GRB2

migration

HDAC6

proliferation, migration

PTTG1, TOP2A,
WDHD1

cell viability, migration, invasion,
metastasis, cell cycle

[79, 80, 86,
137]
[86]
[138]
[139]
[138, 140]
[101]
[80]
[80]
[70]
[70]
[141]
[70, 80]
[69, 141]
[142]
[80, 142‐144]
[80, 145]
[69, 80, 83]
[80]
[80, 86]
[80]
[80]
[80]
[80]
[79, 80]
[80, 113]
[70, 146]
[80]
[80]
[69]
[147]
[69]
[118]
[79]
[70, 84, 148]
[70]
[70]
[79]
[79]
[70, 79]

18
605
630
652
662
5095

PSMD10

proliferation, migration, apoptosis

MYCN

cell viability, migration, invasion

[149]
[79]
[113]
[70]
[150]

Table 1.2. Downregulated microRNAs in cholangiocarcinoma. A list of the
microRNAs that are downregulated in cholangiocarcinoma. If one or more bona fide
targets were discovered they are listed in the second column, followed by functional
effects if they were observed.

19
KLF2 review: “KLF2 regulation and function”
Krüppel‐like factors (KLFs) comprise a broad family of transcription factors that
contain conserved zinc finger DNA‐binding domains and are critical regulators in a
span of biological processes including proliferation, cell death, differentiation,
development, inflammation and metabolism. As such, their dysregulation is associated
with the pathobiology of many diseases including cancer. Originally discovered and
described as a lung‐specific transcription factor (LKLF), KLF2 has crucial roles in
embryogenesis and cell differentiation, the development and maintenance of blood
vessels, activation of T‐cells, and inhibition of adipocyte differentiation. Some studies,
especially more recently, implicate KLF2 as a player in cancer biology as well. Much
evidence has established roles for KLF2 in T‐cell biology, including the regulation of
survival, migration, and trafficking, and promotion of cell quiescence. These immune
functions are outside of the scope of this review, but are well‐described [151‐153] and
reviewed [154‐156] elsewhere. This review aims to cover the regulators of KLF2 and its
functions as they pertain to normal cell expression versus disease.

Development and cell differentiation
Human KLFs share homology with the Drosophila melanogaster protein Krüppel.
Krüppel is a member of the “gap” class of segmentation genes that are responsible for
programming correct body segmentation in the thorax and abdomen of the Drosophila
embryo [157], and deficiencies cause lethality and a dysmorphic embryo appearance
[158]. KLF2, along with KLF4 and KLF5, is known to be involved in mammalian cell
programming. They are coordinately upregulated in embryonic stem (ES) cells and
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promote self‐renewal [159]. Simultaneous deletion of these three factors results in
differentiation of embryonic stem cells [160]. Moreover, single or double knockout of
any of the three members does not induce differentiation, and any single member was
sufficient to maintain pluripotency in mouse embryonic stem cells (mESCs) [161]. These
data indicate that these three KLFs have functional redundancy in ES self‐renewal.
However, although they display compensatory targeting of reprogramming factors,
their other regulatory functions make each member indispensable, as all knockout mice
are lethal either pre‐ or postnatally [162‐164]. KLF2 is also a key molecular regulator of
adipogenesis and suppressor of adipocyte differentiation. Multiple KLFs (KLF4, ‐5, ‐9,
and ‐15) induce adipocyte differentiation by activating peroxisome proliferator‐activated
receptor γ (PPARγ), a master transcription regulator of adipogenesis [165]. However,
KLF2 is the only KLF member that represses PPARγ and inhibits adipocyte
differentiation through this interaction [166]. Thus, while KLF2 can functionally
complement the absence of KLF4 in ES cells, these two proteins also have distinct and
non‐overlapping functions.

Structure
KLF2 was first isolated, sequenced, and characterized in the mouse [167, 168].
This gene was initially identified based on its homology to EKLF or KLF1, with a high
degree of similarity in the DNA‐binding zinc finger domain. KLF1 is able to bind to a
CACCC sequence in the promoter region of the β‐globin gene and regulate its
expression. KLF2 was able to bind this same sequence and promote β‐globin expression
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as well [167]. This finding led to the first classification of KLFs as members of a distinct
family of transcription factors. Generally, KLFs are classified by their ability to bind
DNA in CACCC boxes and other GC‐rich motifs at control regions of target genes such
as promoters and enhancers. This DNA binding is accomplished with a highly
conserved KLF family structural domain containing three tandem C‐terminal zinc finger
motifs. Each finger coordinates a zinc ion with two cysteine and two histidine residues
(C2H2). In addition, KLF transcription factors contain nuclear localization sequences,
which can occur within or adjacent to the zinc finger motifs [169]. The N‐terminal
regions of KLFs are much less conserved among members and can vary widely, which
allows for a myriad of distinct roles in cellular processes either through activation or
repression of target genes by promoter binding or interaction with coregulators [170].

KLF2 is highly expressed in the lung and in adipose tissue, as well as erythroid,
lymphoid, and other select tissues [171]. The human and mouse KLF2 homologs share
85% nucleotide identity and a corresponding amino acid similarity of 90%. The human
KLF2 gene is made up of three exons, which are separated by two introns. Remarkably,
no splice variants are reported for KLF2, and family‐wide investigation of Krüppel
splicing did not reveal alternative isoforms [172]. The entire gene is approximately 3 kb
located on the short arm of chromosome 19, at 19p13.1. [173]. The 5’‐flanking region of
KLF2 is GC‐rich and this promoter region contains several Sp1 binding sites, another
C2H2 zinc finger transcription factor related to the KLFs. A portion spanning from the
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promoter region to the end of the second exon contains a large CpG island in which 76%
of the nucleotides are C or G [174].

Expression of KLF2 in the mouse embryo begins as early as embryonic day 9.5
(E9.5) in the vasculature. By E14.5, expression in blood vessels increases and is present in
lung buds, becoming abundant by E18.5. KLF2 knockout mouse embryos die between
E12.5 and E14.5. This is due to abnormal formation of the tunica media, the middle layer
of the artery or vein composed of smooth muscle cells and elastic tissue, leading loss of
vessel wall stability and severe hemorrhaging [162].

Degradation
KLF2 contains an autoinhibitory domain that can bind to the E3 ubiquitin ligase
WWP1 and subsequently cause suppression of target gene transactivation [175]. A later
study showed poly‐ubiquitination by WWP1 leads to rapid proteasomal degradation of
KLF2. Additionally, the specific residue predominantly responsible for ubiquitin
conjugation is lysine 121. Mutation of this lysine to arginine abrogates proteolytic
destruction of KLF2 [176]. It is not known, however, what regulates KLF2 proteolytic
degradation and what the biologic function of this KLF2 degradation in any cell type
may be. The presence of a transcriptional inhibitory domain upstream of the DNA‐
binding zinc finger motifs is a characteristic of KLF2, KLF1, and KLF4. This is a unique
feature of these members of the KLF family and they are accordingly grouped in a
subfamily. KLFs 1 and 4 have both activation domains located near the N‐terminus in
addition to inhibitory domains adjacent to the zinc fingers, allowing them to function
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both as transcriptional activators and repressors [177]. KLF2 also contains both an
activation domain and a repression domain; however, most evidence indicates that its
repressor function dominates. Further phylogenetic analysis and sequence alignment
expanded the grouping of this subfamily to include KLFs 5, 6, and 7 based on the
common structural and functional domains of these six KLFs and their ability to bind
acetylases [155]. Within this subfamily of KLFs, KLF5, ‐6, and ‐7 possess only an
activator domain and not an inhibitory domain [178‐180].

Regulation by flow
In mammals, blood must be transported throughout a branching network of
vessels by pumping of the heart in order to continuously circulate oxygen to all cells in
the body. This constant pulsatile flow creates shear stress at the vascular interface.
Endothelial cells lining the blood vessels are adapted to regulate vascular homeostasis
through anti‐coagulation and anti‐inflammation functions and response to shear stress
[181]. Alterations in shear stress lead to endothelial response through activation of
mechanosensors and intracellular signaling to induce transcription factors for the
expression of specific genes [182, 183]. Dekker et al. were the first to demonstrate that
KLF2 responds to fluid shear stress [184]. HUVECs exposed to flow versus static
conditions saw a sharp induction in KLF2 mRNA. Interestingly, the type of flow was
also important. Pulsatile flow over 7 days led to a 20‐fold induction, while steady flow
caused about a 5‐fold induction that quickly peaked at 4 hours. Adding to this, Wang et
al. showed that different flow patterns elicited different KLF2 responses in endothelial
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cells. Pulsatile flow with significant forward direction caused sustained KLF2 expression
in endothelial cells. However, oscillatory flow with little forward direction induced
KLF2 expression transiently but then caused prolonged suppression [185]. Using a rat
aortic stenosis model to artificially constrict the abdominal aorta and increase local
shear, the authors observed differential KLF2 expression. KLF2 imaging by
immunohistochemistry showed high expression in regions of laminar flow upstream of
the lesion while little to none was expressed in the regions of disturbed flow at the
poststenotic site. Specific inhibition of shear stress‐responsive Src, a non‐receptor protein
tyrosine kinase, had no effect on KLF2 induction during pulsatile flow but did prevent
suppression under oscillatory flow, suggesting a role in mediating inhibition of KLF2
expression under disturbed flow conditions.

The varied and complex architecture of the vasculature system results in distinct
local environments with differing levels of shear stress that must be sensed by
endothelial cells. They can respond to biomechanical stimuli by releasing vasoactive
metabolites and/or altering transcriptional programs to adjust functional phenotype in
both normal and disease state [186]. To evaluate the global transcriptional profile of
KLF2 in flow‐mediated gene expression, genome‐wide transcriptional profiling was
reported. Under flow conditions in the presence of KLF2 siRNA or control, microarray
analysis revealed that approximately 15% of genes regulated by flow were dependent on
KLF2. Analysis of their raw data shows that approximately two‐thirds of the regulated
genes were increased by adenoviral KLF2‐enforced expression, while the other one‐third
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were decreased ([187]; Supplemental). Moreover, they show by categorizing flow‐
activated genes by fold‐change of induction, that 46% of the most highly flow‐activated
genes were dependent on KLF2 upregulation [187]. Importantly, KLF2‐upregulated
genes were largely vasodilatory while KLF2‐downregulated genes were vasoconstrictive
and pro‐inflammatory. These results point to KLF2 as an important master regulator of
transcriptional response to atheroprotective flow—both activating and repressing
transcription—and in maintenance of functional integrity in the normal endothelium.

The promoter region responsible for KLF2 shear stress response has been
mapped to a defined region ‐157 to ‐95 base pairs from the transcription start site [188].
Additionally, endothelial KLF2 is upregulated via the MEK5/ERK5/MEF2 signaling
pathway. Previous studies showed that ERK5 is activated by shear stress and that it can
subsequently directly phosphorylate and activate myocyte enhancer factor‐2 (MEF2) in
endothelial cells [189, 190]. KLF2 sequence analysis discovered a MEF consensus binding
sequence in the KLF2 promoter region. Further, MEF2 binding to the KLF2 promoter
was confirmed by chromatin immunoprecipitation assays. To test if MEF2 is required for
KLF2 upregulation in the presence of flow, a dominant negative MEF2 adenoviral
construct was infected in HUVECs. Basal KLF2 expression was unchanged, but
upregulation of KLF2 after exposure to flow was prevented by the dominant‐negative
MEF2. Inhibition with a dominant‐negative construct of upstream pathway member
MAPK kinase 5 (MEK5) under flow conditions also failed to upregulate KLF2, and the
downstream target ERK5 was also not activated. This reveals a molecular mechanism for
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the flow response of KLF2 in which MEK5 is both sufficient and necessary for KLF2
upregulation [187]. Control of KLF2 expression by the MEK5/ERK5/MEF2 axis was
separately demonstrated in mouse embryonic fibroblast cells as well as in T‐cells. [191].

An additional factor that has been found to bind the KLF2 promoter and regulate
shear stress response is nucleolin, a ubiquitous protein with many, varied functions as a
transcriptional regulator [192]. Nucleolin acts on KLF2 via the PI3K signal transduction
pathway and is required for induction of KLF2 by laminar shear stress in endothelial
cells [193]. Histone deacetylase 5 (HDAC5) was also shown to play a role in flow‐
mediated KLF2 expression [194]. Fluid shear stress induced phosphorylation of HDAC5,
which led to its nuclear export. HDAC5 is normally bound to the MEF2 gene and
represses MEF2 transcription. Flow‐dependent phosphorylation of HDAC5 allowed for
derepression of MEF2 transcriptional activity and subsequent increase in KLF2
expression. Cells expressing a phosphorylation‐null mutant of HDAC5 exhibited less
HDAC5 nuclear export under flow and less MEF2 activity. KLF2 expression was
suppressed. It was further shown that the HDAC5 N‐terminal region directly interacts
with the C‐terminal domain of KLF2 protein to inhibit its transcriptional activity [195],
suggesting both transcriptional and post‐translational roles for HDAC5 in control of
KLF2 function.

The direct relationship between fluid shear stress levels and KLF2 expression in
the cardiovascular system has demonstrated implications in endothelial homeostasis
and disease, namely atherosclerosis [196, 197]. Atherosclerosis is the build‐up of plaque
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in arteries and is associated with chronic inflammation of endothelial cells. Localization
of plaque lesions is non‐random and generally, they are distributed in areas of
branching where there is disturbed or decreased flow. Disturbed flow induces a local,
chronic, low‐level inflammatory environment that is more atherosusceptible [198].
Regions with high shear stress arising from constant laminar flow are protected from
atherosclerosis [199].

The critical role of KLF2 in shear stress response is well‐documented in
endothelial cells. Whether it plays a part in flow sensing and physiologic response in
other tissues in which fluid flow is present remains an unanswered question. Pancreatic
ductal cells, bile ducts in the liver, and lymphatic vessels are all sites of fluid flow, albeit
at lower rates than in blood vessels. Lymphatic cells exposed to shear stress at much
lower levels than employed in endothelial studies showed a significant increase in KLF2
expression, though more modest than seen in those vascular endothelial cells [200]. It
would be expected that the coexistence of mechanical stress and KLF2 expression in
these tissues would be linked, through causal signaling. However, data to this point
demonstrate that low or disturbed flow causes a modest or even negative KLF2 profile.
Nevertheless, it should be noted that in the vasculature, the default condition, or control,
is high laminar flow. Therefore, the relative shear stress differential, i.e., static or very
low flow, versus low or moderate flow, may result in relatively similar, though reduced,
KLF2‐derived signaling response mechanisms. The potential induction of KLF2 by shear
stress in pancreatobiliary cell types is not yet reported.
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Statins
Inhibitors of 3‐hydroxy‐3‐methylglutaryl coenzyme A (HMG‐CoA) reductase, or
statins, are lipid‐lowering compounds that are used in the treatment and prevention of
cardiovascular disease. They have also been shown to have non‐lipid‐lowering,
pleiotropic effects including anti‐inflammation, reduction of reactive oxygen species,
and improvement of endothelial function [201]. Studies have shown that statins induce
KLF2 expression in vascular endothelial cells and that KLF2 is, at least in part,
responsible for the non‐lipid lowering atheroprotective effects in endothelial cells [202,
203]. An important branch point in the HMG‐CoA pathway is the production of
geranylgeranyl pyrophosphate or farnesyl pyrophosphate by their respective synthases.
These are used to make isoprenoids, a large class of biomolecules that includes vitamins,
heme, coenzyme Q, and importantly, cholesterol [204]. They are also important post‐
translational modifiers of Rho and Ras GTPases. Statin‐induced increase in KLF2
expression was reversed in the presence of either HMG‐CoA downstream metabolite
mevalonate or geranylgeranyl pyrophosphate, but not farnesyl pyrophosphate. These
data indicated that Rho proteins, which are mainly geranylgeranylated, negatively
regulate KLF2 expression [202]. In support of these results, inhibition of Rho caused an
increase in KLF2 expression, and conversely, overexpression of Rho led to reduced KLF2
expression [203]. Statins also have immunomodulatory effects, able to act on both the
innate and adaptive immune response systems to reduce inflammation [205]. These
properties were demonstrated as KLF2‐dependent at least in part. Pro‐inflammatory T‐
cell proliferation and function was reduced with a concurrent increase in KLF2
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expression with statin treatment in human and mouse T‐cells. Knockdown of KLF2 with
shRNA prevented these statin‐induced effects [206]. Unchecked immune activation is
problematic in the liver as well, where chronic inflammation and fibrosis can lead to the
end‐stage condition cirrhosis. The anti‐fibrotic and anti‐inflammatory properties of
KLF2 were mitigating in in vitro and in vivo liver cirrhosis models when KLF2 was
overexpressed. Induced increase in KLF2 expression with statin treatment caused a
reduction in the fibrotic markers α‐SMA and procollagen I in activated human and rat
hepatic stellate cells. Furthermore, increased KLF2, either by statin treatment or
administration of a KLF2 adenoviral construct, ameliorated hepatic endothelium
dysfunction and liver fibrosis in a cirrhotic rat model [207]. Taken together, the
protective effects of statins extend beyond modulation of lipid levels, and it is clear that
at least some pleiotropic effects can be attributed to the amplification of KLF2.

Regulation by microRNAs: 92a, 93, 106b, 150
One mechanism of control of KLF2 expression is through post‐transcriptional
regulation via the action of microRNAs. MicroRNAs regulate gene expression through
sequence‐specific binding to target mRNA transcripts. With over 1000 known human
microRNAs, which often have from several to hundreds of transcript binding partners,
an estimated 60% of human protein‐coding genes are regulated by microRNAs [35].
Some microRNAs have been discovered to bind and functionally affect KLF2 mRNA.
Nearly all studies pertaining to microRNA regulation of KLF2 to date focus on
endothelial cell biology, but there are emerging roles in cancer biology more recently,
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including my research on miR‐106b in cholangiocarcinoma, which can be found in
Chapter 4.

miR‐92a
Studies in human umbilical vein endothelial cells (HUVECs) showed that shear
stress due to laminar flow could regulate miR‐92a and in turn affect KLF2 levels. The
KLF2 3’ UTR contains a miR‐92a binding site, and direct targeting was confirmed using
luciferase reporter constructs. Overexpression of miR‐92a led to reduced KLF2 levels
while miR‐92a inhibition caused an increase in KLF2 expression. In response to
atheroprotective, or pulsatile flow, there was a decrease in miR‐92a, which resulted in
derepression of KLF2 [208]. In an atherosclerotic mouse model, in vivo blocking of miR‐
92a led to protection of endothelial function. Treatment of hypercholesterolemic Ldlr‐/‐
mice with a miR‐92a antagonist resulted in increased KLF2 expression in the aorta,
resulting in reduced inflammation and decreased plaque size [209]. These studies are
similar to the work described with use of statins, in that increased KLF2, either due to
statin treatment or decreased microRNA‐mediated inhibition, resulted in
atheroprotection. MiR‐92a was also shown to co‐regulate both KLF2 and KLF4
expression in endothelial cells. Interestingly, miR‐92a showed site‐specific differential
expression based on arterial region. It was highly expressed in athero‐prone aortic arch
compared to the athero‐resistant descending thoracic aorta, and KLFs 2 and 4 displayed
reciprocal expression [210]. These studies indicate an athero‐promoting role for miR‐92a
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in atherosclerosis via KLF2 repression and reinforces KLF2 as an endothelial protector in
cardiovascular function.

miR‐93
Screening for potential regulators of endothelial activation including glycolysis
and proliferation revealed miR‐93 targeting of KLF2. Modulation of miR‐93 levels
followed by transcriptome screening by RNA‐Seq revealed KLF2 to be significantly
decreased by miR‐93 in HUVECs. These studies also revealed miR‐93 control of
endothelial proliferation and glycolysis. Previously, repression of endothelial glycolytic
metabolism was shown to be mediated by flow‐induced KLF2 expression. Further, these
effects were mediated by KLF2‐directed suppression of 6‐phosphofructo‐2‐
kinase/fructose‐2,6‐biphosphatase 3 (PFKFB3), a potent stimulator of glycolysis [211].
MiR‐93 suppression of KLF2, a glycolysis inhibitor, was therefore hypothesized to be
responsible for the overall observed increased glycolysis in endothelial cells [212].
Interestingly, however, it was also found that miR‐93 could target and repress PFKFB3.
Biotin pull‐down assays confirmed direct binding of PFKFB3 and KLF2 transcripts by
miR‐93. Thus, miR‐93 appears to regulate endothelial activation by targeting either KLF2
(the inhibitor), or PFKFB3 (the activator), depending on their relative expression levels.
A role for KLF2 in quiescence of these cells was also described [212]. It is of note that
miR‐93 shares the same seed binding sequence as miR‐106b, the next microRNA on our
list.
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miR‐106b
MiR‐106b is clustered together with miR‐93 and miR‐25. We have investigated
the target landscape of miR‐106b in cholangiocarcinoma. Genome‐wide transcriptome
analysis of a cholangiocarcinoma cell line revealed miR‐106b targeting of several
members of the KLF family including KLF2. Binding and repression of KLF2 by miR‐
106b was verified through multiple methods at mRNA and protein levels. Increased
expression of miR‐106b led to protection from apoptosis. The individual role of KLF2
among miR‐106b targets in apoptotic regulation was not tested, but we postulate that
KLF2 may play a role in the tumor biology of cholangiocarcinoma [77].

miR‐150
An osteoarthritis study investigating the effect of the pro‐inflammatory cytokine
IL‐1 on chondrocytes found that miR‐150 expression was increased in response to IL‐1,
and that miR‐150 was responsible for some IL‐1’s damaging effects. Cell death and
expression of pro‐inflammatory cytokines in response to IL‐1 treatment could be
aggravated or ameliorated either by increasing or suppressing miR‐150, respectively.
KLF2 expression was then shown to be reduced by miR‐150 and demonstrated as a miR‐
150 target by luciferase assay in chondrocyte cells. Further, careful experiments
described an inverse expression status and function between miR‐150 and KLF2.
Overall, KLF2 was a protective factor in chondrocytes and suppressed IL‐1‐mediated
miR‐150 cell injury [213]. Curiously, KLF2 was shown to promote miR‐150 expression in
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macrophages [214]. This suggests different molecular roles for KLF2 depending on cell
type or a potential regulatory loop.

KLF2 in cancer
Krüppel‐like factors regulate varied cell processes including proliferation,
apoptosis, differentiation, and migration. In addition to contribution to normal cell
functions, many KLF members have important roles as tumor suppressors or oncogenes
[215]. KLF2 has emerging roles in several cancer types as well. While KLF2 mutations
are seen in splenic marginal zone lymphoma [216], there are no evidence of mutations in
human solid tumors; instead, KLF2 often has significantly reduced expression in many
cancer types. KLF2 is significantly downregulated in ovarian tumors compared to
normal tissue. Re‐expression in ovarian cancer cell lines reduced proliferation and
increased sensitivity to DNA damage‐induced apoptosis. WEE1, a nuclear kinase
involved in cell cycle progression, was shown to be repressed by KLF2, and WEE1 was
at least part of the mechanism through which KLF2 regulated proliferation and
apoptosis in ovarian cancer cells [217]. Another transcriptional target of KLF2 is the
cancer metastasis‐associated chemokine CXCR4. In oral squamous carcinoma cells,
treatment with vesnarinone, a quinolone derivative with chemotherapeutic properties
[218], inhibited migration and lymph node metastasis, and caused an increase in KLF2
expression. Vesnarinone significantly inhibited CXCR4 expression in these cells. ChIP
experiments then showed that KLF2 could bind to the CXCR4 promoter and decrease its
expression, contributing to reduced cell migration and lymph node metastasis in an oral
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squamous cell carcinoma model [219]. KLF2 was suppressive of cancer cell growth in
leukemia cells as well. Inducible expression of KLF2 contributed to cell cycle arrest, and
this effect was demonstrated to be through the activation of p21. Additionally, both the
activation and inhibitory domains of KLF2 were required for the cell growth inhibition
[220]. Other cancers that have downregulated KLF2 expression include pancreatic ductal
adenocarcinoma [221] and breast cancer [222]. These studies examined the tumor
suppressive features of KLF2 by way of some of its transcriptional targets. Post‐
translational modification and epigenetic silencing are other mechanisms through which
cancer cells stifle the anti‐tumorigenic activities of KLF2.

KLF2 is known to be regulated via ubiquitination and proteasomal degradation
[176]. This mechanism has been shown to be employed in lung cancer cells to reduce
KLF2 expression. Specifically, the ubiquitin ligase Smurf1 directly targeted KLF2 for
ubiquitination and degradation, and depletion of Smurf1 resulted in upregulation of
KLF2 protein [223]. Similarly, a regulatory pathway involving post‐translational
modification of KLF2 was initially identified in endothelial cells and then in a tumor
model. Endothelial function was impaired through negative regulation of KLF2 by F‐box
and WD repeat domain‐containing 7 (FBW7), the substrate recognition member of the
SKP1‐cullin‐1‐FBW7 E3 ubiquitin ligase complex. FBW7 was verified as an E3 ubiquitin
ligase for KLF2, and sequence analysis revealed two conserved CDC4 phosphodegrons
(CPDs), the recognition sites contained in most FBW7 substrates. Next, the kinase
responsible for phosphorylation of KLF2 was determined to be glycogen synthase
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kinase‐3 (GSK3) and further, that phosphorylation of KLF2 by GSK3 at the CPDs was
necessary for interaction with FBW7, which polyubiquitinated KLF2 thereby directing
its degradation via the proteasome. FBW7 promoted endothelial cell migration and
angiogenesis through the degradation of KLF2. Lastly, using an inducible knockdown
system in a mouse teratoma model, FBW7‐mediated degradation of KLF2 was shown to
be required for tumor growth [224, 225].

An additional mechanism by which KLF2 is regulated in cancer is through
epigenetic silencing. In Drosophila, the protein Zeste was identified as a sequence‐specific
DNA binding protein that contributes to the repressive function of the polycomb
complex [226]. Mammals lack Zeste and instead utilize lncRNAs that bind in a sequence‐
specific manner to DNA and recruit the polycomb repressive complex 2 (PRC2) to sites
for epigenetic silencing. Enhancer of zeste homolog 2 (EZH2) is the major functional
enzyme in the PRC2 complex. EZH2 is a histone methyltransferase enzyme and a
transcriptional repressor that is often overexpressed or mutated in cancer [227].
Epigenetic silencing of KLF2 was mediated by EZH2‐driven trimethylation of the KLF2
promoter region. The EZH2 inhibitory effect on KLF2 was seen in osteosarcoma, breast
and prostate cancer cell lines. Moving forward with osteosarcoma cells, it was revealed
that KLF2 enforced expression caused increased apoptosis and reduced cell viability
both in vitro and in vivo. Lastly, breast and prostate cancer patient expression data
revealed that low KLF2 and high EZH2 were correlated with shorter overall survival
[228]. Another group investigating a different component of PRC2, suppressor of zeste
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12 (SUZ12), found that it was overexpressed in gastric cancer cells. SUZ12 reduced
apoptosis and promoted cancer cell proliferation, invasion, and metastasis. They then
investigated potential silenced targets responsible for the observed effects. When SUZ12
was knocked down, there was an increase in KLF2. However, no data directly linked
KLF2 expression or activity with the observed features of gastric cancer cells in this case
[229]. In addition to silencing by EZH2‐mediated H3K27 trimethylation, it was observed
that KLF2 transcription was suppressed by H3K4 demethylation resulting in reduced
proliferation and invasion in gastric cancer cells [230]. Finally, region‐specific
hypermethylation of histones located on the KLF2 promoter was responsible for reduced
KLF2 expression in non‐small cell lung cancer cell lines and tissues, promoting
malignant features [231].

After the pioneering work of the Taniguchi group, the relationship between
EZH2 and KLF2 in cancer has since been examined in several cancer types. Importantly,
many of these reports describe a role for long non‐coding RNAs (lncRNAs) in the
promotion of tumorigenesis. In fact, more than a dozen different lncRNAs have been
specifically characterized as tumor promoters via interaction with EZH2 subsequent
suppression of KLF2 [232‐244]. This oncogenic lncRNA‐EZH2‐KLF2 axis has been
observed in gastric, non‐small cell lung, pancreatic, and colorectal cancer cell types thus
far. One example is the lncRNA HOXA11‐AS, which promoted gastric cancer
tumorigenesis by recruiting EZH2 as well as the histone DNA methyltransferase
DMNT1 and functioning as a scaffold to repress KLF2 transcription [237]. These studies
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together suggest that KLF2 is often epigenetically silenced via EZH2‐PRC2, a
promiscuous DNA/RNA binding protein complex, and many lncRNAs can recruit and
guide this regulatory complex to its targets, and act as a scaffold to mediate
transcriptional repression.

While the vast majority of research into the role of KLF2 in cancer suggests an
anti‐tumorigenic profile, there is a conflicting report in a hematologic malignancy that
depicts KLF2 not as a tumor suppressor but rather as a tumor promoter. Ohguchi et al.
established KLF2 as important for the survival of multiple myeloma cells. Knockdown
of KLF2 increased cleaved forms of initiator caspases and inhibited cell growth while
increased KLF2 expression promoted cell growth. Stably transduced shKLF2 multiple
myeloma cells injected subcutaneously in SCID mice developed significantly smaller
tumors than control cells over 8 weeks [245]. While the majority of studies to date
indicate a tumor suppressive role for KLF2, there are some data that suggest it can
promote a more malignant phenotype. This differing biologic character could be a result
of cell type specificity, broadly including solid tumors versus hematopoietic
malignancies, or differences in tumor environment.

Primary cilia
Cilia are microtubule‐based organelles that are classified into two types, motile,
and immotile or sensory. The sensory cilia are also called primary cilia and they are
present on almost every mammalian cell. These non‐motile structures were discovered
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over a century ago but were long considered vestigial. Investigation into biological
function and relevance has only gained prominence in the last few decades. The primary
cilium is now known to be an essential organelle responsible for sensing extracellular
mechanical and chemical stimuli and transducing that information to the cell’s interior.
The functional importance of cilia in normal cell biology is reinforced by the existence of
several human disorders that manifest through the disruption of cilia activity.
Collectively, these disorders are called ciliopathies. Through a complex interplay of
various channels and receptors, effector and transport proteins and their downstream
targets and intracellular pathways, primary cilia exist as signaling antennae that connect
and facilitate interaction between the cell and its environment.

Structure
Primary cilia are elongated, solitary, specialized structures that protrude into the
extracellular space and have a high surface‐to‐volume ratio, which is thought to allow
for efficient signal amplification [246]. As an extension of the cell membrane with a
microtubule‐based cytoskeletal core, they are architecturally robust but also flexible and
dynamic. The structural core of a cilium consists of nine microtubule doublets organized
radially in a symmetrical column at the cilium periphery termed the axoneme. Motile
cilia have an extra, central microtubule pair and the arrangement is referred to as 9 + 2,
while the primary cilium axoneme is 9 + 0 and forms an empty interior lumen. Motile
cilia have additional machinery to allow for movement, including radial spokes
interconnecting the microtubules as well as dynein arms to generate force [247]. The
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axoneme extends directly from a basal body, which is derived from the mother centriole
and serves as a microtubule organizing center [248]. Surrounding the axoneme is the
ciliary membrane, which although it is extended from and continuous with the plasma
membrane, has a distinct compositional makeup, with an enrichment in transmembrane
signaling receptors to allow for response to external stimuli [249]. The phospholipid
profile for the ciliary membrane is distinct from the contiguous plasma membrane.
Specifically, phosphoinositides define subcellular membranes based on ratios of specific
species [250]. The plasma membrane is rich in phosphatidylinositol 4,5‐bisphosphate,
PI(4,5)P2 and phosphatidylinositol 4‐phosphate, PI(4)P, while the ciliary membrane
contains mostly PI(4) [251]. The species of phosphoinositide helps determine the
complement of cilia‐interacting proteins.

Ciliary signaling
Many signaling molecules are implicated in association with the primary cilium.
There are estimated to be over 1000 proteins involved in the structure or function of cilia
[252]. The pathways through which cilia participate in signal transduction are diverse
and still under investigation, including Hedgehog, Hippo, G‐protein coupled receptors,
Wnt, Notch, mTOR, platelet‐derived growth factor receptor (and other receptor tyrosine
kinases including fibroblast growth factor receptors), and TGFβ [249, 253]. The ciliary
membrane is specialized and an array of receptors and ion channels locate to it. The
specific localization of proteins and enrichment of receptors and channels to the primary
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cilium create a nexus of signal transduction pathways for the cell with the cilium at its
center [254, 255].

Ciliogenesis
Cilium formation is a dynamic, highly regulated, and complex process.
Ciliogenesis is tightly linked to cell cycle progression. Cilia are disassembled before the
cell divides and the centrioles are passed to the daughter cells, where they act as
templates for new cilia formation. Cilia are usually formed in G0 or G1 and
disassembled at mitosis [256]. Assembly occurs in a stepwise manner. First, the centriole
forms the basal body, which then docks onto the actin cortex at the inner face of the
plasma membrane. Growth of the axoneme is dependent on recruitment of proteins
from the cytoplasm. The basal body nucleates microtubule extension while the
membrane extends [256]. A specialized transport system called intraflagellar transport
(IFT) based on molecular motors allows for selective trafficking of proteins required for
cilium elongation. IFT is a dynamic process for bidirectional movement of axonemal
components, ciliary membrane proteins, and proteins for signal transduction, using
anterograde kinesin motor proteins and retrograde dynein motor proteins [257]. After
elongation is complete, the cilium is actively maintained by a steady‐state
assembly/disassembly of tubulin filaments at its tip. This ongoing and active turnover
determines cilium length and also allows for regulated ciliary resorption [258].
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The cholangiocyte primary cilium
The existence of primary cilia on cholangiocytes has been long recognized, but
their role in bile duct biology has been unclear until recently. The first description of the
cholangiocyte cilium occurred over half a century ago, and the sparse information
produced for the subsequent few decades was largely descriptive only [259‐261]. Not
until 15 years ago was a functional role for primary cilia in cholangiocytes reported
[262]. The pioneering investigations into cilia functions were in kidney cells, through
studies of polycystic kidney disease (PKD), a genetic disorder that causes abnormal
renal tubule structure and the formation of cysts [263]. In addition to kidney pathology,
extrarenal manifestations of PKD commonly include hepatic cysts [264] and liver fibrosis
in addition to biliary dilatation characteristic of Caroli’s disease [265]. Currently,
evidence suggests that the primary abnormality leading to dysfunction in PKD results
from defects in primary cilia [266]. Two types of murine models have been important for
the study of PKD, spontaneous hereditary models that display similar features of PKD,
and engineered models that modify human orthologs of genes coding for cilia‐localizing
proteins such as cpk, orpk, inv in mice and pck in rat [267, 268]. The pck rat contains a
mutation in Pkhd1, the gene responsible for autosomal recessive polycystic kidney
disease (ARPKD) in humans. Rats with this mutation develop liver injury in the form of
fibrosis and cysts, similar to the clinical presentation of ARPKD in humans [269, 270].
Additionally, PKD rat livers displayed a striking increase in cholangiocyte proliferation
and remodeling of the biliary tree. Cilia from mutant cholangiocytes were structurally
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abnormal, significantly shorter than in normal cholangiocytes, and had bulbous
extensions of the ciliary membrane [271].

Signaling and function of primary cilia in cholangiocytes.
Cilia extend from the apical membrane of cholangiocytes into the ductal lumen.
Studies in renal cells gave the first clues that primary cilia possess sensory function. The
first investigation of primary cilia in cholangiocytes as sensory organelles used a model
to induce luminal flow and test their capacity as mechanosensors. Isolated intrahepatic
bile duct units (IBDUs) from Fisher 344 rats allowed for manipulation of artificial
luminal flow via microperfusion, followed by measurement of intracellular signaling
[272]. Principal findings from these experiments demonstrated that luminal flow
induced increased intracellular levels of Ca2+ and decreased cAMP signaling, and that
these changes were a result of bending of the cilia. The mechanosensory ciliary proteins
polycystin‐1 (PC1), a cell‐surface receptor, and polycystin‐2 (PC2), a calcium ion
channel, were shown to localize to cilia and to be responsible for the flow‐induced
increase in intracellular Ca2+ and cAMP decrease was secondary to calcium influx.
Lastly, adenylyl cyclase isoform 6 (AC6), which was present on cilia, was the Ca2+‐
inhibited protein responsible for cAMP suppression. While the downstream functional
response was not yet determined in this study, it was later shown that expression of
cilium‐localized PC‐1 and PC‐2 was inversely correlated with increased rat
cholangiocyte proliferation (induced in this study by 17β‐estradiol). This indicated that
primary cilia might act as modulators of cholangiocyte proliferation by responding to
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cell injury [273]. Specifically, reduced cilium‐dependent signaling permitted increased
proliferation.

In addition to mechanosensation, cholangiocyte primary cilia can act as
osmosensors. It was reasoned that transient receptor protein member TRPV4, a cation
channel that is activated by changes in fluid tonality, might be important in ciliary
signaling, as it has been shown to be a player in signal transduction of osmotic stimuli
[274]. It is expressed on cholangiocyte cilia and was shown to respond to hypotonicity
and channel an influx of extracellular Ca2+. This induced secretion of bicarbonate, the
primary factor for formation of bile, (by increasing water efflux following bicarbonate),
through a mechanism involving ATP release [275]. Research into the chemosensory
properties of cholangiocyte cilia first focused on purinergic receptors both because ATP
and ADP function as extracellular signaling molecules in bile [276], and based on the
previous study, which revealed the cAMP signaling pathway member AC6 to be present
and functional in ciliary signaling [272]. Employing rat cholangiocytes, it was
demonstrated that purinergic receptor P2Y12 is expressed on cholangiocyte cilia. P2Y12 is
a Gi‐protein coupled receptor that is activated in cholangiocytes most potently by ADP
and to a lesser degree by ATPγS, a non‐hydrolyzable analog of ATP. Forskolin, an
activator of adenylyl cyclase enzymes, was used to increase intracellular cAMP levels.
Treatment with ADP or ATPγS attenuated the increase in forskolin‐stimulated cAMP
levels in normal rat cholangiocytes. Suppression of P2Y12 with siRNA or inhibitor
prevented the effects of ADP to reduce cAMP. Lastly, removal of cilia by pretreatment
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with chloral hydrate abolished the purinergic effect on cAMP levels. Together, these
data showed ADP‐induced cAMP signaling occurred specifically via P2Y12 receptors in
cholangiocytes and that this signaling was dependent on primary cilia [277].

Further investigation into cholangiocyte ciliary signaling examined exosomes as
signaling vesicles. The LaRusso group, again using a rat model, showed that exosomes
attached to cilia in intrahepatic bile ducts in vivo. They then isolated exosomes and
added them to cholangiocytes in vitro, to show that these exosomes increased miR‐15a
expression and caused a decrease in cholangiocyte cell proliferation. Antisense miR‐15a
or chloral hydrate were used to inhibit this cilium‐initiated signaling and the
proliferative response was altered. Finally, ERK signaling was examined based on its
involvement in cholangiocyte function [278]. Exosome treatment decreased phospho‐
ERK to total‐ERK ratios by more than 60% and this result was dependent on the
presence of cilia. It was not addressed if the observed miR‐15a and ERK signaling effects
were related or dependent on one another. These data revealed exosomes to be another
important signaling component in bile for intracellular communication dependent on
cholangiocyte primary cilia [279].

Additional examination of cAMP and ERK signaling in cholangiocytes focused
on TGR5, a G protein‐coupled bile acid receptor known to be involved in cholangiocyte
signaling, including bile acid proliferative response and cAMP activation [280].
Subcellular location of TGR5 can vary from the apical membrane, the nuclear
membrane, and the ciliary membrane. Specific localization of TGR5 to subcellular
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compartments seemed to be important to its functional response. When activated in
ciliated cells, TGR5 decreased cAMP levels, activated ERK and inhibited proliferation.
However, the opposite changes were observed in non‐ciliated cholangiocytes. These
opposed results were then shown to be associated with differential coupling of TGR5 to
specific G proteins, Gαi in ciliated cells and Gα5 in non‐ciliated cells [281]. These data
provide further evidence of the complexity and context dependence of cilia signaling in
cholangiocytes. Taken together, the primary cilium in the bile duct acts as a mechano‐,
osmo‐, chemo‐, and exosomal‐sensory organelle with diverse and physiologically
important signaling functions.

Primary cilia and cholangiocarcinoma
The regulatory role of the primary cilium in the cholangiocyte depends on its
ability to detect signaling molecules in bile and changes in luminal flow, which can be
transduced into functional cellular responses, including secretion of bile, proliferation,
and apoptosis. Some of the molecular pathways dysregulated in cholangiocarcinoma are
associated with loss of cilia [282]. Primary cilia have been shown to be reduced or absent
in cholangiocarcinoma cells [283, 284]. However, the mechanisms responsible for
deciliation, and whether the lack of cilia is a contributing factor in cholangiocarcinoma
or a consequence, requires further investigation. One such mechanism that was
identified involved histone deacetylase 6 (HDAC6). When HDAC6 expression was
enforced in normal cholangiocytes, the cells had decreased cilia expression and
displayed a more malignant profile, with increased proliferation and anchorage‐
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independent growth. Conversely, when HDAC6 was targeted for inhibition in
malignant cells, cilia expression was restored and this correlated with a decrease in
proliferation and invasion. Lastly, treatment with the selective HDAC6 inhibitor
tubastatin‐A in a rat orthotopic model of cholangiocarcinoma led to decreased tumor
growth and an increase in frequency of ciliated malignant cholangiocarcinoma cells
[283]. These data are the first to describe a potential role for primary cilia in
cholangiocarcinoma pathogenesis and were interpreted as an implication of the cilium
as a tumor‐suppressive organelle.

The disparate expression of cilia (lost in malignant cells) was confirmed in a
subsequent study that examined Hedgehog signaling in cholangiocarcinoma cells [284].
Aberrant Hedgehog signaling is characteristic of many cancers including
cholangiocarcinoma [285, 286]. However, canonical Hedgehog signaling requires
translocation of a transmembrane receptor protein to the cilium where it can then
activate transcription factors, and as demonstrated, the cilia in these cells are lost [287].
This paradox was unraveled in part through demonstration of a non‐canonical, cilia‐
independent Hedgehog signaling pathway that was employed by cholangiocarcinoma
cells [284].

Additional efforts from the Gradilone laboratory recently have further defined
the mechanisms of regulation of primary cilia in cholangiocarcinoma and in addition,
illuminated ciliary signaling pathways involved in the control of disease progression. As
a follow‐up to their previous study [283], they examined post‐transcriptional

47
mechanisms of HDAC6 regulation by microRNAs. Two HDAC6‐targeting microRNAs,
miR‐433 and miR‐22, were shown to be downregulated in cholangiocarcinoma cells and
tumors. Restoration of these microRNAs in cholangiocarcinoma cells resulted in reduced
proliferation, colony formation, and migration, in addition to decreased HDAC6
expression and increased ciliogenesis. Deeper interrogation revealed the microRNA
processing nuclear transport protein Exportin‐5 to be reduced in cholangiocarcinoma
cells. Experimental manipulation of Exportin‐5 levels to increase expression showed that
it could increase the export of microRNAs, allowing cytoplasmic processing of HDAC6‐
targeting microRNAs ‐433 and ‐22 to their mature form, thereby suppressing HDAC6
and reducing malignant features in a cholangiocarcinoma cell line. Alternatively, knock
down of Exportin‐5 in normal cholangiocytes reduced ciliary length and increased
proliferation [118]. In the next study, they outlined a role for the chemosensory function
of cholangiocyte cilia in the regulation of cell migration and invasion. As a component of
bile, nucleotides are important autocrine and paracrine signaling molecules in
cholangiocytes that are sensed by purinergic receptors localized in the primary cilium
[277]. ATP signaling in ciliated cells reduced migration and invasion. In contrast, ATP
stimulated migration and invasion in experimentally deciliated cells and
cholangiocarcinoma cells without cilia. The Gradilone lab went on to investigate LKB1, a
serine/threonine kinase that is responsible for maintenance of cell polarity and a
negative regulator of migration. The ciliary‐dependent regulation of cholangiocarcinoma
cell migration and invasion was driven by LKB1 activation via phosphorylation. LKB1
activation regulated the PTEN‐PI3K‐AKT signaling axis to inhibit F‐actin and filopodia
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formation. Finally, activation of LKB1 mimicked the chemosensory function of cilia and
reduced cholangiocarcinoma malignant features in vitro and in vivo [288]. Together,
these results describe a signaling axis in cholangiocytes in which ciliary‐dependent
nucleotide induction of LKB1 regulates cell migration and invasion through PTEN‐PI3K‐
AKT control of cytoskeleton rearrangement.

Summary
This introduction serves as an abbreviated and selective review of the relevant
literature to date concerning cholangiocyte biology, and in particular the malignant
manifestation thereof, cholangiocarcinoma. Chapter 3 reports on some of the aberrant
growth and evasion of cell death characteristics of cholangiocarcinoma with
investigation of a small‐molecule inhibitor of X‐linked inhibitor of apoptosis, XIAP.
Next, the function of microRNAs as posttranscriptional regulators of their mRNA
targets, and specifically their dysregulation in cancer was addressed. Chapter 4 contains
a focused examination of microRNA 106b specifically, and its target landscape
(including members of the KLF family) in cholangiocarcinoma. A focused review of the
available literature on the function and regulation of KLF2 showed features of this
transcription factor as a flow responder and tumor suppressor that is often dysregulated
in cancer. Finally, the primary cilium is a multi‐sensory organelle with important
functions in the maintenance of biliary homeostasis that are relevant to its malignant
state. Chapter 5 attempts to synthesize the biological functions of cilia and KLF2 as
potentially coordinated members within a signaling axis, and to link their altered
expression between the normal and malignant biliary cell.
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Chapter 2 ‐ Materials and methods
Cell lines
Human cholangiocarcinoma cell lines were previously derived from a female
patient with metastatic gallbladder cancer, Mz‐ChA‐1 [289], a male patient with
combined histologic features of hepatocellular carcinoma and cholangiocarcinoma,
KMCH [290], and from the malignant cells of ascites from a male patient with
intrahepatic cholangiocarcinoma, HuCCT‐1 [291], a bile duct carcinoma of a male
patient, OZ [292], and an extrahepatic cholangiocarcinoma tumor, EGI‐1 [293]. Recently‐
derived patient cholangiocarcinoma cell lines ICC2, ICC3, ICC8, and ICC11 were from
resected intrahepatic cholangiocarcinoma tumors [294]. BDEneu rat cholangiocarcinoma
cells were derived from primary Fisher 344 rat cholangiocytes [295]. H69 cells are an SV‐
40 transformed non‐malignant immortalized cholangiocyte cell line [296]. NHC cells are
normal human cholangiocytes isolated from normal tissue during surgical dissection of
a local hepatic adenoma in a female patient [297]. HEK293T cells are human embryonic
kidney cells transformed with adenovirus type 5 [298]. Human umbilical vein
endothelial cells (HUVECs) were purchased from American Type Culture Collection
(ATCC CRL‐1730). Cholangiocarcinoma cells and HEK293T cells were grown in
Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% fetal bovine
serum (FBS), insulin (0.5 μg/mL) and G418 (50 μg/mL). Recently‐derived patient cell
lines were grown in Roswell Park Memorial Institute (RPMI) medium supplemented
with 20% FBS, 1% L‐glutamine, 1% MEM non‐essential amino acids solution, 1% sodium
pyruvate, 50 μg/mL G418, and 5 μg/mL insulin on collagen‐coated culture dishes. H69
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and NHC cells were grown in DMEM supplemented with 10% FBS, insulin (5 μg/mL),
adenine (24.3 μg/mL), epinephrine (1 μg/mL), T3‐T (triiodothyronine (T3)‐transferrin
(T), [T3‐ 2.23 ng/ml, T‐8.19 μg/mL]), epidermal growth factor (9.9 ng/mL) and
hydrocortisone (5.34 μg/mL). HUVECs were grown in F‐12K medium with 10% FBS, 0.1
mg/mL heparin, and 5 mL endothelial cell growth supplement (ECGS, BD Biosciences).
Cholangiocarcinoma is a rare cancer and there is no central source of
cholangiocarcinoma cell lines to be used as standards for validation by genetic testing.
We employ immunostaining for keratin‐19, an intermediate filament protein and marker
of cholangiocyte differentiation to indicate that a cell is cholangiocyte derived.
Additionally, all members of the lab are trained to identify the unique cell morphologies
of the cholangiocyte cells when grown in standard culture conditions and to monitor cell
appearance with each experiment.

Tissue isolation
Frozen samples were obtained from patient‐resected normal liver or
cholangiocarcinoma tumor tissues aquired from the UNMC Tissue Bank. Samples were
kept frozen until isolation and all materials for isolation were sterile or bleached and
rinsed, and then chilled with liquid nitrogen or dry ice before contact with tissues.
Tissues were transferred from dry ice to a mortar containing a small volume of liquid
nitrogen and ground to a fine powder with a chilled pestel. Samples were lysed in RNA
lysis buffer (mirVana, see RNA transfection methods), or protein lysis buffer (see
Immunoblotting methods), and immediately frozen in a dry ice/isopropanol bath or
used for isolation by the traditional protocols described.
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RNA transfection
Cells were transfected either with mature miR‐106b mimic (Life Technologies),
locked‐nucleic acid (LNA) antagonist to miR‐106b, LNA‐106b (Exiqon), or LNA
Negative Control A (Exiqon) for 24‐48 hours using Lipofectamine RNAiMAX (Thermo
Fisher) to a final oligonucleotide concentration of 20 nM. MiR‐106b levels were
quantified by TaqMan Small RNA assay (Life Technologies). siRNA against KLF2 (ID:
116130, Ambion), IFT88 (ID: 149319, Ambion), or Negative Control siRNA (Cat#
1027310, Qiagen) were reverse‐transfected using Lipofectamine RNAiMAX to a final
oligonucleotide concentration of 20 nM by seeding cells directly onto the transfection
reaction.

RNA‐Seq
High‐quality total RNA was extracted from Mz‐ChA‐1 cells transfected with
either miR‐106b (n=3) or LNA‐106b (n=3) for RNA‐Seq using RNeasy Mini Kit (Qiagen).
The quality of the RNA was established by RNA Integrity Analysis using an Agilent
Bioanalyzer. RNA sequencing libraries were prepared by the UNMC Next Generation
Sequencing Core Facility beginning with 1 μg of total RNA and a TruSeq RNA Prep V2
(Illumina Inc., San Diego, CA). Samples were sequenced using the Illumina HiSeq 2000
system with 100 bp paired‐end reads. An average of 76.99 million reads per sample were
collected (range 58.99‐87.00 million).

Sequences were analyzed by the Bioinformatics and Systems Biology Core at the
University of Nebraska Medical Center (UNMC) using the Tuxedo protocol [299]. Reads
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were mapped to the human genome using Top Hat. Transcripts were assigned by Cuff
links and the transcriptome defined using Cuffmerge. Finally, differential expression
between miR‐106b and LNA‐106b was calculated with Cuffdiff. Sequencing data have
been deposited to the NCBI as BioProject PRJNA355109.

Using a false discovery rate (FDR)‐corrected p value, genome‐wide
transcripts were ranked from most significant to least. This ranked list of genes was
submitted to the SylArray online server to detect enrichment of microRNA seed‐binding
sites [300].

MiR‐106b binding site analysis
RefSeq sequences for the 129 significant genes (112 decreased and 17 increased)
were collected in Fasta format and analyzed by direct search for the known miR‐106b
binding site as well as subjected to k‐mer analysis to generate a k table of all possible 7‐
mer and 8‐mer sequences and their frequency in this gene set. Several genes had more
than one RefSeq sequence, so the final size of this Fasta file was 191 transcripts. For
comparison, 1,000 random sets of 191 transcripts each from the RefSeq database were
generated.

RNAhybrid [301] was used to identify the single best miR‐106b predicted
binding site for each decreased transcript based on minimum free energy hybridization.
The resulting miR‐106b‐binding sites were manually curated for discovery of ungapped
motifs using MEME Suite [302].
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Quantitative reverse‐transcription PCR
Total RNA for mRNA qRT‐PCR was isolated using TRIzol Reagent (Life
Technologies). Two micrograms of RNA were reverse‐transcribed using Moloney
leukemia virus reverse transcriptase and random hexamers. Quantitative real‐time PCR
was performed using SYBR Green DNA binding (Roche). RNA for microRNA
measurement was extracted using lysis in chaotropic salt and acid phenol:chloroform
(miRVana, Life Technologies). Fifteen nanograms of RNA was converted to cDNA using
specific primers for miR‐106b or Z30 (Applied Biosystems). qRT‐PCR was performed
using RedTaq master mix (Applied Biosystems) and specific TaqMan primers (Applied
Biosystems) on an iCycler (BioRad) thermocycler. Relative RNA expression was
calculated using the delta CT method. Primer pairs are listed in Table 2.2.
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Table 2.1 Primers used for qRT‐PCR

Gene

Forward Primer (5’ -> 3’)

Reverse Primer (5’ -> 3’)

RB1

GTCGTTCACTTTTACTGAGC

TCCAATTTGCTGAAGAGTGC

ITGA2

GAGTGGCTTTCCTGAGAACC

CTGGTGAGGATCAAGCCGAG

M6PR

GATTCTGAGCTTTGGCTACT

GTCTGCCAGGATTCTCTCAC

PSD3

CTGGCGATGGAAGATGGAAG

CATATTTGGCCTTGGCAACAC

GLO1

GATACTGCAGCGCAGCCATG

CCAGTGACTTCTTAGGATCC

EREG

GTCCTCAGTACAACTGTGAT

GACACTTGAGCCACACGTGG

RRM2

TCTGCTTCGCTGCGCCTCCA

TGGAAGATCCTCCTCGCGGT

HRAS

CCATCCAGCTGATCCAGAAC

TGTCCAACAGGCACGTCTC

ITGA3

TGCGTCGTCTCCGCCTTCAA

CATCCGCTCACAGTCATCCT

NCEH1

GAAGCTGATGCTGCTGGACG

AACACTCTGACTTCCACACC

FOS

GCCTAACCGCCACGATGATG

GGACTGGTCGAGATGGCAGT

IL8

CAAGAGCCAGGAAGAAACCA

ATTTGGGGTGGAAAGGTTTG

KLF2

ACTCACACCTGCAGCTACGC

GCACAGATGGCACTGGAAT

KLF4

CAGAGGAGCCCAAGCCAAAG

CCAGTCACAGTGGTAAGGTT

KLF6

CTGCCGTCTCTGGAGGAGT

TCCACAGATCTTCCTGGCTGTC

KLF10

ACCAAACGAGTCTGGACAGT

TCAGATACTGGTGTAACAGG

KLF11

ACTGTGCATATGGATGCAGC

TACGGCAGAGGACTGGAGAA

KLF13

CTCAAGGCGCACCTGAGAAC

GTCAGGTGGTCGCTGCGCAT

18S

CGTTCTTAGTTGGTGGAGCG

CGCTGAGCCAGTCAGTGTAG

Table 2.1. Primers used for qRT‐PCR
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MicroRNA biotinylation
Mature microRNA for C. elegans microRNA 67 (control) and H. sapiens
microRNA 106b (both leading and passenger strand) were obtained from Integrated
DNA Tech, Coralville, IA. Biotinylation of Cel‐miR‐67 and miR‐106b was performed as
described [303]. The leading strands of Cel‐miR‐67 and human miR‐106b were
biotinylated at the 3’ ends using T4 RNA ligase enzyme. Briefly, biotin‐conjugated
cytidine (bis) phosphate was incubated with the microRNAs overnight at 16 °C with T4
RNA ligase reaction mixture, followed by a 30 minute incubation at 37 °C.
Chloroform:isoamyl alcohol was used to separate the RNA ligase from the aqueous
phase containing RNA. The biotinylated RNA in the aqueous phase was ethanol‐
precipitated using Pierce RNA 3’ End Biotinylation Kit (Thermo Scientific, Cat #20160).
Labeled biotinylated RNA was quantified by dot blot (hybond N+, a positively charged
nylon membrane) using a known concentration of biotinylated control RNA, and
detected using streptavidin‐HRP‐conjugated antibody. An equal amount of biotinylated
mature microRNA (leading strand) was mixed with its respective passenger strand
RNA.

Pull‐down of biotinylated RNA
Mz‐ChA‐1 cells were transfected in triplicate with 50 nM of biotinylated Cel‐
miR‐67 or biotinylated miR‐106b using Lipofectamine RNAiMAX. After 24 hours of
transfection, cells were lysed in lysis buffer (20 mM Tris, pH 7.5, 100 mM KCl, 5 mM
MgCl2, 0.3% NP40, 50 U of RNase OUT (Life Technologies) and complete protease
inhibitor) and incubated on ice for 10 minutes. Prior to the addition of cell lysate, beads
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were blocked with 1 mg/mL of yeast tRNA and 1 mg/mL BSA in lysis buffer and then
washed 6 times with lysis buffer only. Ninety percent of cell lysate was incubated with
streptavidin magnetic beads (New England Biolabs) for 6 hours at 4 °C and 10% of cell
lysate was used for input RNA extraction using TRIzol reagent. Streptavidin magnetic
bead‐bound biotinylated RNAs were washed five times with wash buffer containing 20
mM Tris, pH 7.5, 0.5 M NaCl and 1 mM ethylenediaminetetraacetic acid (EDTA). Biotin‐
bound RNA was isolated from the miR‐106b‐ and Cel‐miR‐67‐transfected Mz‐ChA‐1
cells using mirVana kit. Relative expression values of miR‐106b targets (IL8, KLF2 and
αTubulin1A) were analyzed by qRT‐PCR. 18S was used as a control RNA.

Immunoblotting
Cells were lysed in lysis buffer containing 50 mM Tris‐HCl (pH 7.4), 150 mM
sodium chloride, 1 mM EDTA, 1 mM DTT (dithiothreitol), 1 mM sodium orthovanadate,
100 mM sodium fluoride, and 1% Triton X‐100 (w/v) supplemented with complete
protease inhibitors (Roche). Lysates were incubated on ice for 15 minutes and vortexed
at 5‐minute intervals. After lysis, insoluble proteins were removed by centrifugation at
15,700 g for 10 minutes. Soluble protein was resolved by sodium dodecyl sulfate‐
polyacrylamide gel electrophoresis (SDS‐PAGE), transferred to nitrocellulose. The
membrane was blocked with 5% dry milk (w/v) in TBST for 45‐60 minutes and
incubated with the indicated primary antibody (Table 2.2) overnight at 4°C. Incubation
with HRP‐conjugated secondary in blocking buffer was performed at room temperature
for 1 hour. Protein bands were detected using enhanced chemiluminescence (ECL) and
radiographic film.
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Table 2.2 List of primary antibodies used

Protein

Source

Manufacturer

Product
number

KLF2

rabbit polyclonal

Aviva Systems Biology

ARP32760

KLF4

rabbit monoclonal

Cell Signaling

D1F2

KLF6

rabbit polyclonal

Santa Cruz Biotechnology

sc-7158

KLF10

rabbit polyclonal

abcam

ab73537

DR5

rabbit monoclonal

Cell Signaling

D4E9

RB1

mouse monoclonal

Cell Signaling

4H1

E2F1

rabbit polyclonal

Cell Signaling

3742S

XIAP

mouse monoclonal

BD Biosciences

D2Z8W

PARP

rabbit polyclonal

Cell Signaling

9542S

Arl13b

rabbit polyclonal

proteintech

17711-1-A

IFT88

rabbit polyclonal

proteintech

13967-1-AP

Actin
mouse monoclonal
Sigma
GAPDH
mouse monoclonal
ProSci
Table 2.2. List of primary antibodies used

A2228
2D4A7
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Immunofluorescence
Cells were seeded onto glass coverslips that were pre‐coated with collagen by
application of collagen solution (Sigma, Cat # C8919) with a cotton swab and allowing it
to dry. After drying, coverslips were added to culture dishes containing growth medium
and cells plated as usual. The coverslips were transferred to a new 6‐well plate and
rinsed with PBS at room temperature. They were fixed for 20 minutes at 37 °C in PBS
with 3% paraformaldehyde, 100 mM piperazine‐1,4‐bis‐2‐ethanesulfonic acid (PIPES), 3
mM MgSO4, and 1 mM EGTA. After washing 3 times with PBS, the cells were
permeabilized for 5 minutes with 0.1% Tween‐20 in PBS. Cells were washed again 3
times in PBS then blocked for 60 minutes at 37 °C in blocking solution containing PBS
with 5% glycerol, 5% donkey serum, and 0.0 % sodium azide. Primary antibodies were
diluted 1:200‐1:500 in blocking solution and 150 μL was pipetted on top of each
coverslip. Antibodies were incubated overnight at 4 °C in a 6‐well plate that was sealed
with parafilm to prevent evaporation. The coverslips were transferred to a new 6‐well
plate and washed 3 times with PBS. They were then incubated with 1:2000 secondary
Alexa Fluor antibodies (Alexa488, Alexa594, Thermo Fisher) in blocking buffer for 45‐60
minutes at 37 °C. After washing 3 times in PBS and with a final water rinse to remove
salts, coverslips were mounted onto glass slides in a drop of Vectashield with DAPI
(Vector Laboratories) mounting medium. Immunofluorescence images were captured
using a Zeiss 710 confocal laser scanning microscope in the UNMC Advanced
Microscopy Core Facility.
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Embelin treatment
Embelin was purchased from Sigma‐Aldrich (Cat # E1406) and resuspended in
dimethyl sulfoxide (DMSO). Staurosporine (Fisher Scientific, Cat # BP2541) was used at
1 μg/mL final concentration. Cells were treated with 0‐50 μM embelin for 2‐48 hours, as
indicated in the figure legends, and compared to DMSO‐treated cells (vehicle).
Recombinant human TRAIL was obtained from R&D Systems (Cat # 375‐TL‐010) and
used at a final concentration of 4‐8 ng/mL.
Cellular thermal shift assay
Mz‐ChA‐1 cells were grown to 80% confluence and lysed in PBS containing
Complete protease inhibitors (Roche) by three cycles of freeze‐thaw (liquid nitrogen), as
described [304]. Cell debris were pelleted by centrifugation (15,700 g for 20 minutes).
Lysates were divided into identical aliquots, which were incubated with either embelin
(50 μM) or an equal volume of DMSO for 30 minutes and were then heated for 3
minutes on a gradient thermal cycler. The lowest temperature was set to 46 °C and the
highest temperature was set to 70 °C. Heated samples were then cooled at room
temperature for 3 minutes and centrifuged at 15,700 g for 20 minutes to pellet denatured
protein aggregates. Supernatants were analyzed by SDS‐PAGE and immunoblotted for
XIAP.
Nuclear morphology apoptosis assay
Treated living cells were stained with the nuclear dye 4’6‐diamidino‐2‐
phenylindole (DAPI; Sigma, Cat # D9542) at a final concentration of 5 μg/mL for 20
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minutes at 37 °C prior to live cell imaging by epifluorescence (Leica DMI6000B). Cells
were counted as DAPI‐positive if the nucleus showed bright staining and as apoptotic if
there was characteristic nuclear fragmentation, blebbing, or pyknosis. Total cell number
was determined in the same field by phase contrast microscopy, and data are expressed
as the percent of DAPI‐positive nuclei out of the total.
DNA fragmentation assay
Mz‐ChA‐1 cells were treated with vehicle (DMSO), embelin (15 μM), or
staurosporine (1 μg/mL) for 4‐24 hours. Fragmented DNA was then isolated essentially
following the protocol of Shiraishi et al. [305] except that DNA was extracted by
phenol:chloroform:isoamyl alcohol prior to RNase A treatment. DNA was run on a 2%
agarose gel and visualized by ethidium bromide staining. The image was then digitally
inverted and brightness‐optimized without altering other aspects of the image.
Caspase 3/7 activity assay
Cells were seeded in a 96‐well plate in 200 μL medium. The following day, they
were treated or transfected for 24‐48 hours. Cell death was induced with treatment of 4‐
50 ng/mL TRAIL or 5 μg/mL staurosporine for 6 hours. Then, 170 μL medium was
removed and 30 μL caspase 3/7 reaction (1:100 Z‐DEVD‐R110 fluorogenic
substrate:Homogenous buffer; ApoONE, Promega) was added to each well. The plate
was covered with aluminum foil and mixed by gentle shaking for at least 30 seconds,
then allowed to incubate for 1‐16 hours. Fluorescence was measured at 535 nm on a
Tecan Infinite 200 Pro plate reader. The pan‐caspase inhibitor Z‐VAD‐fmk (Santa Cruz,
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Cat # sc‐3067) was resuspended in DMSO and used at a final working concentration of
50 μM.
MTT proliferation assay
Cell proliferation was assayed by reduction of 3‐(4,5‐dimethylthiazol‐2‐yl)‐2,5‐
diphenyltetrazolium bromide (MTT; Invitrogen, M6494). MTT was freshly dissolved
into PBS at a stock concentration of 12 mM and diluted into phenol red‐free DMEM with
10% FBS for a final MTT concentration of 2 mM. Reactions were carried out at 37 °C for
four hours and stopped by removing the medium. Reduced MTT was dissolved in 100
μL isopropanol and absorbance measured at 540 nm on a plate reader. All data are
corrected to the initial signal, set at 100%. Assays were repeated four times for each
condition.
Cell cycle analysis
Cells were stained with propidium iodide using the Telford method [306].
Approximately 2 million cells per treatment condition were fixed by adding 70% ethanol
and incubating at 4 °C for 15 minutes to 1 hour. The cells were pelleted and ethanol was
removed, followed by washing with PBS and again pelleted. Cell DNA was stained
using 1 mL of Telford reagent (16.81 mg EDTA, 13.4 mg RNase A (93 U/mg), 25 mg
propidium iodide, 500 μL Triton X‐100 in 500 mL PBS) added to cells and allowed to
incubate for at least 30 minutes at 4 °C. DNA content was analyzed by flow cytometry.
Cells were quantified as a percentage of those with 2N or 4N nuclear DNA content, and
cells with intermediate DNA content between 2N and 4N (S phase).
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Scratch assay
Cells were grown to confluence in a 6‐well plate and a linear wound was created
in the cell monolayer with a 200 μL pipet tip. Wells were rinsed once with medium
before replacing the medium. Phase contrast pictures at 5X magnification were taken for
a zero hour time point. Repeat pictures were taken 12 to 48 hours later. Picture location
was identified and kept constant either through demarcation with a fine‐tip marker or
capturing images at reproducible locations near the ends of the scratches. Fraction of
wound closure was calculated using ImageJ software and measuring the total two
demensional area unoccupied by cells at the same magnification.
Transwell assay
Twenty‐five thousand cells in 100 μL serum‐free medium were seeded into the
upper inserts of a Corning Costar 24‐well 8‐μm membrane pore size plate containing 600
μL regular medium with 10% FBS in the bottom of the wells. Cells were allowed to
migrate for 24 to 72 hours. To mount the membranes for quantification of migrated cells,
inserts were rinsed with PBS, then the upper side of the membrane was thoroughly
wiped with two cotton swabs to remove adhering cells that had not migrated. Cells were
fixed by dipping the insert 20 times in isopropanol followed by a water rinse. The
membrane was removed from the insert with a scalpel and mounted cells‐down on a
glass slide with a drop of ProLong Gold antifade reagent with DAPI (Thermo Fisher)
and covered with a cover slip. Cells were imaged by epifluorescence on a Leica
DMI6000B microscope.
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Stable transfection
Cells were transfected with a KLF2 expression plasmid containing a puromycin
resistance marker and a DsRed expression cassette (pBRPyCAG‐hKlf2‐DsRed‐Ip;
addgene, Cat # 26277) using Lipofectamine 3000 (Thermo Scientific). Clones were
selected by treatment with 2 μg/mL puromycin in normal medium that was replaced
every few days. Puromycin‐resistant cells were reseeded thinly in selection medium to
allow for isolated growth of colonies from individual cells. Colonies were screened for
positive DsRed fluorescence and transferred to new dishes. Positive clones were then
further screened for KLF2 expression by qRT‐PCR and immunoblot.

Orbital shear stress model
To induce shear stress over a cell monolayer, cells were seeded in barrier‐
separated peripheries (as below, in blue) of 10‐cm culture dishes and rotated on an
orbital shaker. To create each of these “racetracks,” a 6‐cm dish was fixed in the center of
a 10‐cm dish with a small volume of chloroform to fuse the plastic together (Figure 2.1).
The fused dishes were set aside to allow any remaining chloroform to dissipate before
cells were seeded.

64
Figure 2.1 Schematic of orbital shear stress model

Figure 2.1. Schematic of orbital shear stress model. Depicted is a scale image of the
experimental setup for orbital flow over cells in culture. Cells were seeded in the annulus
(pink) and arrows indicate the direction of flow induced by oscillation on an orbital shaker.
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Cells were seeded in 8 mL of medium in the peripheral annulus, and shear stress
was generated with rotation between 60‐120 rpm for 24 to 96 hours on a remote CO2‐
resistant orbital shaker (Thermo Scientific, Cat # 88881101) inside a cell incubator under
normal culture conditions. Shear stress was calculated using the formula
a

2 f

max

where a is the radius (4 cm, using the radius to the midpoint of the

peripheral cell track), η is the viscosity of the medium (0.0101 poise), ρ is the density of
the medium (1.007 g/mL), and f is the frequency of rotation (rotations/second) [307‐309].
By this equation, 60 rpm was equivalent to 6.4 dyne/cm2, 80 rpm was equivalent to 9.8
dyne/cm2, and 120 rpm was equivalent to 18 dyne/cm2, where 10 dyne/cm2 is equal to 1
pascal of force.

Statistical analysis
Data were analyzed by ANOVA with post hoc Bonferroni correction when
multiple comparisons were possible. When only two conditions were measured, 2‐
tailed, equal variance Student’s t‐test was employed. Comparisons between groups were
considered significantly different when the p‐value was less than or equal to 0.05. Where
applicable: * = p < 0.05, ** = p < 0.01, *** = p < 0.001.
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Abstract
Cholangiocarcinoma cells are dependent on anti‐apoptotic signaling for survival
and resistance to death stimuli. Recent mechanistic studies have revealed that increased
cellular expression of the E3 ubiquitin‐protein ligase X‐linked inhibitor of apoptosis
(XIAP) impairs TRAIL‐ and chemotherapy‐induced cytotoxicity, promoting survival of
cholangiocarcinoma cells. This study was undertaken to determine if pharmacologic
antagonism of XIAP protein was sufficient to sensitize cholangiocarcinoma cells to cell
death. We employed malignant cholangiocarcinoma cell lines and used embelin to
antagonize XIAP protein. Embelin treatment resulted in decreased XIAP protein levels
by 8 hours of treatment with maximal effect at 16 hours in KMCH and Mz‐ChA‐1 cells.
Assessment of nuclear morphology demonstrated a concentration‐dependent increase in
nuclear staining. Interestingly, embelin induced nuclear morphology changes as a single
agent, independent of the addition of TNF‐related apoptosis inducing ligand (TRAIL).
However, caspase activity assays revealed that increasing embelin concentrations
resulted in slight inhibition of caspase activity, not activation. In addition, the use of a
pan‐caspase inhibitor did not prevent nuclear morphology changes. Finally, embelin
treatment of cholangiocarcinoma cells did not induce DNA fragmentation or PARP
cleavage. Apoptosis does not appear to contribute to the effects of embelin on
cholangiocarcinoma cells. Instead, embelin caused inhibition of cell proliferation, and
cell cycle analysis indicated that embelin increased the number of cells in S and G2/M
phases. Our results demonstrate that embelin decreased proliferation in
cholangiocarcinoma cell lines. Embelin treatment resulted in decreased XIAP protein
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expression, but did not induce or enhance apoptosis. Thus, in cholangiocarcinoma cells
the mechanism of action of embelin may not be dependent on apoptosis.
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Introduction
Cholangiocarcinoma is a liver tumor with cellular features of bile duct epithelial
cells and is the second most common primary liver cancer. Biliary tract inflammation
predisposes to cholangiocarcinoma, although most patients do not have recognized
underlying liver disease at the time of diagnosis. Chemotherapy has been shown to
prolong survival, but only modestly [18], and five‐year survival remains less than 10%.
This may be due to decreased tumor cell death in response to chemotherapy. A number
of mechanisms contribute to apoptosis resistance, including overexpression of the
caspase‐inhibitory protein X‐linked inhibitor of apoptosis protein (XIAP).
XIAP is an E3 ubiquitin‐protein ligase that binds and inhibits caspases 3, 7, and 9
[310, 311]. XIAP is ubiquitously expressed at the mRNA level [312] and is induced in
cholangiocarcinoma cells by the inflammatory mediator IL‐6 [30]. XIAP protects
cholangiocarcinoma cells from apoptosis induced by chemotherapeutic drugs [30] and
by the death receptor ligand TNF‐related apoptosis‐inducing ligand (TRAIL) [313].
Treatment of cholangiocarcinoma cells with the small molecule triptolide resulted in
decreased XIAP protein levels and increased sensitivity to TRAIL [314]. Together, these
data suggest that targeting XIAP in cholangiocarcinoma cells increases sensitivity to
apoptosis. XIAP’s anti‐apoptotic effects are overcome upon mitochondrial membrane
permeabilization and release of SMAC/DIABLO [315], a protein that binds the BIR3
domain of XIAP [316, 317].
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The small molecule embelin has been found to inhibit XIAP, and computer
modeling as well as fluorescence polarization competition assays suggest it binds the
SMAC‐binding pocket of XIAP [318]. Treatment with embelin has been shown to
sensitize cells to apoptosis through TRAIL, chemotherapy, and targeted therapy plus
cFLIP knockdown. Further, embelin treatments decreased XIAP protein levels in
leukemia cells [319]. Based on these findings, embelin has been described as an XIAP
antagonist. However, alternate/additional mechanisms of embelin action have been
described, including inhibition of NF‐kB [320] and inhibition of Akt/mTOR/S6K1 [321].
In this study, we sought to assess the effects of embelin on XIAP protein levels,
apoptosis, and proliferation in cholangiocarcinoma cells. While embelin decreased
cellular XIAP protein levels, caspase activity was not increased. Proliferation was
inhibited by embelin and cells were arrested in S and G2/M phases. These observations
indicate that embelin reduced tumor cell survival and proliferation, but did not increase
apoptosis.
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Results
To assess the potential for antagonism of XIAP in cholangiocarcinoma cells, we
first determined XIAP expression at the protein level in several cell lines. XIAP protein
was expressed in all three cell lines with highest expression in Mz‐ChA‐1 cells and
HuCCT cells, and somewhat lower XIAP protein levels in KMCH cells (Figure 3.1A).
Upon treatment with embelin, cellular XIAP protein levels decreased with time in Mz‐
ChA‐1 and KMCH cells, while XIAP was essentially unchanged in HuCCT cells treated
with embelin for up to 32 hours (Figure 3.1B).
We sought evidence that embelin binds directly to XIAP protein in our cells by
employing the cellular thermal shift assay [304]. This assay is based on the observation
that ligand binding often stabilizes the cognate target protein [322‐325]. The cellular
thermal shift assay measures heat‐induced protein denaturation in the absence and
presence of the small molecule ligand. In this case, lysed Mz‐ChA‐1 cells were incubated
with vehicle or embelin and XIAP denaturation was measured by loss of solubility upon
heat treatment. We observed that XIAP protein in cell lysates became insoluble at about
60C. The denaturation temperature was not different in the presence or absence of
embelin (61.0 +/‐ 1.4 C versus 59.9 +/‐ 0.7 C, respectively; p = 0.49 by t‐test; Figure
3.1C).
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Figure 3.1. Embelin caused XIAP degradation in cholangiocarcinoma cell lines.
(A) Immunoblot of XIAP in untreated cholangiocarcinoma cell lines. Actin was included as a
loading control. Apparent molecular mass for each band is indicated to the right. (B) Cells
were treated with 15 μM embelin in DMSO or DMSO alone (Veh) for the indicated times.
Whole‐cell lysates were blotted for XIAP and actin. (C) For the cellular thermal shift assay,
Mz‐ChA‐1 cells were lysed by freeze‐thaw and then incubated with embelin (50 μM) or
DMSO (Vehicle) for 30 minutes and separated into 20 μL aliquots. Aliquots were heated to
the indicated temperatures and cooled to room temperature and soluble XIAP measured by
immunoblot. Band intensity was determined by densitometry of scanned films and data are
plotted compared to the signal intensity observed at 45°C (100%). Data are fitted using the
Boltzman function; the dashed line indicates the fit for vehicle‐treated samples, the solid line
for embelin‐treated samples. Blot is representative of four replicates used in the graph.
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Figure 3.1 Embelin caused XIAP degradation in cholangiocarcinoma cell lines

Figure 3.1
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Previous studies have found that siRNA‐mediated depletion of XIAP was
sufficient to sensitize cholangiocarcinoma cells to apoptosis. We tested cell treatment
with embelin or embelin plus TRAIL in KMCH (Figure 3.2A) and Mz‐ChA‐1 cells
(Figure 3.2B) by quantifying altered nuclear morphology after staining with the DNA‐
binding dye, 4’‐6‐diamidino‐2‐phenylindole (DAPI). The addition of embelin (1‐10 μM)
increased TRAIL‐induced DAPI‐positive nuclei in both cell types. Interestingly though,
in Mz‐ChA‐1 cells, embelin alone appeared to have as much effect as embelin plus
TRAIL (Figure 3.2B). Additional testing of the highly tumorigenic rat‐derived BDEneu
cell line also showed increased numbers of DAPI‐positive nuclei after embelin treatment
(Figure 3.2C). This suggested embelin may have single‐agent activity in
cholangiocarcinoma cells. Single‐agent activity was somewhat unexpected and (in
conjunction with the caspase data, see below) prompted us to closely examine the
nuclear staining. Untreated live Mz‐ChA‐1 cells stained with DAPI showed very low
nuclear fluorescence (unstained nuclei outlined), while a sporadic apoptotic nucleus
showed bright staining and obvious fragmentation (Figure 3.2D). Close examination of
nuclei in embelin‐treated cells revealed DAPI‐positive staining with local regions of
bright signal; however, nuclei did not appear fragmented or condensed, and were not
consistent with apoptotic nuclei (Figure 3.2E).
Because apoptosis is a process, assessment at a single time point may not
accurately capture the apoptotic signal. We have performed a time course of DNA
laddering upon embelin treatment (4, 8, 16, and 24 hours) compared to the positive
control staurosporine over the same time. The results demonstrate minimal DNA
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laddering in vehicle (DMSO)‐treated cells at 24 hours (Veh) that was similar to the
laddering seen in embelin‐treated cells at 24 hours. In contrast, the kinase inhibitor
staurosporine was included as a positive control and showed rapid formation of a DNA
ladder with ~180 bp spacing, consistent with apoptotic internucleosomal fragmentation
(Figure 3.2F). The results of this experiment support the previous conclusions based on
DAPI staining and add additional evidence that the nuclear morphology changes we
initially observed were unlikely to reflect apoptosis.
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Figure 3.2. Embelin induced an altered nuclear morphology in cholangiocarcinoma cell
lines. (A) KMCH cells were treated for 24 hours with TRAIL at the indicated concentrations
with or without embelin (1 and 10 μM). Cells were then stained with DAPI and bright nuclei
were counted as a percentage of total nuclei. Data from one experiment are plotted as percent
DAPI‐positive nuclei on the vertical axis. (B) Mz‐ChA‐1 cells were treated with TRAIL (4
ng/mL) or medium for 24 hours with 5 or 10 μM embelin, and DAPI‐positive nuclei counted
as a percent of total cells. Data are mean of 3 experiments +/− standard error of the mean.
n.s. = not significantly different. * p<0.05, ** p<0.01 by ANOVA with Bonferroni compared to
medium alone. (C) Rat BDEneu cholangiocarcinoma cells were treated with DMSO (Vehicle;
open bar) or embelin (50 μM, filled bar) for 48 hours, followed by DAPI staining. Data are
mean of 3 experiments +/− SEM. *** p<0.001 compared to vehicle, Student’s t‐test. (D) Vehicle‐
treated Mz‐ChA‐1 cells were stained with DAPI and imaged by epifluorescence without
fixation. Healthy nuclei (indicated by outlines) did not stain with DAPI, while a sporadic
apoptotic nucleus (arrow) was brightly stained. Bar = 10 μm. (E) DAPI‐positive nuclei of Mz‐
ChA‐1 cells treated with embelin (15 μM for 24 hours) did not show characteristic apoptotic
fragmentation or pyknosis. (F) Mz‐ChA‐1 cells were treated with DMSO (Veh), embelin (15
μM), or staurosporine followed by analysis of DNA fragmentation on a 2% gel. Vehicle
treatment was for 24 hours. Embelin and staurosporine treatments were for 4, 8, 16, and 24
hours. M = 100 bp DNA marker. The gel was stained with ethidium and photographed and the
image was inverted to show DNA as a dark signal on a light background. Images in Panel D,
E, and F were adjusted for brightness and contrast to ensure that features were visible and the
entire image was treated equally.
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Figure 3.2 Embelin induced an altered nuclear morphology in cholangiocarcinoma cell lines

Figure 3.2
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Based on the known function of XIAP in inhibiting caspase activity, it was
anticipated that embelin treatment would increase caspase activation and can increase
the levels of cleaved poly (ADP‐ribose) polymerase (PARP), a marker of caspase‐
induced apoptosis. Surprisingly, treatment of Mz‐ChA‐1 cells with embelin did not
result in increased caspase 3/7‐like hydrolase activity, but instead caused decreased
caspase activation at 30 μM (Figure 3.3A). This observation was repeated in BDEneu
cells, which also showed inhibition rather than activation of caspase 3/7 (Figure 3.3B).
Caspase activity was then assessed at an earlier time point, 4 hours, in case caspase
activation was an early rather than late event. Embelin treatment did not increase
caspase activity at 4 hours, while the positive control staurosporine caused robust
caspase activity in Mz‐ChA‐1 and KMCH cells (Figure 3.3C). Staurosporine did not
increase caspase activity to a significant degree in HuCCT cells, possibly indicating
resistance or slower apoptosis kinetics in HuCCT cells. To determine if embelin‐induced
nuclear DAPI staining was caspase‐dependent, we treated BDEneu cells with vehicle,
embelin, or embelin plus the pan‐caspase inhibitor Z‐VAD‐fmk and quantified DAPI‐
positive nuclei. Embelin treatment resulted in nuclear changes in the presence or
absence of Z‐VAD‐fmk (Figure 3.3D), consistent with morphology changes that were
not caspase‐dependent. Control experiments using the same Z‐VAD‐fmk concentration
confirmed that the inhibitor blocked caspase activity (data not shown). Next, we tested
whether embelin treatment affected total PARP protein levels or PARP cleavage in Mz‐
ChA‐1 cells. Clearly, there was no change in the levels of PARP or cleaved PARP with
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embelin treatment (Figure 3.3E). Together, these results suggest that embelin treatment
did not alter caspase activity.
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Figure 3.3 Embelin partially inhibited caspase activation and did not induce caspase‐dependent cell death
in cholangiocarcinoma cells

Figure 3.3

Figure 3.3. Embelin partially inhibited caspase activation and did not induce caspase‐
dependent cell death in cholangiocarcinoma cells. (A) Mz‐ChA‐1 cells were treated with
embelin for 24 hours and caspase 3/7 activity measured biochemically. Untreated cells were
used for comparison and caspase activity in untreated cells was normalized at 1.0. (B)
BDEneu cells were treated with embelin (48 hours) and caspase 3/7 activity measured. (C)
Apoptosis was measured after 4 hours treatment with vehicle, embelin (15 μM) or
staurosporine (1 μg/mL) in Mz‐ChA‐1, KMCH, and HuCCT cells to test for early caspase 3/7
activation. (D) BDEneu cells treated with 50 μM embelin for 48 hours were assayed for DAPI‐
positive nuclei with and without co‐treatment with caspase inhibitor Z‐VAD‐fmk (50 μM).
DAPI‐positive nuclei are presented as percent of total cells, n = 3, mean +/− SEM. The % DAPI‐
positive nuclei between embelin and embelin + Z‐VAD‐fmk was not significantly different.
Panels A, B, C & D are a mean of 3 or 4 experiments +/− SEM; ** p<0.01, *** p<0.001 vs vehicle,
n.s.=not significantly different, ANOVA with Bonferroni correction. (E) Mz‐ChA‐1 cells were
treated with embelin (5–15 μM) in DMSO or DMSO alone (Veh) for 24 hours. Whole‐cell
lysates were blotted for PARP. Actin was included as a loading control. Apparent molecular
mass for each protein is indicated to the right.
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Embelin has been shown to inhibit cell proliferation in cancer cells [326‐328]. We
tested the effect of embelin on Mz‐ChA‐1 cell growth, using the MTT assay. Growth was
significantly reduced, initially apparent as no increase in cell number at 24 or 48 hours,
followed by a significant reduction in the number of viable cells at 72 hours in the
presence of 15 μM embelin (Figure 3.4A). Growth inhibition was also apparent in
KMCH cells at 24‐72 hours, though to a smaller extent than in Mz‐ChA‐1 cells. HuCCT
cells were found to be resistant to the growth‐inhibitory effects of embelin, similar to the
lack of effect of embelin on XIAP protein content in these cells (see Figure 3.1B). To
further analyze the effect of embelin on proliferation, investigation of cell cycle
progression was performed using propidium iodide staining followed by flow
cytometry. Mz‐ChA‐1 cells were chosen based on their response to embelin treatment in
growth assays. In vehicle‐treated cells (DMSO), 76% of cells were in the G0/G1 phase
(2N), with the remaining cells divided between S phase and G2/M (4N). Treatment with
15 μM embelin caused cell cycle arrest and an increase in the percentage of cells in G2/M
as well as an increase in the percentage of cells in S phase. Correspondingly, a decrease
in the number of cells in G0/G1 was observed (Figures 3.4B & C).
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Figure 3.4 Inhibition of proliferation and cell cycle arrest by embelin

Figure 3.4. Inhibition of proliferation and cell cycle arrest by embelin. (A) Cell proliferation
was measured by MTT and cell number measured by absorbance at 540 nm (Abs 540 nm).
Signal represents the mean (n = 4) +/− standard error of the mean, normalized to the starting
value (day 0, set at 100%). Cells treated with embelin (15 μM) are plotted with a solid line and
filled symbols and vehicle‐treated cells are plotted with a dashed line and open symbols. **
p<0.01 and *** p<0.001 versus vehicle at the same time point, ANOVA with Bonferroni
correction. Values for HuCCT were not significantly different at any time point. (B) Cell cycle
analysis of Mz‐ChA‐1 cells was performed by propidium iodide staining followed by flow
cytometry. A histogram of propidium iodide‐stained cells is shown for DMSO‐treated and
embelin‐treated cells (15 μM, 24 hours). (C) Quantitation of the percentage of cells with 2N or
4N nuclear DNA content, and cells that are in S phase (DNA content intermediate between
2N and 4N). Representative experiment of 3 independent treatments.
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Discussion
The results of this study relate to effects on proliferation of cholangiocarcinoma
cells upon embelin treatment. Our results demonstrated that embelin decreased cellular
XIAP protein levels, caused a caspase‐independent change in nuclear morphology,
decreased proliferation, and slowed progression through the cell cycle. Each of these
findings will be discussed below.
Embelin has been described to have numerous activities, including antifertility
[329] and analgesia [330] functions. Recently, embelin has received attention as an
antitumor agent that promotes apoptosis [318, 320, 331, 332] and decreases proliferation
[319, 327, 333, 334]. In a computational screen for structures that bind XIAP, embelin was
selected for further characterization. Embelin could compete with SMAC for XIAP
binding and, in prostate tumor cells (PC3), caused loss of cell growth, increased
apoptosis (defined as annexin V‐positive, propidium iodide‐positive cells), and an
increased percentage of cells with activated caspase 9 [318]. In a pancreatic cancer cell
line, combined treatment with an antisense oligonucleotide to cFLIP, embelin, and
TRAIL decreased cell viability compared to cFLIP antisense and TRAIL alone in a
tetrazolium‐based assay [331]. Because XIAP has a strong effect in cholangiocarcinoma
cell lines to protect against cell death, we tested the effect of embelin on XIAP protein
levels in human cholangiocarcinoma cell lines and found that embelin caused a
reduction in XIAP in Mz‐ChA‐1 and KMCH cells.
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The differential effect of embelin treatment on XIAP protein levels depending on
the cell line tested is consistent with literature reports. Embelin treatment of the
leukemia cell line HL 60 caused a reduction in XIAP protein levels and increased
cleavage of caspase 3 and caspase 9 [319]. However, in glioma cell lines, embelin did not
significantly alter XIAP protein levels [332]. In a breast cancer cell line overexpressing
ErbB2, embelin alone decreased the viability of cells (tetrazolium), although siRNA to
XIAP did not. Combined treatment with trastuzumab (an antagonistic ErbB2 antibody)
and embelin had no effect while siRNA to XIAP plus trastuzumab increased apoptosis,
suggesting that embelin does not simply mimic loss of XIAP [335]. Embelin treatment of
PC3 prostate cancer cells did not decrease XIAP protein levels, and did not increase
caspase 9 activation (alone or combined with ionizing radiation), although there was an
increase in annexin V and propidium iodide double‐positive cells [327]. Thus, the effect
of embelin on XIAP protein depends on the context. Similarly, the effect on cell viability
of embelin alone or in combination treatments varies.
We next sought evidence of a direct interaction of embelin with XIAP in our cells.
We utilized the recently described cellular thermal shift assay [304] to assess the stability
of XIAP in the presence or absence of embelin. In our experiments, however, embelin
did not reproducibly alter the stability of XIAP. Thus, we were unable to confirm direct
binding. This can be interpreted either as a lack of direct binding, or that binding does
not significantly stabilize XIAP structurally. In previous heteronuclear single quantum
coherence spectroscopy experiments, embelin was found to alter the spectrum of the
XIAP BIR3 domain, suggesting a physical interaction [318]. The lack of stabilization in
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the complex cell lysate (this study) does not rule out a direct interaction, and similarly,
observation of a direct binding interaction in a single‐component system does not
answer the question of binding in the cellular environment.
Based on the role of XIAP in preventing cholangiocarcinoma cell apoptosis, we
hypothesized that embelin would increase cell death in combination with TRAIL. Initial
experiments indeed showed that an increased percentage of cells had altered nuclear
morphology upon embelin treatment, measured by the DNA dye DAPI. However,
careful analysis confirmed that the altered morphology did not reflect increased
apoptotic nuclei. Binding of DAPI to DNA is known to result in increased fluorescent
signal over soluble unbound DAPI [336]. Altered nuclear morphology is a hallmark of
apoptosis, and can be easily visualized by DAPI staining as increased fragmentation,
compaction of the nuclear signal, and increased staining intensity. Indeed, an advantage
of using DAPI as a DNA stain in apoptosis measurement is the observation that many
viable cells exclude the dye but dying cells take up DAPI and fluoresce brightly, thus
providing a strong signal with low background staining of viable nuclei. Notably, some
living cells take up DAPI, possibly through the transporters organic cation transporter‐1
(OCT1) [337] and multidrug and toxin extrusion proteins (MATE1 and MATE2) [338],
and most cells will gradually accumulate DAPI over time. Thus, a brightly stained
nucleus is not definitive evidence of apoptosis. Additional morphological features can
be used then to distinguish brightly stained living cells from brightly stained apoptotic
cells, including fragmentation and condensation of the nucleus. Altered nuclear
morphology is also observed during different phases of the mitotic or meiotic cell cycle
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(e.g., see [339] and [340]) and with different chromatin state (heterochromatin versus
euchromatin). Thus, an alternate measure of apoptosis is important, such as DNA
fragmentation, biochemical assessment of caspase activity, and immunoblot analysis of
cleaved PARP levels. Importantly, in our cells, embelin treatment did not induce DNA
fragmentation and caused inhibition, not activation of caspases, and did not increase the
levels of cleaved PARP. Further, inhibition of caspase activity did not alter embelin‐
induced nuclear staining. Thus, we interpret the altered nuclear morphology to reflect
nuclear changes unrelated to apoptosis, possibly due to altered cell cycle or increased
cellular DAPI uptake.
Despite decreasing XIAP, embelin treatment did not increase cell death. It is
possible that XIAP levels were not sufficiently decreased to allow for disinhibition of
apoptosis. Alternatively, embelin may have pleiotropic effects on cell death that mask
sensitization. Moreover, XIAP may not play a dominant role in apoptosis protection in
these cholangiocarcinoma cell lines. This latter explanation seems less likely based on
our previous experiments showing that siRNA against XIAP caused increased apoptosis
and increased caspase activity in KMCH cholangiocarcinoma cells [313].
Cholangiocarcinoma cell lines exhibited growth inhibition upon treatment with
embelin. In Mz‐ChA‐1 and KMCH cells, this was manifested initially as growth arrest at
24 hours. Mz‐ChA‐1 cells failed to proliferate after this arrest and eventually viability
was lost. In KMCH, after the initial 24 hours, the rate of proliferation remained lower
than vehicle‐treated cells but was not completely halted. HuCCT cells appeared to be
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resistant to embelin‐induced growth arrest. This pattern of strong inhibition in Mz‐ChA‐
1, intermediate inhibition in KMCH, and no effect in HuCCT cells parallels the data on
XIAP protein levels. Cell cycle analysis of Mz‐ChA‐1 cells confirmed an effect of embelin
on cell cycle progression, and revealed more cells in S and G2/M phases. This effect is
similar to the growth inhibition in PC3 cells where embelin caused a reduction in cells in
G0/G1 and increased numbers in S phase and G2/M phase [327]. An increase in the
number of cells in the later stages of the cell cycle can be consistent with either increased
proliferation, or decreased proliferation due to a late‐stage block or slowing in the cell
cycle. For instance, cells treated with topoisomerase inhibitor have decreased
proliferation and an increased percentage of cells are in both S phase and G2/M (e.g.,
[341]), consistent with activation of a late checkpoint.
In conclusion, our results demonstrated sensitivity of cholangiocarcinoma cells to
treatment with embelin, which resulted in inhibition of cell cycle progression and
slowed proliferation. We did not observe increased spontaneous or TRAIL‐induced
apoptosis in embelin‐treated cells, despite reduced XIAP protein levels. In this regard,
embelin did cause an alteration in nuclear staining that was initially taken by us to
reflect apoptosis. Additional studies on caspase activation as well as cell‐by‐cell analysis
of staining instead revealed altered staining but no increase in characteristic apoptotic
nuclear features. Embelin may cause altered cellular uptake of DAPI, as untreated
healthy cells did not take up this DNA‐binding dye. In addition, the effect of embelin to
delay cell cycle progression may have resulted in a higher percentage of nuclei in
various stages of mitosis manifesting altered nuclear morphology. The late loss of cells
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that was observed in tetrazolium‐based proliferation assays (e.g., Figure 3.4A, at 72
hours) may reflect mitotic collapse, apoptosis, or necrosis. Taken together, our data
suggest that embelin may have a growth inhibitory effect in cholangiocarcinoma, but to
promote tumor cell apoptosis additional treatments are required.
Embelin inhibits in vitro cell proliferation of cholangiocarcinoma cells and slows
cell cycle progression but does not have an effect on apoptosis despite its ability to
reduce XIAP protein levels. These modest results of growth inhibition but lack of cell
death induction make embelin a less attractive candidate for pursuit as a therapeutic
agent in vivo. This led us to investigate other targets for the potential treatment of
cholangiocarcinoma, namely, the oncogenic microRNA 106b. Extensive studies of miR‐
106b in cholangiocarcinoma cells and tumors were performed and will be discussed in
the next chapter.
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Abstract
MicroRNA dysregulation is a common feature of cancer and, due to the
promiscuity of microRNA binding, this can result in a wide array of genes whose
expression is altered. MiR‐106b is an oncomiR overexpressed in cholangiocarcinoma,
and its upregulation in this and other cancers often leads to repression of anti‐
tumorigenic targets. The goal of this study was to identify the miR‐106b‐regulated gene
landscape in cholangiocarcinoma cells using a genome‐wide, unbiased mRNA analysis.
Through RNA‐Seq, we found 112 mRNAs significantly repressed by miR‐106b. The
majority of these genes contain the specific miR‐106b seed‐binding site. We have
validated 11 genes from this set at the mRNA level and demonstrated regulation by
miR‐106b of 7 proteins. Combined analysis of our miR‐106b‐regulated mRNA data set
and published reports indicate that miR‐106b binding is anchored by G:C pairing in and
near the seed. Novel targets Krüppel‐like factor 2 (KLF2) and KLF6 were verified both at
the mRNA level and at the protein level. Further investigation showed regulation of
four other KLF family members by miR‐106b. We have discovered coordinated
repression by miR‐106b of multiple members of the KLF family that may play a role in
cholangiocarcinoma tumor biology.
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Introduction
MiR‐106b has been established as an oncogenic microRNA with increased
expression in many cancers, including cholangiocarcinoma [68‐72], and prostate [62],
gastric [64], and hepatocellular carcinoma [65]. Some functions of miR‐106b include
increased proliferation by miR‐106b‐mediated reduction of the transcription factor E2F1
[342] and the tumor suppressor RB1 [73]. Additionally, miR‐106b increased migration
through targeting of the phosphatase PTEN [343], and reduced apoptosis by regulating
the BH3‐containing protein Bim [58].

MicroRNAs function to dampen the expression of their targets [344‐346]. This is
accomplished both through reduction in mRNA transcript level as well as by repression
of translation. While both mechanisms contribute to reduced target protein expression,
the effect of mRNA reduction may dominate [41], in part, because each message is used
as a transcript for synthesis of many protein molecules; still, the magnitude of change in
mRNA expression is low. A focused description of the binding characteristics and
targets of individual microRNAs is feasible and desirable.

Targeting of mRNAs by microRNA is a sequence‐driven process. The seed
region is a 7‐8 nucleotide sequence at its 5’ end, which is essential for recognition of its
specific mRNA binding partners. The complementary seed‐binding site is more or less
conserved among targets, allowing for broad transcript‐expression dampening effects
from a single microRNA. Seed‐binding sites are highly enriched in the 3’ untranslated
region (UTR) of transcripts [347]. There is also evidence that supports non‐canonical,
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non‐seed mRNA target interactions between microRNAs and their targets [348, 349].
The traditional seed for miR‐106b is located at nucleotides 1‐8 on its 5’ end,
corresponding to the microRNA sequence 5’UAAAGUGC.

In this study, we sought to define the genome‐wide target set of miR‐106b and
found that miR‐106b binding relied on sequences between bases 2‐10, tolerating a G:U
wobble in the seed region. We found 112 transcripts that were regulated at the mRNA
level in cholangiocarcinoma cells. Finally, we demonstrated that members of the KLF
family of transcription factors are coordinately repressed by miR‐106b. Comparison of
our data in cholangiocarcinoma cells with data in Flp‐In T‐REx 293 human embryonic
kidney‐derived cells [349] revealed that the microRNA‐responsive gene set is largely cell
type‐specific.
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Results
RNA‐Seq to determine miR‐106b targets
To determine miR‐106b targets, we experimentally manipulated miR‐106b levels
in human Mz‐ChA‐1 cholangiocarcinoma cells (Figure 4.1A). Total RNA from each
condition, miR‐106b and LNA‐106b, was sequenced. Messages with decreased counts in
miR‐106b‐transfected samples compared to LNA‐106b‐transfected samples were defined
as repressed by miR‐106b, while mRNAs that had increased counts were defined to be
increased by miR‐106b. More genes were repressed by miR‐106b than increased, with
112 mRNAs repressed and 17 increased (Figure 4.1B). Based on the RefSeq sequences,
we searched the two data sets—genes with decreased expression and those with
increased expression—for the miR‐106b seed‐binding site. Specifically, we sought
perfect 8‐mer binding sites and either 7‐mer with a match at position 8 (m8) or 7‐mer
with an A opposite position 1 (A1). The seed sequence of miR‐106b is 5’UAAAGUGC
and the corresponding 8‐mer binding site is 5’GCACUUUA. Of the 112 mRNAs with
decreased expression, 81 had either an 8‐mer or a 7‐mer binding site (72.3%), and 31 had
at least one perfect 8‐mer binding site (27.7%; Figure 4.1C). Conversely, of the 17
mRNAs with increased expression in cells transfected with miR‐106b, only one mRNA
contained a 7‐mer binding sequence (5.9%) and none had a perfect 8‐mer site (Figure
4.1C). The enrichment of seed‐binding sites suggested that our technique was effective
in detecting miR‐106b targets.

94
SylArray analysis
The entire gene set was analyzed by SylArray [300] to detect enrichment of
microRNA binding sites. We confirmed the enrichment of the miR‐106b 7‐mer m8 seed‐
binding site, 5’GCACTTT (red line) in the sequences that were significantly altered by
miR‐106b (genes were ranked by significance with most significant to the left on the plot;
Figure 4.1D). Notably, this analysis also revealed enrichment of a 7‐nucleotide sequence
complementary to nucleotides 3‐9 of miR‐106b (5’AGCACTT, blue line).
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Figure 4.1 miR‐106b targets in cholangiocarcinoma cells predominantly contain a seed‐binding site

Figure 4.1. miR‐106b targets in cholangiocarcinoma cells predominantly contain a seed‐
binding site. (A) miR‐106b RNA levels were measured by qRT‐PCR after transfection of Mz‐
ChA‐1 cells with control LNA (Control), antagonist to miR‐106b (LNA‐106b), or miR‐106b.
Expression was normalized to Z30 and plotted as relative level. The dashed horizontal line
indicates the mean of miR‐106b in Control cells. Data are mean +/‐ SEM for three samples
each. ***p < 0.001 using ANOVA with post hoc correction. (B) Following RNA‐Seq of the LNA‐
106b and miR‐106b samples from panel A, significantly altered transcripts were categorized
as increased (13.2%) or decreased (86.8%) by miR‐106b. (C) A majority of decreased
transcripts contained one or more miR‐106b seed‐binding sites (7‐mer or 8‐mer) while only
one increased transcript contained a 7‐mer binding site. None of the increased transcripts
contained an 8‐mer binding site (#). (D) All transcripts identified by RNA‐Seq were sorted by
statistical significance of differential expression between miR‐106b and LNA‐106b. This sorted
list (plotted on the horizontal axis) was analyzed by SylArray to identify microRNA binding
sites that are over‐represented, shown by colored traces. Over‐representation of seed‐binding
sites is indicated on the vertical axis above zero, plotted on a log scale. Underrepresented
sequences are plotted below zero.
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Sequence determinants of miR‐106b targeting
Using previously published data [349], we determined that 76.2% of miR‐106b
target interactions employed 7 or more consecutive miR‐106b bases in the microRNA‐
mRNA binding hybrid. Because a high proportion of interactions contained at least 7
consecutive bases, we determined which of the miR‐106b 7‐ or 8‐mer binding sites were
favored in our target gene set. We searched the 112 significant mRNA sequences for all
65,536 possible 8‐mer sequences and plotted the frequency of occurrence of each 8‐mer
(count) versus the number of 8‐mers in each bin (Figure 4.2A). Approximately 50% of all
possible 8‐mers were observed with a frequency of between 1 and 10 occurrences, while
5,020 8‐mers were not observed at all (count = 0). Notably, the perfect 8‐mer binding site
5’GCACTTTA was present 63 times and the overlapping 8‐mer (2‐9) was present 81
times. The two most over‐represented 8‐mers were 5’AAAAAAAA (1,987 times) and
5’TTTTTTTT (830 times). The analogous k‐mer data set was developed for all possible 7‐
mer sequences (16,384 possible 7‐mers) within the significant gene set (Figure 4.2B).
Again the most common sequences were 5’AAAAAAA and 5’TTTTTTT. Forty‐nine 7‐
mers were absent in the data set. The sequence complementary to bases 1‐7 of miR‐106b
was observed 121 times, the 2‐8 sequence was observed 170 times, and the 3‐9 sequence
was observed 147 times.

Each of the possible miR‐106b‐complementary 8‐mers were tiled from 5’ to 3’
(i.e., 1‐8, 2‐9, 3‐10, etc.). The 8‐mer opposite bases 2‐9 was somewhat more frequent that
the 1‐8 complement (Figure 4.2C). A similar plot of the frequency of all complementary
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7‐mers tiled from 5’ to 3’ showed that over‐represented sequences again favored the 5’
end of miR‐106b, especially the classical seed (Figure 4.2D). We used an unrelated,
control microRNA let‐7a; the same plot of tiled 8‐ and 7‐mer sequences showed that
none of these sequences were found in the top 10 percentile (Figures 4.2C & D).

To determine the tolerance for single‐base differences within the seed sequence,
we started from a perfect 1‐8 sequence and systematically searched for one‐off variants.
For example, the 1‐8 binding site 5’GCACTTTA was observed 63 times while the
sequence 5’ACACTTTA occurred 26 times, thus, in the plot in Figure 4.2E, G is in the 8th
position at a count of 63, while A is at 26. The sequence 5’GCATTTTA contains a single
base difference opposite position 5 of miR‐106b and was observed 40 times (96th
percentile). Compare this result to the sequence 5’GCAGTTTA which was observed only
13 times (66th percentile). We plotted the counts for each of these one‐off sequences as a
function of the position in the miR‐106b binding site (Figure 4.2E). The most tolerance
was observed opposite position 1 of miR‐106b. The next most tolerated substitution was
a T at position 5, which would result in a G:U wobble base instead of a G:C pair.

The raw count for each sequence may not indicate over‐representation, but
rather may indicate frequently encountered 8‐mers (e.g., 5’AAAAAAAA within the
poly‐A tail). Thus, we sought to determine the statistical significance of a number of
sequences commonly observed in our set of 129 significant genes. This set contained 191
sequences due to some genes having multiple forms. To correct for natural frequency
variation, we generated 1,000 additional sets of mRNAs each containing 191 random
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transcript sequences and compared the frequency of the miR‐106b binding sequence and
related sequences. The 8‐mer sequence 5’GCACTTTA was over‐represented in our gene
set and this finding was highly statistically significant (p = 0). Similarly, each of the 7‐
mer sequences was statistically different in our set (p = 0). The two C’s within the miR‐
106b binding sequence were reassigned as T’s to search for seed‐binding sites including
a G:U wobble, C5 and C7. The wobble at the 5th position, 5’GCATTTTA, was highly
significant, as was the double wobble, 5’GTATTTTA. Tolerance for a G:U wobble at
position 7 only, 5’GTACTTTA, was not as highly significant (p = 0.022, Figure 4.2F).

RNA hybrid analysis
Although the perfect complement is likely preferred, our data indicated that
related sequences were also commonly overrepresented. We sought to identify the
characteristics of the most thermodynamically stable miR‐106b binding site in our
significantly repressed genes. We used RNAhybrid to determine the microRNA:mRNA
pairing with the lowest free energy for each repressed target. Next, these predicted miR‐
106b binding sites were analyzed using MEME Suite to identify the most common motif.
The resulting sequence motif includes 6 nucleotides that align with the predicted miR‐
106b binding site from bases 5‐10 (Figure 4.2G; upper). This sequence does not include
the triplet U at positions 2‐4, possibly because A:T pairs have less favorable free energy
than G:C pairs and the query set was limited by the lowest free energy binding site from
RNAhybrid.
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Comparison to CLASH data
Supplemental data from a previous study [349] included 143 target mRNAs
physically bound by miR‐106b, including the sequence at the region of interaction. To
validate the miR‐106b binding characteristics we have described, we searched for
sequence motifs in this published CLASH (crosslinking ligation and sequencing of
hybrids) data set using MEME Suite. Within the 143 sequences, 138 contained a
sequence highly related to 5’CTGTCAGCACTTTC. This is the complement of the 5’ end
of miR‐106b from bases 2‐14 (with ‘C’ opposite the first position of miR‐106b slightly
favored over the expected ‘A’). The most frequently observed region of this meme is
5’CAGCA, complementary to miR‐106b bases 6‐10 (Figure 4.2G; lower). Comparing the
two motifs, the sequence from bases 6‐10 is most important with some contribution from
flanking bases and tolerance for substitution opposite position 5 (allowing a G:U
wobble). The two data sets are mostly in agreement and indicate that binding of miR‐
106b is anchored by G:C pairing in and near the seed.
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Figure 4.2. Preferential miR‐106b target binding via the 5′ end of the microRNA.
(A) Histogram of the distibution of 8‐mers found in miR‐106b‐regulated sequences. The
horizontal axis depicts the frequency each 8‐mer was observed and the vertical axis represents
the number of 8‐mers at each count. The bins containing the miR‐106b 1–8 and 2–9 perfect
binding sequences are indicated. (B) Data are as in panel A except that 7‐mers were analyzed.
Bins containing the miR‐106b 1–7, 2–8, and 3–9 perfect binding sequences are indicated. (C)
The count of each possible 8‐mer binding site in the miR‐106b‐regulated sequences is
indicated (left). Sequences are ordered as they occur along miR‐106b. The horizontal dashed
line represents the count corresponding to the 90th percentile of all 8‐mers (i. e., only the top
10 percent occur more frequently). The same plot except using 8‐mers derived from let‐7a is
displayed on the right. (D) Counts in the miR‐106b‐regulated sequences of each possible 7‐
mer along miR‐106b (left) are indicated. The horizontal dashed line represents the count
corresponding to the 90th percentile of all 7‐mers. The same plot except using 7‐mers derived
from let‐7a is displayed on the right. (E) Single‐base substitutions within the 8‐base miR‐106b
binding site were queried for their frequency, compared to the perfect 8‐mer (observed 63
times) and plotted as the nucleotide frequency (count) at each position when the other 7
positions were a perfect miR‐106b match. For example, the single substitution of a ‘U’
opposite position 5 (forming a G:U wobble) was observed 40 times while the favored ‘C’
(forming a G:C pair) was found 63 times. (F) k‐mer analysis of the count of miR‐106b binding
sites in the miR‐106b‐regulated gene set compared to 1,000 randomly chosen similarly‐sized
gene sets. (G) The binding motif for miR‐106b is shown over the sequence of the microRNA
(antiparallel). Taller letters indicate greater representation of that nucleotide in determining
the motif. The upper motif was generated using RNA‐Seq data and hybrid prediction from
the current study. The analysis was performed separately on CLASH data from Helwak et al.,
2013 [349], shown in the lower motif.
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Figure 4.2 Preferential miR‐106b target binding via the 5′ end of the microRNA
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Genome‐wide target identification
Next, the identified transcripts in our RNA‐Seq data set were plotted by change
in expression versus statistical significance (volcano plot). The relative expression
changes between miR‐106b and LNA‐106b samples were plotted on the horizontal axis
as log2 of the fold‐change, against the statistical significance plotted as ‐log of the p
value on the vertical axis (Figure 4.3A). Targets were considered significant if the ‐log p
value was above 3.35 (e.g., p < 4.2 x 10‐4) and this significance cutoff is indicated by the
horizontal dashed line. Transcripts with decreased expression by miR‐106b are to the left
of zero, increased expression to the right. Expression change suppressed significant
genes ranged between ‐1.16‐ to ‐2.22‐fold reduced expression and +1.15‐ to +1.47‐fold
increased expression. Selected targets are indicated (for a complete list of the significant
targets, see Table 4.1). Known target genes RB1 and IL‐8 were significantly repressed
[73, 350]. Among the novel targets identified in our genome‐wide analysis were
members of the Krüppel‐like factor family, KLF2 and KLF6. These targets were
significantly repressed by miR‐106b with a p value of 1.72*10‐7 and 2.85*10‐4,
respectively.
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Table 4.1 List of genes with differential expression by miR‐106b modulation

Table 4.1: Gene Name, Downregulated
tubulin, alpha 1a (TUBA1A), transcript variants 2, 3, and 1
pleckstrin and Sec7 domain containing 3 (PSD3), transcript
variants 1 and 2
Kruppel‐like factor 2 (lung) (KLF2)

Fold
Change
0.45

log2(fold
change)
‐1.16

p value
0.0E+00

q value
0.0E+00

0.64

‐0.65

1.5E‐05

5.9E‐03

1.7E‐07

1.7E‐04

0.65

‐0.63

centromere protein Q (CENPQ)

0.66

‐0.60

4.9E‐05

1.3E‐02

interleukin 8 (IL8)

0.67

‐0.58

0.0E+00

0.0E+00

cyclin E2 (CCNE2)

0.69

‐0.53

1.3E‐04

2.2E‐02

abhydrolase domain containing 13 (ABHD13)

0.69

‐0.53

1.6E‐07

1.6E‐04

0.70

‐0.52

1.5E‐11

4.3E‐08

0.71

‐0.50

0.0E+00

0.0E+00

0.71

‐0.50

2.1E‐04

3.0E‐02

0.71

‐0.50

2.0E‐05

7.1E‐03

FBJ murine osteosarcoma viral oncogene homolog (FOS)

0.71

‐0.50

3.2E‐10

5.2E‐07

thioredoxin‐related transmembrane protein 3 (TMX3)

0.72

‐0.48

3.8E‐10

5.5E‐07

zinc finger protein 367 (ZNF367)

0.72

‐0.48

4.1E‐11

1.0E‐07

0.73

‐0.46

1.1E‐05

4.8E‐03

0.73

‐0.45

2.6E‐05

8.4E‐03

0.73

‐0.44

1.7E‐06

1.2E‐03

0.74

‐0.44

5.6E‐05

1.3E‐02

0.74

‐0.43

5.4E‐05

1.3E‐02

0.74

‐0.43

2.2E‐04

3.1E‐02

0.75

‐0.42

4.3E‐05

1.1E‐02

0.76

‐0.40

6.5E‐06

3.5E‐03

0.76

‐0.39

1.7E‐10

3.1E‐07

0.76

‐0.39

5.4E‐11

1.1E‐07

0.77

‐0.39

1.1E‐08

1.4E‐05

transmembrane protein 64 (TMEM64), transcript variants
1 and 2
epiregulin (EREG)
osteopetrosis associated transmembrane protein 1
(OSTM1)
BTG family, member 3 (BTG3), transcript variants 1 and 2

LysM, putative peptidoglycan‐binding, domain containing
3 (LYSMD3)
cathepsin S (CTSS), transcript variants 2 and 1
chromosome 2 open reading frame 69 (C2orf69)
mitogen‐activated protein kinase kinase kinase 2
(MAP3K2)
FtsJ methyltransferase domain containing 1 (FTSJD1),
transcript variants 2 and 1
interferon‐induced protein with tetratricopeptide repeats
5 (IFIT5)
OTU domain containing 1 (OTUD1)
ArfGAP with coiled‐coil, ankyrin repeat and PH domains 2
(ACAP2)
coagulation factor III (thromboplastin, tissue factor) (F3),
transcript variants 2 and 1
discoidin, CUB and LCCL domain containing 2 (DCBLD2)
neutral cholesterol ester hydrolase 1 (NCEH1), transcript
variants 1, 3, 4, and 2
zinc finger and BTB domain containing 6 (ZBTB6)

0.77

‐0.38

7.3E‐05

1.5E‐02

early endosome antigen 1 (EEA1)

0.77

‐0.38

6.5E‐05

1.5E‐02

breast cancer metastasis‐suppressor 1‐like (BRMS1L)

0.77

‐0.37

2.1E‐05

7.2E‐03

centrosomal protein 152kDa (CEP152), transcript variants
1 and 2

0.78

‐0.37

9.3E‐05

1.8E‐02
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nuclear protein, ataxia‐telangiectasia locus (NPAT)

0.78

‐0.36

2.2E‐04

3.0E‐02

RAB27B, member RAS oncogene family (RAB27B)

0.78

‐0.36

1.6E‐06

1.2E‐03

0.78

‐0.36

9.1E‐06

4.4E‐03

0.78

‐0.36

2.1E‐07

2.0E‐04

0.78

‐0.36

1.9E‐06

1.2E‐03

0.78

‐0.36

6.8E‐06

3.5E‐03

0.78

‐0.36

1.9E‐04

2.8E‐02

0.78

‐0.35

9.0E‐05

1.8E‐02

0.78

‐0.35

3.0E‐08

3.4E‐05

0.79

‐0.35

3.3E‐05

9.8E‐03

0.79

‐0.34

2.4E‐05

8.0E‐03

0.79

‐0.34

1.6E‐08

1.9E‐05

0.79

‐0.33

2.0E‐06

1.2E‐03

0.80

‐0.33

7.6E‐05

1.6E‐02

0.80

‐0.32

3.7E‐07

2.8E‐04

0.80

‐0.32

2.3E‐07

2.0E‐04

0.80

‐0.32

3.3E‐07

2.7E‐04

0.80

‐0.31

1.1E‐04

2.0E‐02

0.80

‐0.31

9.3E‐06

4.4E‐03

0.80

‐0.31

3.9E‐04

4.6E‐02

0.80

‐0.31

3.0E‐05

9.0E‐03

ankyrin repeat domain 22 (ANKRD22)

0.81

‐0.31

8.2E‐06

4.1E‐03

fatty acyl CoA reductase 1 (FAR1)

0.81

‐0.31

3.8E‐05

1.0E‐02

LIM domain kinase 1 (LIMK1), transcript variants 2 and 1

0.81

‐0.31

1.1E‐04

2.0E‐02

0.81

‐0.31

2.4E‐05

8.0E‐03

tankyrase, TRF1‐interacting ankyrin‐related ADP‐ribose
polymerase 2 (TNKS2)
family with sequence similarity 3, member C (FAM3C),
transcript variants 2 and 1
EF‐hand calcium binding domain 14 (EFCAB14)
trans‐golgi network vesicle protein 23 homolog B (S.
cerevisiae) (TVP23B)
RMI1, RecQ mediated genome instability 1, homolog (S.
cerevisiae) (RMI1)
receptor accessory protein 3 (REEP3)
transmembrane protein 245 (TMEM245)
TBC1 domain family, member 9 (with GRAM domain)
(TBC1D9)
Ewing tumor‐associated antigen 1 (ETAA1)
twinfilin, actin‐binding protein, homolog 1 (Drosophila)
(TWF1), transcript variants 1 and 2
transmembrane protein 167A (TMEM167A)
TruB pseudouridine (psi) synthase homolog 1 (E. coli)
(TRUB1)
glyoxalase I (GLO1)
ribonucleotide reductase M2 (RRM2), transcript variant 1
integrin, alpha 2 (CD49B, alpha 2 subunit of VLA‐2
receptor) (ITGA2), transcript variant 1
thioredoxin domain containing 9 (TXNDC9)
RAB22A, member RAS oncogene family (RAB22A)
UDP‐GlcNAc:betaGal beta‐1,3‐N‐
acetylglucosaminyltransferase 5 (B3GNT5)
retinoblastoma 1 (RB1)

ubiquitin specific peptidase 1 (USP1), transcript variants 2,
3, and 1
polo‐like kinase 2 (PLK2), transcript variants 2 and 1

0.81

‐0.31

3.5E‐04

4.3E‐02

deoxycytidine kinase (DCK)

0.81

‐0.30

1.6E‐04

2.6E‐02

receptor accessory protein 5 (REEP5)

0.81

‐0.30

1.4E‐05

5.7E‐03

0.81

‐0.30

6.2E‐06

3.5E‐03

0.81

‐0.30

1.4E‐04

2.3E‐02

CD46 molecule, complement regulatory protein (CD46),
transcript variants a,d,n,c,e,f,b,l
aryl hydrocarbon receptor nuclear translocator‐like 2
(ARNTL2), transcript variants 2,3,4,5,1
WD repeat domain 36 (WDR36)

0.81

‐0.30

7.3E‐05

1.5E‐02

paraoxonase 2 (PON2), transcript variants 1 and 2

0.82

‐0.29

1.1E‐04

2.0E‐02

soc‐2 suppressor of clear homolog (C. elegans) (SHOC2),
transcript variants 2 and 1

0.82

‐0.29

2.3E‐04

3.2E‐02
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mannose‐6‐phosphate receptor (cation dependent)
(M6PR), transcript variants 2 and 1
protein phosphatase 3, regulatory subunit B, alpha
(PPP3R1)
protein phosphatase 1, regulatory subunit 15B (PPP1R15B)
TMED7‐TICAM2 readthrough (TMED7‐TICAM2), transcript
variants 1 and 2
fatty acid binding protein 5 (psoriasis‐associated) (FABP5)
transmembrane emp24 protein transport domain
containing 5 (TMED5), transcript variants 2 and 1
Kruppel‐like factor 6 (KLF6), transcript variants B, C, and A
ciliary neurotrophic factor (CNTF); ZFP91 zinc finger
protein (ZFP91), transcript variants 2 and 1
COP9 signalosome subunit 2 (COPS2), transcript variants 2
and 1
dynein, cytoplasmic 1, light intermediate chain 2
(DYNC1LI2)
karyopherin alpha 3 (importin alpha 4) (KPNA3)
structural maintenance of chromosomes flexible hinge
domain containing 1 (SMCHD1)
glia maturation factor, beta (GMFB)

0.82

‐0.29

2.0E‐06

1.2E‐03

0.82

‐0.29

3.0E‐05

9.0E‐03

0.82

‐0.29

3.1E‐05

9.1E‐03

0.82

‐0.28

7.1E‐05

1.5E‐02

0.82

‐0.28

3.1E‐04

3.9E‐02

0.82

‐0.28

1.4E‐04

2.3E‐02

0.82

‐0.28

2.8E‐04

3.7E‐02

0.82

‐0.28

6.7E‐05

1.5E‐02

0.83

‐0.28

2.4E‐04

3.2E‐02

0.83

‐0.28

1.1E‐05

4.7E‐03

0.83

‐0.27

3.9E‐04

4.6E‐02

0.83

‐0.27

3.6E‐05

1.0E‐02

0.83

‐0.27

2.8E‐04

3.7E‐02

dynein, light chain, Tctex‐type 3 (DYNLT3)

0.83

‐0.27

3.2E‐04

4.1E‐02

MLF1 interacting protein (MLF1IP)

0.83

‐0.27

1.8E‐04

2.8E‐02

dickkopf 1 homolog (Xenopus laevis) (DKK1)

0.83

‐0.27

5.0E‐05

1.3E‐02

integrin, alpha 6 (ITGA6), transcript variants 2 and 1

0.83

‐0.27

5.9E‐05

1.4E‐02

thioredoxin‐related transmembrane protein 1 (TMX1)

0.83

‐0.26

5.6E‐05

1.3E‐02

YTH domain family, member 3 (YTHDF3)

0.83

‐0.26

1.1E‐04

2.0E‐02

0.83

‐0.26

1.6E‐05

6.1E‐03

0.83

‐0.26

7.4E‐05

1.5E‐02

0.83

‐0.26

3.9E‐04

4.6E‐02

0.83

‐0.26

8.6E‐05

1.8E‐02

0.84

‐0.26

1.5E‐05

5.9E‐03

0.84

‐0.26

1.1E‐05

4.7E‐03

0.84

‐0.25

3.5E‐05

1.0E‐02

0.84

‐0.25

1.8E‐05

6.4E‐03

0.84

‐0.25

1.3E‐04

2.3E‐02

0.84

‐0.25

4.0E‐04

4.6E‐02

0.84

‐0.25

2.0E‐04

3.0E‐02

0.84

‐0.25

1.9E‐04

2.8E‐02

0.84

‐0.25

1.2E‐04

2.1E‐02

UDP‐N‐acetyl‐alpha‐D‐galactosamine:polypeptide N‐
acetylgalactosaminyltransferase 3 (GalNAc‐T3) (GALNT3)
reticulocalbin 2, EF‐hand calcium binding domain (RCN2),
transcript variants 2 and 1
RAB12, member RAS oncogene family (RAB12)
v‐yes‐1 Yamaguchi sarcoma viral oncogene homolog 1
(YES1)
eukaryotic translation initiation factor 2, subunit 1 alpha,
35kDa (EIF2S1)
transmembrane protein 123 (TMEM123)
epithelial cell transforming sequence 2 oncogene (ECT2),
transcript variants 1, 2, and 3
ATPase family, AAA domain containing 2 (ATAD2)
RNA binding motif (RNP1, RRM) protein 3 (RBM3)
transmembrane protein 30A (TMEM30A), transcript
variants 2 and 1
family with sequence similarity 91, member A1 (FAM91A1)
ATP‐binding cassette, sub‐family E (OABP), member 1
(ABCE1), transcript variants 2 and 1
integrin, alpha V (ITGAV), transcript variants 2, 3 and 1
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RAD18 homolog (S. cerevisiae) (RAD18)
cytidine monophosphate (UMP‐CMP) kinase 1, cytosolic
(CMPK1), transcript variants 2 and 1
signal peptidase complex subunit 3 homolog (S. cerevisiae)
(SPCS3)
ERO1‐like (S. cerevisiae) (ERO1L)

0.84

‐0.25

3.3E‐04

4.1E‐02

0.84

‐0.25

3.8E‐05

1.0E‐02

0.84

‐0.24

9.1E‐05

1.8E‐02

0.84

‐0.24

4.2E‐04

4.7E‐02

ras homolog family member B (RHOB)

0.85

‐0.24

2.8E‐04

3.7E‐02

alkylglycerone phosphate synthase (AGPS)

0.85

‐0.24

4.1E‐04

4.6E‐02

0.85

‐0.24

3.0E‐04

3.9E‐02

0.85

‐0.24

6.0E‐05

1.4E‐02

0.85

‐0.23

2.3E‐04

3.2E‐02

0.85

‐0.23

4.0E‐04

4.6E‐02

0.85

‐0.23

3.6E‐04

4.4E‐02

0.85

‐0.23

3.6E‐04

4.4E‐02

0.85

‐0.23

9.8E‐05

1.9E‐02

nuclear fragile X mental retardation protein interacting
protein 2 (NUFIP2)
ubiquitin protein ligase E3C (UBE3C)
prostaglandin‐endoperoxide synthase 2 (prostaglandin
G/H synthase and cyclooxygenase) (PTGS2)
potassium channel tetramerisation domain containing 9
(KCTD9)
poly(A) polymerase alpha (PAPOLA), transcript variants 2,
3, and 1
solute carrier family 25 (mitochondrial carrier; phosphate
carrier), member 24 (SLC25A24), transcript variants 1 and
2
eukaryotic translation initiation factor 1A, X‐linked
(EIF1AX)
nicotinamide phosphoribosyltransferase (NAMPT)

0.85

‐0.23

3.0E‐04

3.9E‐02

lysophospholipase I (LYPLA1)

0.85

‐0.23

1.9E‐04

2.8E‐02

DEK oncogene (DEK), transcript variants 2 and 1

0.85

‐0.23

3.7E‐04

4.4E‐02

0.86

‐0.22

2.1E‐04

3.0E‐02

0.86

‐0.22

1.9E‐04

2.8E‐02

Fold
Change
1.16

log2(fold
change)
0.21

p value
2.7E‐04

q value
3.7E‐02

FK506 binding protein 8, 38kDa (FKBP8)

1.17

0.23

1.7E‐04

2.6E‐02

biliverdin reductase B (flavin reductase (NADPH)) (BLVRB)

1.17

0.23

3.9E‐04

4.6E‐02

ribosomal protein S28 (RPS28)

1.18

0.24

9.3E‐05

1.8E‐02

pancreatic progenitor cell differentiation and proliferation
factor homolog (zebrafish) (PPDPF)
phosphoglycerate dehydrogenase (PHGDH)

1.19

0.25

5.6E‐05

1.3E‐02

1.19

0.25

2.0E‐04

2.9E‐02

mevalonate (diphospho) decarboxylase (MVD)

1.20

0.26

1.1E‐04

2.0E‐02

mucin 5B, oligomeric mucus/gel‐forming (MUC5B)

1.21

0.27

5.6E‐06

3.3E‐03

ribosomal protein L28 (RPL28), transcript variants 2, 1, 3,
4, and 5
(Unassigned; overlap with mucin 5AC, oligomeric
mucus/gel‐forming (MUC5AC))
N‐myc downstream regulated 1 (NDRG1), transcript
variants 1,3, 4, and 2
RNA, 5.8S ribosomal 5 (RNA5‐8S5), ribosomal RNA

1.21

0.28

1.3E‐04

2.3E‐02

1.22

0.29

2.9E‐05

9.0E‐03

1.24

0.31

1.5E‐04

2.4E‐02

1.25

0.32

1.5E‐04

2.4E‐02

CD55 molecule, decay accelerating factor for complement
(Cromer blood group) (CD55), transcript variants 1 and 2
solute carrier family 38, member 2 (SLC38A2)

Gene Name, Upregulated
lipocalin 2 (LCN2)
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phosphoenolpyruvate carboxykinase 2 (mitochondrial)
(PCK2), transcript variants 2 and 1
DNA‐damage‐inducible transcript 4 (DDIT4)

1.26

0.33

1.1E‐04

2.0E‐02

1.31

0.39

1.4E‐11

4.3E‐08

mucin 2, oligomeric mucus/gel‐forming (MUC2)

1.36

0.44

1.6E‐05

6.0E‐03

ubiquitin domain containing 1 (UBTD1)

1.43

0.52

6.8E‐05

1.5E‐02

LY6/PLAUR domain containing 2 (LYPD2)

1.48

0.56

1.7E‐04

2.6E‐02

Table 4.1. List of genes with differential expression by miR‐106b modulation. RNA‐Seq
results tabulated here list the 129 genes that had a significant expression differential between
miR‐106b‐transfected and LNA‐106b‐transfected cells. The 112 downregulated genes are
listed first, followed by the 17 upregulated genes. Annotated genes are listed in the leftmost
column, and followed to the right by the fold change in expression, then the log2 of fold
change. Significance is given in the next two columns as a p‐value and false discovery rate‐
corrected q‐value.
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Figure 4.3. miR‐106b target discovery by RNA‐Seq. (A) Volcano plot of gene expression by
RNA‐Seq. miR‐106b RNA levels were altered by transfection of Mz‐ChA‐1 cells with LNA‐
106b or miR‐106b and the resulting differential expression of all genes was evaluated.
Transcripts are plotted as log2 of expression fold change on the horizontal axis versus –log of
the p value on the vertical axis. Gene expression change was considered significant at –log p >
3.35 and this cutoff is indicated by the dashed line. Significantly altered transcripts were
either decreased (left of 0) or increased (right of 0). Labeled genes are those that have been
evaluated for modulation by miR‐106b through additional experiments. (B) Venn diagram
demonstrating overlap of our RNA‐Seq miR‐106b target repression results with microRNA
target prediction databases TargetScan and Micro‐T. Our data contained 35 novel targets not
predicted by either program.
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Figure 4.3 miR‐106b target discovery by RNA‐Seq
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We compared our experimentally determined set of 112 repressed mRNAs,
labeled “RNA‐Seq,” to the genes predicted by TargetScan [351] or Micro‐T [352], and
compared the two prediction programs to each other as well. Figure 4.3B shows a Venn
diagram of the number of shared targets in these data sets. The majority of genes
contained in our data set were predicted by one or both programs, though 35
experimentally identified targets were not predicted by either program (Figure 4.3B).
We have also compared our target list with the genes confirmed by CLASH and find
that only ERO1L, FAM91A1, and YES1 were identified as miR‐106b targets both in our
data and that of Tollervey and colleagues [349].

Target validation
A subset of the 112 significant targets identified by RNA‐Seq was chosen in part
based on both statistical significance and difference in expression. Next, we performed a
literature search to identify candidates that may affect tumor cell behavior and we
included targets for validation that may play a role in the cancer phenotype. We
transfected Mz‐ChA‐1 cells with negative control LNA, miR‐106b, or LNA‐106b and
isolated total RNA. Transcript levels of selected targets were determined by quantitative
RT‐PCR and normalized to 18S rRNA. Targets confirmed by RT‐PCR include EREG,
RRM2, ITGA2, RB1, GLO1, M6PR, and PSD3. We also evaluated non‐target negative
controls ITGA3 and HRAS and found no change by LNA‐106b compared to negative
control LNA. (Figure 4.4A). NCEH1 was a target identified by RNA‐Seq that had a trend
towards increased mRNA expression upon miR‐106b antagonism, but the change was
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not statistically significant (p = 0.07). We did not observe a change in mRNA level in
RNA‐Seq target FOS by RT‐PCR. Many of these putative miR‐106b‐regulated mRNAs
showed altered levels upon miR‐106b transfection in KMCH and HuCCT
cholangiocarcinoma cell lines (Supplemental Figures 1A & 2A, see end of chapter). Not
all miR‐106b targets will be identified by the current method, specifically those that do
not have a decrease in mRNA levels. We have not exhaustively attempted to determine
the identity of such targets, but did recognize TRAIL death receptor DR5 (TNFRSF10B)
as a predicted miR‐106b target by TargetScan. Because miR‐106b is clustered with miR‐
25, and miR‐25 regulates cell death by targeting (DR4) [71], we tested whether miR‐106b
decreased the functionally related DR5 protein. Transfection with miR‐106b decreased
DR5 protein levels (Figure 4.4B), potentially acting to complement miR‐25‐mediated
DR4 repression and promote TRAIL resistance. Additionally, we tested regulation of
RB1 and E2F1 proteins, both known miR‐106b targets. Transfection of miR‐106b into Mz‐
ChA‐1 cells decreased RB1 and E2F1 protein expression (Figure 4.4B).

We used biotinylated miR‐106b in order to demonstrate a physical interaction
with targets by affinity binding and capture. Mz‐ChA‐1 cells were transfected with
either biotinylated miR‐106b or biotinylated C. elegans miR‐67 (Cel‐miR‐67) as a control.
Biotin‐bound RNA was isolated and RT‐PCR was performed for IL‐8 and KLF2. We
observed significant enrichment of IL‐8 and KLF2 transcripts with biotinylated miR‐106b
pull‐down versus control Cel‐miR‐67 pull‐down (Figure 4.4C).
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Figure 4.4. RNA‐Seq target validation. (A) qRT‐PCR for nine candidate targets from RNA‐
Seq. Relative expression is significantly increased for LNA‐106b compared to miR‐106b in
seven of the genes. There was a trend towards increased expression for LNA‐106b compared
to miR‐106b for NCEH1 but it was not statistically significant (p = 0.07). FOS did not have
significant change in expression by qRT‐PCR. Dotted line represents expression level for
scrambled control LNA. ITGA3 and HRAS are non‐target negative control genes which show
no significant expression change. Relative expression is given on the left y‐axis and fold
change is shown on the right y‐axis. (B) Immunoblot showing transfection with miR‐106b
decreased protein levels of DR5, RB1, and E2F1 in Mz‐ChA‐1 cells. (C) Schematic of
experimental design for capture of mRNA targets using biotinylated microRNA. Briefly, Mz‐
ChA‐1 cells were transfected for 24 hours with either mature human miR‐106b or C. elegans
miR‐67 which had been biotinylated. Cells were lysed and incubated with streptavidin‐bound
beads to capture biotinylated microRNA and associated mRNAs. Total RNA was isolated and
relative expression of target mRNAs KLF2 and IL‐8 was measured for enrichment by qRT‐
PCR. 18S rRNA was used as a control RNA. *p < 0.05; **p < 0.01; ***p < 0.001; using ANOVA
with post hoc correction.
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Figure 4.4 RNA‐Seq target validation
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MiR‐106b targets multiple KLF family members
Based on the observed decrease in KLF2 and KLF6 in the RNA‐Seq data set, we
tested the effects of miR‐106b on additional KLF family members. KLFs represent a large
family of transcription factors, of which many act as tumor suppressors and are often
downregulated in cancer [228, 353]. We confirmed that KLF2 and KLF6 mRNAs were
regulated by miR‐106b and found other KLF family members KLF4, KLF10, KLF11 and
KLF13 to have increased expression when cells were transfected with LNA‐106b (Figure
4.5A). Many of these KLFs showed altered mRNA levels upon miR‐106b transfection in
KMCH and HuCCT cholangiocarcinoma cell lines (Supplemental Figures 1B & 2B, see
end of chapter). Additionally, we examined the effects of miR‐106b on protein
expression of KLFs by immunoblot in Mz‐ChA‐1 cells. We observed decreased
expression of KLF2, KLF4, KLF6, and KLF10 after 24 hours of transfection with miR‐
106b compared to negative control LNA and a slight increase in expression with LNA‐
106b (Figure 4.5B).
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Figure 4.5 miR‐106b regulates multiple KLF family members
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Figure 4.5. miR‐106b regulates multiple KLF family members. (A) qRT‐PCR for candidate
miR‐106b targets KLF2 and 6 confirmed regulation at the mRNA level. KLF transcript
expression was increased by miR‐106b antagonism with LNA‐106b compared to miR‐106b.
Additional members KLF4, 10, 11, and 13 were evaluated and showed the same pattern of
expression increase with LNA‐106b antagonism compared to miR‐106b treatment. Relative
expression is given on the left y‐axis and fold change is shown on the right y‐axis. (B)
Immunoblots show repression of KLFs 2, 4, 6 and 10 by miR‐106b at the protein level. 24 hour
transfection of Mz‐ChA‐1 or KMCH cells with control LNA, miR‐106b, or LNA‐106b led to
decrease in KLF protein expression by miR‐106b compared to control LNA or LNA‐106b.
Actin was probed as a loading control. *p < 0.05; **p < 0.01; ***p < 0.001; using ANOVA with
post hoc correction.
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Proliferation
To investigate the role of miR‐106b in proliferation of cholangiocarcinoma cells,
we assessed the change in cell number over time using the MTT assay. Mz‐ChA‐1,
KMCH, and BDEneu cholangiocarcinoma cells were transfected with miR‐106b, LNA‐
106b or negative control LNA for 24 hours. Cells were then allowed to grow for up to 72
hours. We did not observe any significant difference in cell proliferation upon alteration
of miR‐106b levels. To eliminate the possibility of a long‐term effect on cell growth, we
repeated the assay over a one‐week course in Mz‐ChA‐1 cells and again observed no
change in proliferation (data not shown). Therefore, although RB1 and E2F1 were
confirmed as miR‐106b‐regulated proteins, there was no effect on proliferation
indicating that RB1 and E2F1 may not have a dominant role in cholangiocarcinoma cell
proliferation.

MiR‐106b protects against apoptosis
KLF2, KLF6 and KLF10 were all regulated by miR‐106b and are known to
promote apoptosis [217, 354, 355]. Our data demonstrated additionally that DR5, a pro‐
apoptotic death receptor, was regulated by miR‐106b. Thus, we reasoned that miR‐106b
may protect against apoptosis in cholangiocarcinoma cells. H69, KMCH, and Mz‐ChA‐1
cells were transfected with miR‐106b, LNA‐106b or negative control followed by
treatment with either TRAIL or staurosporine to induce cell death. We observed a
decrease in apoptotic nuclei by DAPI staining upon transfection with miR‐106b and an
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increase in apoptotic nuclei upon transfection with LNA‐106b (Figure 4.6). Thus, miR‐
106b acts in part to protect cholangiocarcinoma cells from apoptosis.
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Figure 4.6 miR‐106b protects against TRAIL‐ or staurosporine‐induced apoptosis in cholangiocarcinoma
cells

Figure 4.6. miR‐106b protects against TRAIL‐ or staurosporine‐induced apoptosis in
cholangiocarcinoma cells. H69, KMCH or Mz‐ChA‐1 cells were transfected with control LNA
(Negative Control), miR‐106b or LNA‐106b (LNA) for 24 hours followed by treatment with
either TRAIL or staurosporine to induce apoptosis. Vehicle controls (Veh) were water for
TRAIL experiments and DMSO for staurosporine experiments. We observed a decrease in
apoptotic nuclei by DAPI staining upon transfection with miR‐106b and an increase in
apoptotic nuclei upon transfection with LNA‐106b. DAPI‐positive nuclei were counted and
expressed as a percent of total nuclei. Data are a mean of three experiments +/− SEM. *p < 0.05;
**p < 0.01; ***p < 0.001; using ANOVA with post hoc correction.
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Discussion
The data presented herein relate to mRNAs regulated by miR‐106b in
cholangiocarcinoma cells. A number of cancer types overexpress miR‐106b, which
increases the potential value of the miR‐106b target gene set to include tumors beyond
cholangiocarcinoma. The principal findings reported here show: (i) miR‐106b repressed
112 mRNA targets; (ii) most target genes contained a 7‐ or 8‐mer seed‐binding site; (iii)
multiple KLF family proteins are targeted by miR‐106b; and (iv) miR‐106b promoted
tumor cell survival in cholangiocarcinoma cells. Each of these findings will be discussed
below.

Our study has revealed 112 mRNAs that were negatively regulated by miR‐106b.
Some known miR‐106b‐regulated genes (e.g., RB1, IL‐8, F3, YES1, FAM91A1, and
ERO1L) were identified and several novel targets were uncovered as well. Our
experiments did not further investigate a functional role for these known targets. Not all
previously identified miR‐106b‐regulated genes were significantly altered in our study.
Specifically, we did not observe any change in the mRNA levels of PTEN, E2F1, or
BCL2L11 (Bim). A lack of change in expression of these mRNAs may reflect cell line‐
specific differences in microRNA targeting, changes in mRNA levels below the
threshold of detection, or post‐transcriptional effects that do not change mRNA levels.
Reduced E2F1 protein expression, for example, was observed upon miR‐106b induction,
demonstrating that not all targets have altered mRNA levels. Previously unknown genes
that were regulated at the mRNA level include KLF family members, which are
discussed below.
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MicroRNA binding depends on sequence complementarity. The degree of
complementarity and length of consecutive bases can vary, resulting in refinement of
rules of binding [356] and definition of new types or classes of microRNA:mRNA
interactions [349]. Classes I‐III interactions involve complementarity within the seed
region. Class IV interactions show complementarity in a more central region, described
as centered pairing [348]. Finally, Class V interactions exhibited distributed pairing,
where discrete continuous regions of complementarity were not observed [349]. These
data are consistent with a role for microRNAs in regulating expression of mRNAs based
on sequence complementarity but not strictly limited to seed pairing. Our expression
change data support direct targeting of candidate mRNAs. However, binding was
presumed to be direct as evidenced by target sequence complementarity and functional
effects. Physical binding was experimentally tested through pull‐down of mRNAs
bound to biotinylated miR‐106b, performed for KLF2 and IL8. Perhaps not surprisingly,
the GC content of microRNA binding motifs, representing the average or commonly
identified binding site over many mRNAs, was higher than the GC content of
microRNA seed regions in general [349]. Thus, binding energy may be more important
than binding position, a concept incorporated into the microRNA target prediction
algorithm RNAhybrid [301].

Over 70% of mRNAs that were decreased contained either a 7‐mer or 8‐mer miR‐
106b binding site. Analysis of all 8‐mers or 7‐mers in miR‐106b‐regulated sequences
demonstrated that the sequences at or near the seed, including up to nucleotide 10, were
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over‐represented. This over‐representation of the 7‐mer and 8‐mer sequences was highly
statistically significant when compared to the expected distribution of the same
sequences in a thousand random gene sets of the same size. The seed sequence tolerated
a ‘U’ in the place of ‘C’ (resulting in G:U wobble pairing) opposite positions 5, 7, or both.
Two hydrogen bonds connect the G:U pair while three hydrogen bonds stabilize the G:C
pair, suggesting there may be a thermodynamic cost to miR‐106b binding sites with G:U
wobbles. Alternatively, the exocyclic amino group of ‘G’ is available for additional
interactions when ‘G’ is paired with ‘U’ [357], allowing for the possibility of
compensatory stabilizing hydrogen bonds to functional groups within the RISC
polypeptides.

Based on both the CLASH dataset [349] and our own, we found that the
sequence 5’UCAGCACU represents an ‘average’ sequence motif serving as a binding
site for miR‐106b, with the best evidence for the central 6‐mer (underlined,
complementary to miR‐106b based 5‐10). While this is the average binding sequence, the
most prevalent 7‐mer was 5’GCACUUU and the most common 8‐mer was
5’AGCACUUU. The difference between the average and the most prevalent sequences is
that the average (in our data set) was determined using the single‐most‐stable predicted
binding site, as identified by RNAhybrid. Such a filter will bias against the triplet UUU.
Still, the agreement between our average binding motif and the motif generated from
CLASH data where this potential bias is not relevant suggests that this filter is not
unreasonable. Overall, we find good evidence that binding favors complementarity near
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the 5’ end of the microRNA, consistent with the seed model, as well as evidence that the
sequence tolerates a slight shift toward the center of miR‐106b.

Comparison of our data set of modulated genes and that obtained by CLASH
showed a striking near‐absence of overlap in the mRNAs identified. Indeed, of the 143
mRNAs in the CLASH set and 112 genes down regulated in our experiment, only three
mRNAs were on both lists: ERO1L, YES1, and FAM91A1. None of these contains an 8‐
mer binding site. YES1 and FAM91A1 each have a single copy of the 7‐mer‐m8 binding
site and YES1 has an additional 7‐mer‐A1 binding site. The cell lines used in the two
studies are very different, Flp‐In T‐REx 293 embryonic kidney‐derived cells versus Mz‐
ChA‐1 biliary tract cancer‐derived cells. The techniques used are also different. Finally,
data from the CLASH study reflect steady‐state interactions of all detected microRNAs
and their targets, while the current study assessed acute changes to mRNA targets after
manipulation of only miR‐106b. It is likely that different cell types will have a different
microRNA target landscape, and that identification of these targets by several methods
will allow a detailed understanding of mRNA regulation and binding by microRNAs.

An important finding in the current study was the coordinated regulation of
multiple KLF family members. The seventeen members of the KLF family of
transcription factors are involved in a diverse range of biological functions and
aberrations can lead to disorders such as cardiovascular and respiratory disease, obesity,
inflammatory diseases and cancer [155]. Many KLF family members have been
implicated in some aspect of cancer cell biology including growth, apoptosis,
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differentiation, and migration [215]. We have revealed regulation of six KLF members
by miR‐106b in our study. Two members, KLF2 and KLF6, were significantly repressed
genes in our RNA‐Seq experiment. Additionally, KLF4, KLF10, and KLF11 were
somewhat near the cutoff for significance (p = 0.024, 0.038, and 0.032 respectively), while
KLF13 mRNA in the RNA‐Seq data did not suggest regulation (p = 0.81). These six KLFs
were demonstrated to be miR‐106b‐responsive genes by qRT‐PCR. In particular, the
result for KLF13 was surprising as this gene was included as a control under the
expectation it would not be responsive to miR‐106b. The coordinated modulation of
these six family members may indicate a functional aspect of miR‐106b biology that was
not previously appreciated. Each of the KLFs regulated by miR‐106b in our study has
tumor‐suppressive function in one or several cancers. KLF2 has been shown to induce
apoptosis and to be a tumor suppressor in prostate and breast cancer cell lines as well as
in xenograft mice [228]. In pancreatic cancer cells, KLF2 expression is decreased and its
enforced expression leads to inhibition of growth and metastasis [221]. KLF4 regulates
proliferation and differentiation of lung cancer cells and its deletion in a mouse is
enough to generate tumors [358]. KLF6 reduced tumorigenic features in osteosarcoma
cells [359] and its expression is reduced in human and mouse prostate cancer [360]. Loss
of KLF6 expression results in increased liver mass, decreased cyclin‐dependent kinase
inhibitor p21, and correlated with low p21 in liver cancer [361]. Mice deficient in KLF10
exhibit increased skin tumorigenesis when exposed to carcinogens [362]. Knockdown of
KLF11 in leiomyoma cells leads to increased proliferation and its expression is lower in
tumor tissue compared to normal [363]. KLF13 is shown to repress anti‐apoptotic Bcl‐2
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in acute lymphoblastic leukemia [364]. These varied and overlapping anti‐tumorigenic
features of KLFs in cancer make them attractive potential targets for future study in
cholangiocarcinoma.

Resistance to apoptosis is a characteristic of cholangiocarcinoma cells. Several
studies implicate KLFs in the regulation of apoptosis in tumor cells but their role in
cholangiocarcinoma cell death is unknown. Overexpression of KLF2 in hepatocellular
carcinoma cell lines led to increased cell death [365]. KLF6 has dual roles in apoptosis as
its wildtype form is pro‐apoptotic [366], while the splice variant SV1, which is
overexpressed in cancer [367], is anti‐apoptotic. KLF10 promotes cell death in human
leukemia cells through upregulation of pro‐apoptotic proteins Bim and Bax [355]. We
have shown regulation of six KLFs by miR‐106b. Antagonism of miR‐106b with LNA led
to increased apoptosis sensitivity in cholangiocarcinoma cells. In part, this effect could
be through derepression of pro‐apoptotic KLFs. Alternatively, apoptosis could be
controlled through other miR‐106b targets either regulated at the levels of mRNA or
protein. We have not functionally tested which miR‐106b targets regulate apoptosis.

In summary, we reveal a landscape of miR‐106b‐responsive genes in
cholangiocarcinoma cells and report on the particular seed‐binding character of this
microRNA with its target transcripts. Several members of the KLF family of
transcription factors were discovered to be modulated by miR‐106b. Finally, we showed
that miR‐106b is protective against apoptosis in cholangiocarcinoma cells.
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In‐depth study of miR‐106b and its target landscape in cholangiocarcinoma cell
lines provided candidates of interest for further investigation. For instance, some of the
responsive KLFs have been implicated as tumor suppressors in multiple cancers. This
suggested that the coordinate repression of these transcription factors could have
possible overlapping or compounding effects on tumor biology. However, the degree of
KLF suppression by miR‐106b is mild. Therefore, more direct means of KLF
manipulation in cholangiocarcinoma were desired in order to examine functional
changes with more robust modulations in KLF expression. We chose to investigate the
potential tumor suppressive role of KLF2 in particular. These studies are the basis of the
following chapter.
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Figure 4.7 Supplemental Figure 1, miR‐106b modulation of candidate target genes in KMCH cells

Supplemental Figure 1. miR‐106b modulation of candidate target genes in KMCH cells.
KMCH cells were transfected with negative control LNA (NC), miR‐106b, or antisense LNA
against miR‐106b (LNA) for 48 hours. Total RNA was collected and gene expression
normalized to 18S rRNA. Relative expression is depicted on the left y‐axis and fold change is
on the right y‐axis. KMCH cells showed a marked reduction in candidate gene expression for
miR‐106b‐treated samples compared to control and LNA conditions. Non‐target negative
controls did not display this same trend (A). The same conditions were used to test for KLF
expression and again showed miR‐106b decreased the mRNA levels for these selected KLFs
(B).
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Figure 4.8 Supplemental Figure 2, miR‐106b modulation of candidate target genes in HuCCT cells

Supplemental Figure 4.2

Supplemental Figure 2. miR‐106b modulation of candidate target genes in HuCCT cells.
Selected gene target mRNA expression levels were determined by quantitative RT‐PCR.
HuCCT cells were transfected with negative control LNA (NC), miR‐106b, or LNA against
miR‐106b (LNA) for 48 hours. Total RNA was collected and gene expression normalized to
18S rRNA. Relative expression is depicted on the left y‐axis and fold change is on the right y‐
axis. In HuCCT cell line, not all candidate target expression levels were changed by miR‐106b
expression or repression. However, some candidate targets exhibited repression by miR‐106b,
including EREG, RRM2, ITGA2 and GLO1. (A). The KLFs tested also generally did not show
regulation by miR‐106b in HuCCT cells. (B). These results are indicative of variation in target
landscape across different cell lines.
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Chapter 5 ‐ The primary cilium‐KLF2 signaling axis in bile duct cells
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Abstract
Cholangiocarcinoma is a solid tumor formed in the bile duct epithelium, and
often, therefore, becomes a physical obstruction, causing impaired or stopped bile flow
(cholestasis). Normal cholangiocytes detect bile flow in the ductal lumen with an
extension of the apical membrane called the primary cilium. However, these sensory
organelles are often lost in malignant cells. Krüppel‐like factor 2 (KLF2) is an important
flow‐sensitive transcription factor involved in shear stress response in endothelial cells,
and has anti‐proliferative, anti‐inflammatory, and anti‐angiogenic effects. The potential
role of KLF2 in cholangiocyte flow detection and in cholangiocarcinoma is unknown.
We sought to elucidate functional effects of KLF2 and posited regulation of proliferation,
migration and apoptosis in cholangiocarcinoma cells. We hypothesized that reduced bile
flow may contribute to malignant features in cholangiocarcinoma through regulation of
KLF2 signaling. Additionally, investigated cilia‐mediated KLF2 expression in
cholangiocytes as we consider a potential connection between these flow‐responsive
signaling mechanisms and reduced bile flow in cholangiocarcinoma. We observed that
primary cilia were expressed in normal cholangiocytes but were absent in malignant
cells. Coordinately, KLF2 expression was higher in normal cells compared to malignant.
Depletion of cilia in normal cells led to a decrease in KLF2 expression and increased cilia
number (by serum‐deprivation) was associated with increased KLF2. Enforced KLF2
expression inhibited cell proliferation and migration while also decreasing cell death
induction in malignant cells. Applied flow over cholangiocytes caused an increase in
KLF2 and cilia depletion completely blocked flow‐induced KLF2 expression. This flow‐
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induced KLF2 expression was unchanged in the presence of a calcium chelator,
indicating calcium is likely not the second messenger involved in flow‐induced KLF2
signaling in cholangiocytes. Disruption of filamentous actin decreased KLF2 expression,
suggesting the cilium may communicate through a cytoskeletal mechanotransduction
pathway. The repression of proliferation and migration in addition to decrease in
induced cell death upon enforced KLF2 expression reflects an overall more quiescent
phenotype. Our studies here demonstrate that cilia positively regulated KLF2 protein
levels and increased fluid flow also induced KLF2. More study is needed to identify how
cilia transduce a signal to increase KLF2 in bile duct cells.
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Introduction
Cholangiocarcinoma is an aggressive epithelial neoplasm of the biliary tree
associated with inflammation, injury, and bile duct obstruction. This cancer is often
diagnosed at a late stage due to its silent character, and unresectable tumors are
uniformly lethal. The five‐year survival is less than 15%, and intrahepatic
cholangiocarcinoma is the most aggressive subtype with a five‐year survival of 6% [15].
The asymptomatic nature of this disease portends a reduced opportunity for surgical
resection, with only approximately 35% of patients considered eligible for surgery with
curative intent [368]. Absent resection, the current standard of care is chemotherapy;
however, cholangiocarcinoma is characteristically chemoresistant and these therapies
are palliative only [369, 370]. Cholangiocarcinoma tumors are particularly
heterogeneous, due to the diversity of anatomical location, varied predisposing risk
factors, and wide assortment of associated genetic alterations [371]. These features
contribute to a narrow range of treatment options, and at the same time, create a need
for expansion of understanding of the specific molecular pathways exploited by this
cancer.

Biliary obstruction is the most common cause of the presenting symptoms of
cholangiocarcinoma [372]. Bile duct obstruction can arise either from conditions that
predispose to cancer, such as primary sclerosing cholangitis (PSC) or intrahepatic
cholelithiasis, or from tumor‐induced ductal blockage. Premalignant inflammation (PSC
or liver fluke infestation) can limit bile flow through strictures that narrow the lumen
[373, 374]. Intrahepatic bile stones, while not a common cause, can induce both

132
obstructive cholestasis and cholangiocarcinoma [375, 376]. The tumor itself can decrease
or block flow through compression of the bile duct by mass expansion effect. To
recapitulate this feature of human disease, several of the existing cholangiocarcinoma
animal models induce cholestasis with bile duct ligation [377]. Moreover, the cholestatic
environment in combination with chemical carcinogen treatment in some models is
required for carcinogenesis [378, 379]. Additionally, in an orthotopic [380] or oncogenic
transduction [381] model, induced cholestasis by bile duct ligation significantly
increased tumor progression. In the healthy biliary system, cholangiocytes sense and
maintain the regular flow of bile. Reduced flow can induce cholangiocyte proliferation
contributing to some cholangiopathies including polycystic liver disease [382]. The
mechanism(s) by which cholestasis promotes cholangiocarcinoma are not fully defined.

The primary cilium has been well documented as an important signaling
organelle in many cell types in the human body [249, 253]. Functioning as a sensory
antenna for the cell, the primary cilium is responsive to mechanical, chemical, and
osmotic stimuli. Its significance in various biological processes is revealed by the
pathologies to which its dysfunction or absence can be associated, or directly attributed.
Often, cancer cells lack or have defective primary cilia compared to their non‐malignant
counterparts [383‐386]. This is also true for biliary epithelial cells. Normal
cholangiocytes possess primary cilia, with which they can detect bile flow in the ductal
lumen; however, primary cilia are lost in cholangiocarcinoma cells [283, 284].
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Krüppel‐like factor 2 (KLF2) is a member of a large family of transcription factors
that direct a range of cellular processes including proliferation [220], apoptosis [217],
differentiation [166], inflammation [154], and migration [219]. It is not surprising then
that the expression or function of many KLFs is dysregulated in cancer [216, 217, 228].
Separately, considerable study has established KLF2 as a key factor involved in shear
stress response to flow in non‐malignant endothelial cells, where under normal,
undisturbed flow conditions, KLF2 expression exerts anti‐proliferative and anti‐
inflammatory protective effects [187, 199]. The status and function of KLF2 in
cholangiocarcinoma is not yet known. Furthermore, the capacity of KLF2 as a mediator
of flow response in a non‐endothelial cell type has not been described.
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Results
Expression of primary cilia
We sought to determine the presence of primary cilia in cultured cholangiocyte
and cholangiocarcinoma cell lines. Previous reports have shown a reduced frequency or
absence of cilia in malignant cells compared to non‐malignant cells [283, 384, 387].
Serum deprivation (also termed serum starvation) was demonstrated to induce
ciliogenesis and is a commonly used practice to promote cilia formation in vitro [275,
388]. We cultured non‐malignant cholangiocyte cell lines, NHC and H69, and malignant
cholangiocarcinoma cells, Mz‐ChA‐1, KMCH, and HuCCT, in serum‐free medium for 24
hours. Cells were then assessed by fluorescence microscopy for presence of cilia.
Specifically, we detected ADP‐ribosylation factor‐like protein 13B (Arl13b), a cilia‐
localized protein that assists in cilia formation and maintenance [389]. Imaging revealed
significant expression of cilia in normal cholangiocyte cells (Figures 5.1A & B), while
cholangiocarcinoma cells expressed essentially none (Figures 5.1C, D & E). These data
demonstrate that malignant cholangiocarcinoma cells lack primary cilia.
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Figure 5.1. Normal but not malignant cholangiocytes express primary cilia. Upper panels.
Normal cholangiocyte cells NHC (A) and H69 (B) were fixed and probed for the ciliary
marker Arl13b (green) and visualized by confocal fluorescence microscopy. Lower panels.
Cholangiocarcinoma cells Mz‐ChA‐1 (C), KMCH (D), and HuCCT (E) were probed with anti‐
Arl13b (red). Nuclei were stained with DAPI. Scale bar = 50 μm (A). All images are at the
same scale. Inserts: each insert is a 3‐fold magnification of a subsection of the respective
image.

136
Figure 5.1 Normal but not malignant cholangiocytes express primary cilia
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Expression of KLF2 is decreased in cholangiocarcinoma
We considered that cilia may regulate the transcription factor KLF2 and
examined the expression of KLF2 in normal cholangiocyte cells and malignant
cholangiocarcinoma cells. KLF2 protein expression was higher in normal H69 and NHC
cells compared to cholangiocarcinoma cell lines HuCCT and KMCH (Figure 5.2A), as
well as OZ and EGI‐1 (not shown). We expanded our analysis of KLF2 expression status
in malignant cells by sampling recently derived cell lines from four cholangiocarcinoma
patients. These cells, ICC2, ICC3, ICC8, and ICC11, exhibited lower KLF2 protein
expression compared to normal NHC cells (Figure 5.2B). Additionally, human tissue
samples were obtained from three normal livers, from three normal,
cholangiocarcinoma‐adjacent livers, and from 14 cholangiocarcinoma tumors. We
probed for KLF2 protein by immunoblot and probed for actin as an expression control.
We quantified the relative KLF2 protein signal versus actin and calculated the mean
relative KLF2 expression between samples. KLF2 expression in normal tissue was
significantly higher than in tumors. We also observed a decrease KLF expression in the
tumor‐adjacent normal liver tissue, but this did not reach statistical significance (Figure
5.2C). Together, these data demonstrate a consistent decrease in KLF2 expression in
cholangiocarcinoma.
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Figure 5.2 Expression of KLF2 is decreased in cholangiocarcinoma

Figure 5.2. Expression of KLF2 is decreased in cholangiocarcinoma. Normal cholangiocyte
cell line H69 has higher KLF2 protein expression than cholangiocarcinoma cell lines HuCCT
and KMCH (A). Patient‐derived cholangiocarcinoma cells have decreased KLF2 expression
compared to normal cholangiocyte cell line NHC (B). Relative KLF2 protein expression
compared to actin loading control was measured by signal on immunoblot. Normal human
liver tissue expressed significantly higher KLF2 protein than cholangiocarcinoma tumors. ** p
< 0.01, using ANOVA with post hoc correction.
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Primary cilia and KLF2 expression are correlated
To investigate the expression pattern and potential link between the
cholangiocyte primary cilium and KLF2, we experimentally ablated cilia in
cholangiocyte cells. This was accomplished with RNAi suppression of intraflagellar
transport 88 (IFT88), a ciliary transport protein necessary for the biogenesis and
maintenance of primary cilia [283, 390]. Data published by our collaborators showed
that knockout of IFT88 in cholangiocyte cell lines H69 and NHC resulted in complete
loss of primary cilia expression [283, 288]. Deciliation of NHC and H69 cells caused a
decrease in KLF2 protein (Figures 5.3A & B). An established means of promoting
ciliogenesis in epithelial cells is by serum deprivation (starvation). This is based on the
reciprocal link between ciliogenesis and the cell cycle [391‐393]. Serum starvation for 48
hours resulted in a significant increase in the percentage of ciliated cholangiocytes
compared to cells grown in serum‐containing medium (Figure 5.3C). Serum‐starved
cells also showed a robust increase in KLF2 protein compared to controls (Figure 5.3D).
These results indicate a positive correlation between the presentation of primary cilia
and the expression of KLF2 in cholangiocytes.
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Figure 5.3 Primary cilia and KLF2 expression are correlated

Figure 5.3. Primary cilia and KLF2 expression are correlated. Cilia‐expressing NHC and H69
cells had higher KLF2 expression than cells with cilia knocked down by treatment with
siRNA against IFT88, a protein required for ciliogenesis and maintenance (A). IFT88 protein
was knocked down by siRNA in cholangiocytes and KLF2 protein expression decreased (B).
Normal cholangiocytes were serum‐starved for 48 hours, which led to an increase in
percentage of ciliated cells (C), and an increase in KLF2 expression compared to cells grown
in serum‐containing medium (D). Quantification of ciliated cells by confocal microscopy is
based on the average of three separate high‐powered fields. Actin or GAPDH were probed as
loading controls. ** p < 0.01, Student’s t‐test.
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KLF2 overexpression decreases proliferation and apoptosis
The functional implications of KLF2 regulation were determined by directly
manipulating KLF2 expression. Cells were transfected with a KLF2 expression construct
that contained a puromycin resistance cassette and dsRed fluorescent marker for
selection of stable clones. Selected clonal KMCH cells (Figure 5.4A) and HEK293T cells
(Figure 5.4B) stably overexpressed KLF2 at the mRNA and protein levels. KLF2‐
overexpressing cells proliferated at a slower rate that became significant beginning at 24
hours for KMCH (Figure 5.5A) and 48 hours for HEK293T (Figure 5.5B) and continued
through 72 hours. We also tested the effect of KLF2 overexpression on resistance to
apoptosis. In KMCH cells, treatment with TRAIL to induce cell death revealed decreased
sensitivity in KLF2‐overexpressing cells versus control. This effect on apoptosis was
observed when measured by activation of effector caspases 3 and 7 (Figure 5.5C) or by
nuclear morphology changes seen with retention and condensation of DAPI stain
(Figure 5.5D). HEK293T cells were found to be TRAIL‐insensitive, possibly because they
are not malignant cells, thus staurosporine was employed to induce apoptosis. Induction
of cell death in HEK293T cells resulted in an increase in apoptosis for both control and
KLF2‐overexpressing cells that was not significantly different between them (Figure
5.5E). These data indicate that KLF2 caused reduced apoptosis in cholangiocarcinoma
cells, but may not have the same apoptosis‐suppressing effect in non‐malignant cells.
Alternatively, cell line‐specific effects may be unrelated to the malignant status, a
possibility that remains to be determined.
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Figure 5.4 Stable KLF2 expression clones

Figure 5.4. Stable KLF2 expression clones. Stable transfection with a KLF2 expression
plasmid of KMCH (A) or HEK293T (B) cells generated overexpression (OE) clones with
increased KLF2 as measured by qRT‐PCR or immunoblot. 18S rRNA was used as a control
RNA for qRT‐PCR, and actin as a loading control for western blot. * p < 0.05, Student’s t‐test.
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Figure 5.5 KLF2 decreases proliferation and apoptosis

Figure 5.5. KLF2 decreases proliferation and apoptosis. Proliferation was significantly
decreased in KLF2 overexpression (OE) clones compared to parental KMCH (A) and
HEK293T (B) cells as measured by MTT assay over 72 hours. KLF2‐normal or ‐overexpressing
KMCH cells were treated with vehicle or 50 ng/mL TRAIL to induce cell death and HEK293T
cells were treated with vehicle or 5 μg/mL staurosporine. TRAIL‐induced apoptosis was
decreased in KLF2‐overexpressing cells when measured by caspase 3/7 activity assay (C) or
DAPI staining and nuclear morphology (D). KLF2 overexpression in HEK293T cells did not
significantly affect staurosporine‐induced apoptosis compared to KLF2‐normal cells as
measured by caspase 3/7 activity (E). * p < 0.05, ** p < 0.01, *** p < 0.001, ns = not significant;
using ANOVA with post hoc correction.
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KLF2 inhibits migration
We then tested the role of KLF2 in cell migratory activity using a transwell assay.
Identical numbers of cells were seeded in serum‐free medium in the upper chamber
separated by a porous membrane from the lower chamber. The lower chamber
contained FBS in the medium as a chemoattractant. Cells that migrated through the
membrane were fixed and stained with DAPI and counted by fluorescence microscopy.
There was a significant suppression of migratory potential in KLF2‐overexpressing
clones compared to control cells (Figures 5.6A & B). Overall, enforced expression of
KLF2 in malignant cholangiocarcinoma cells decreased proliferation, apoptosis, and
migration, consistent with a more quiescent state.
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Figure 5.6 KLF2 inhibits migration

Figure 5.6. KLF2 inhibits migration. Cell migratory potential was measured using a transwell
assay. Fewer KLF2‐expression cells migrated compared to KLF2‐normal cells over 72 hours
for KMCH (A) or 48 hours for HEK293T (B). Upper panels are representative images of
transwell membranes with fixed cells stained by DAPI. The quantification data in the lower
graphs are a mean of three experiments +/‐ SEM. Scale bars = 100 μm for KMCH, = 75 μm for
HEK293T. ** p < 0.01, Student’s t‐test.
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Flow‐induced KLF2 in cholangiocytes
Because KLF2 is known to be responsive to shear stress generated by fluid flow
in endothelial cells, we wanted to simulate this effect and test if it is a flow‐responsive
gene in cholangiocytes. First, we tested our orbital flow model in the human endothelial
cell line HUVEC and observed a robust increase in KLF2 mRNA expression with the
application of 18 dyne/cm2 shear stress over 48 hours (Figure 5.7A). Cholangiocyte
epithelial cells were more tolerant to a slower flow rate than HUVECs; therefore, the
level of shear stress was reduced to 9.8 dyne/cm2. Cholangiocyte cells responded
similarly as endothelial cells, and flow induced a significant increase in KLF2 mRNA
compared to static controls (Figures 5.7B & C). This is the first demonstration of KLF2
regulation by fluid flow in cholangiocytes.

Fluid flow can induce opening of mechanosensitive ion channels, including the
cilium‐localized PC2 calcium channel [272]. To investigate if calcium is acting as a
second messenger in the flow‐induced signal transduction of KLF2, we used the cell‐
permeant calcium chelating molecule 1,2‐bis(2‐aminophenoxy)ethane‐N,N,N′,N′‐
tetraacetic acid tetrakis(acetoxymethyl ester) (BAPTA‐AM) to scavenge cytosolic calcium
and again exposed cells to fluid flow. There was an increase in KLF2 expression in flow‐
treated cells as before, but no significant difference in KLF2 induction when calcium was
chelated (Figure 5.7D). This suggests that the KLF2 flow response is not significantly
dependent on calcium in cholangiocytes, and that another signaling mechanism is likely
at play.
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Figure 5.7 Flow‐induced KLF2 expression is not dependent on cytoplasmic calcium in cholangiocytes

Figure 5.7. Flow‐induced KLF2 expression is not dependent on cytoplasmic calcium in
cholangiocytes. Cells were subjected to shear stress and compared to cells with no flow
(static). Fluid shear stress induced a significant increase in KLF2 mRNA in endothelial cells
(HUVEC) (A), and cholangiocytes (B, C), as measured by qRT‐PCR. Flow‐induced KLF2
expression was not significantly affected in cholangiocytes that were treated with the calcium
chelator BAPTA, compared to vehicle‐treated cells (D). HUVEC flow (shear stress) treatments
were 18 dyne/cm2, and NHC and H69 were 9.8 dyne/cm2. 18S rRNA was used as a control
RNA. * p < 0.05, ** p < 0.01, ns = not significant; using ANOVA with post hoc correction.
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To further characterize the KLF2 flow response in cholangiocytes, it was
necessary to evaluate the primary cilium as a candidate mediator, as this organelle is
also a flow responder. Toward this end, we again employed siRNA knockdown of IFT88
to generate deciliated cells and then measured KLF2 expression under static or flow
conditions. NHC cells were transfected with control siRNA (siNC) or siIFT88 for 16
hours and then incubated under static or flow (9.8 dyne/cm2) conditions for an
additional 48 hours. Shear stress caused an increased fold‐change of KLF2 mRNA in
siNC‐transfected cells; however, this increase was abolished in cells with cilia ablation
by siIFT88 (Figure 5.8A). Fluid flow in siNC control cells induced KLF2 protein
expression. In NHC cells under static conditions, removal of cilia with siIFT88 led to a
drop in KLF2 compared to control. Moreover, IFT88 knockdown prevented flow
induction of KLF2 protein expression (Figure 5.8B). The KLF2 flow response could be
completely abolished by removal of primary cilia, placing KLF2 downstream of primary
cilia signaling and revealing a ciliary‐dependent mechanism of KLF2 flow response in
cholangiocyte cells.
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Figure 5.8 KLF2 induction by flow is ciliary‐dependent

Figure 5.8. KLF2 induction by flow is ciliary‐dependent. NHC cells were transfected with
control siRNA (siNC) or siIFT88 to remove cilia and then incubated under static or flow (9.8
dynes/cm2) conditions. Fold‐change of KLF2 mRNA increased by flow with siNC but this
induction was abolished with siIFT88 transfection (A). Similarly, knockdown of IFT88 protein
decreased KLF2 protein under static conditions, and IFT88 knockdown prevented induction
of KLF2 protein expression by flow (B). 18S rRNA was used as a control RNA and actin as a
protein loading control.
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Actin disruption uncouples primary cilia and KLF2 expression
The ciliary axoneme communicates with the actin cytoskeleton, and
depolymerization of cytoplasmic actin can induce increased cilia formation [394, 395].
We postulated that the increase in cilia induced by the actin‐depolymerizing small
molecule cytochalasin D would cause an increase in KLF2 as well. We treated H69 cells
with vehicle (DMSO) or 100 μM cytochalasin D for 24 hours, then probed for cilia‐
specific marker Arl13b and visualized by fluorescence confocal microscopy. Vehicle‐
treated cells displayed typical morphology and cilia expression (Figure 5.9A). Treatment
with cytochalasin D caused a change in cell shape, likely due to disruption of the actin
cytoskeleton, and also caused an increase in the number of cells expressing cilia, as well
as a qualitative increase in the length of cilia in these cells (Figure 5.9B). Quantification
of cilia‐expressing cells compared to the total cell number showed a significant increase
in cilia expression with actin filament disruption (Figure 5.9C). Under the same
conditions to promote actin cytoskeleton destabilization, there was an unexpected
decrease in KLF2 protein (Figure 5.9D) and mRNA levels (Figure 5.9E). Thus, disruption
of actin filaments blocked the signal from cilia to increase KLF2. Additional experiments
will be necessary to determine if mechanotransduction of a ciliary signal through the
actin cytoskeleton induces KLF2, but such a signaling pathway has been described for
other transcription factors, reviewed by Mammoto et al. [396].
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Figure 5.9 Actin disruption increased cilia and decreased KLF2

Figure 5.9. Actin disruption increased cilia and decreased KLF2. Normal cholangiocytes
were treated with vehicle (A) or 100 μM cytochalasin D (Cyto D), an inhibitor of filamentous
actin polymerization (B), for 24 hours and primary cilia were imaged by confocal fluorescence
microscopy.The percentage of ciliated cells was increased by cytochalasin D treatment (C).
Actin filament disruption caused a decrease in KLF2 protein expression (D) and mRNA
expression (E). 18S rRNA was used as a control RNA and actin as a protein loading control.
*** p < 0.001, Student’s t‐test.
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Primary cilia and KLF2 signaling in bile duct epithelia
KLF2 decreased proliferation and migration as well as increased resistance to
apoptosis, which together reflect its promotion of a more quiescent phenotype. KLF2 is
regulated through multiple upstream pathways. MiR‐106b inhibits KLF2 expression in
malignant cells [77]. Shear stress by flow increased KLF2 in cholangiocytes and this
induction was removed upon knockdown of cilia. Primary cilia and KLF2 expression
response were dissociable with the disruption of actin filaments, which points to a
intermediate messenging function for the actin cytoskeleton between these flow
responders. The presence of primary cilia is correlated with KLF2 expression in bile duct
epithelial cells and they might be linked in cholangiocarcinoma, as there is decreased
KLF2 expression in malignant cells compared to normal, and ablation of cilia results in a
decrease in KLF2 (Figure 5.10).
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Figure 5.10 Primary cilia and KLF2 signaling in bile duct epithelia

Figure 5.10. Primary cilia and KLF2 signaling in bile duct epithelia. KLF2 decreases
proliferation and migration increases resistance to apoptosis, reflecting an overall more‐
quiescent phenotype. The expression of KLF2 is decreased in cholangiocarcinoma cells and
tumors. Primary cilia incidence is correlated with KLF2 expression in bile duct epithelial
cells. KLF2 is regulated by miR‐106b in malignant cells and induced by flow in normal cells.
This flow‐induced KLF2 expression is abolished upon knockdown of primary cilia,
indicating that the KLF2 flow response is ciliary‐dependent. Disruption of actin filaments
uncouples the primary cilium‐KLF2 pattern of coordinate expression, implicating the actin
cytoskeleton as a potential intermediate for the primary cilium‐KLF2 signaling axis in
cholangiocytes.
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Discussion
The principal findings of this study relate to the role of KLF2 in
cholangiocarcinoma and the signaling dynamics of both cholangiocyte primary cilia and
KLF2, as they relate to flow response. Here we showed that: (i) KLF2 and cilia
expression are positively correlated in cholangiocytes and are decreased in
cholangiocarcinoma cells; (ii) KLF2 inhibited proliferation, migration, and cell death
induction; (iii) fluid flow increased expression of KLF2 in cholangiocytes and this flow
response was ciliary‐dependent; and (iv) disruption of actin filaments dissociated the
positive expression relationship between primary cilia and KLF2. These findings are
further discussed below.

The primary cilium is expressed on nearly all non‐hematological cell types in the
body. The diminished presence or function of cilia is commonly reported in cancer. For
instance, in glioblastoma cells, ciliogenesis is inhibited and very few cells express cilia
[397]. In pancreatic cells, not only are cilia lost, but disruption of ciliogenesis could
sensitize normal cells switch to malignant transformation [398]. In addition, inhibition of
ciliogenesis led to increased tumor formation and aggressiveness in breast cancer,
through disinhibition of Hedgehog signaling [399]. It seems that cilia loss may not be
sufficient as a tumor initiator, but rather cooperates and synergizes with additional
oncogenic signaling. Moreover, it could be that cilia loss acts as one of two or more
needed “hits”, predisposing a cell to transformation. We found that cilia are absent from
cholangiocarcinoma cells but present in normal cholangiocyte cells and these
observations are consistent with the literature [283, 284]. While we did not directly test
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the tumorigenic or transforming effect of inhibition of ciliogenesis in normal cells or
induction of ciliogenesis in cholangiocarcinoma cells, the primary cilium was described
as a tumor suppressor in these cells [118, 283, 288].

Cholangiocarcinoma commonly presents with cholestasis. This obstruction of the
bile ducts can arise from conditions that predispose to cancer such as PSC and
intrahepatic cholelithiasis, or directly from blockage by the tumor mass and associated
desmoplastic stroma. Whatever the direct cause, the result is diminished or stoppage of
regular luminal flow. Cholangiocytes are responsive to this change. Here we report a
positive correlation between two flow responders, primary cilia and KLF2, in
cholangiocytes. Furthermore, there is a coordinate decrease in both cilia presence and
KLF2 expression in cholangiocarcinoma.

After its discovery and characterization within the last few decades [167, 168,
173], human KLF2 was shortly thereafter demonstrated to control T‐cell quiescence [151,
152] and was identified as a master regulator of transcriptional flow response in
endothelial cells [184, 187, 400]. While lymphocyte and vascular biology have long had
the majority claim on KLF2 function, reports of its role as a tumor suppressor have
grown in number since the first few descriptions around 15 years ago [217, 220]. The
function of KLF2 as a suppressor of cancer hallmarks is observed in multiple cell types,
but in cholangiocarcinoma, its potential influence has not been investigated. Here we
showed that increased expression of KLF2 decreased proliferation and migration in
normal HEK293T cells. Moreover, in cholangiocarcinoma cells, proliferation and
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migration were repressed by KLF2 expression, and these cells showed decreased
sensitivity to TRAIL‐induced apoptosis. Thus, in cholangiocarcinoma cells, KLF2 could
decrease cell growth and migratory potential, but they were also more resistant to
extrinsic cell death, possibly imparting a net effect of increased quiescence.

We demonstrated a correlative expression pattern for cilia and KLF2 in normal
and malignant cholangiocytes. Deciliated cells showed a decrease in KLF2 expression,
and it was presumed that KLF2 is downstream of ciliary signaling. Our data have
suggested that the KLF2 flow response is dependent on the cholangiocyte primary
cilium, and we have therefore uncovered a link between these two flow‐responsive
signal transducers. The intermediary messaging remains unclear, however. Calcium was
a likely candidate as it has been shown to be a second messenger in kidney cell ciliary
signaling. Fluid shear stress caused calcium‐induced calcium release (CICR) via the cilia‐
localized mechanosensor PC1 and cation channel PC2 [401]. Luminal flow activated
these same receptors on the cholangiocyte cilium to increase intracellular calcium as well
[272]. Also, disruption of calcium signaling inhibited flow induction of KLF2 mRNA in
endothelial cells [194]. Furthermore, the purinergic receptor P2X4, an ATP‐driven
calcium channel, could mediate KLF2 response to shear stress [402]. Surprisingly,
modulation of intracellular calcium levels by chelation in cholangiocytes did not result
in a repression of KLF2 induction by shear stress. Under fluid flow conditions, the
increased KLF2 expression compared to static controls was not significantly different
with or without calcium chelation. Studies to date that describe calcium‐mediated KLF2
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signaling have all been performed in endothelial cells. It is possible that the KLF2
signaling axis in epithelial cells or even biliary cells specifically, employs different
biochemical participants. An important caveat is the question of true depletion of
intracellular calcium levels in our experiments. Though the cell‐permeant calcium
chelator BAPTA‐AM is a commonly used reagent with demonstrated ability to decrease
cell calcium levels [403‐405], it will be important for us to confirm an experimental
decrease in intracellular calcium, by direct measurement with a calcium indicator, such
as fura‐2. An obvious candidate for future query is cyclic AMP. cAMP signaling has
been shown to be involved in the ciliary mechano‐response in cholangiocytes. In bile
ducts in vitro, luminal flow elicited a cAMP signal response, specifically through
regulation of adenylyl cyclase 6 (AC6) activity [272, 277]. However, the flow‐induced
decrease in cAMP was further shown to be secondary to calcium, which could inhibit
AC6. Therefore, if the cAMP response in ciliary‐mediated mechanosensation is
downstream of calcium, we become skeptical of its role as an intermediary molecule in
flow‐induced KLF2 signaling.

In pursuit of other candidate signaling intermediates, we considered the actin
cytoskeleton based on reports of its role in primary cilium assembly/disassembly [395,
406] and signal transduction [407]. When we manipulated the expression of cilia by
preventing actin polymerization, we observed an expected increase in number of cilia.
We observed an unexpected decrease in KLF2 expression however. Cilia morphology
changed as well, with a presentation of longer cilia with cytoskeleton rearrangement.
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The unexpected change in KLF2 expression could partially be attributed to differential
cilia signaling, as long cilia signal differently than short cilia. These data could be the
result of a differential response to cytoskeletal rearrangement based on cilia
morphology. More importantly, these preliminary data imply that the disruption of the
actin cytoskeleton causes an uncoupling of the positive expression pattern of primary
cilia and KLF2. This finding indicates that actin is a potential intermediate messenger in
the primary cilium‐KLF2 signaling axis that warrants further investigation in
cholangiocyte biology. In summary, in cholangiocytes shear stress and cilia positively
affect KLF2 expression. Bile flow and cilia are decreased in cholangiocarcinoma and we
found KLF2 was also decreased in tumors. KLF2 seems to regulate tumor‐related
features of migration, proliferation, and cell death.
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Chapter 6 – Conclusions

A PubMed search for the term “cancer” returned a little over 27,000 publications
in 1977, while the number has expanded to over 150,000 thus far in 2018. Granted, this
metric is not the most accurate means of quantifying the growth of cancer research (one
would likely consider NIH/NCI spending as a useful barometer). It does reflect
increased studies, and understanding. Successive and recursive cancer studies over time
have culminated in the establishment of fundamental tumor characteristics, or hallmarks
of cancer [408] that are now augmented with additional keystone cancer‐enabling
mechanisms [409]. With the expansion of inquiry, there has been a concomitant growth
in the complexity of cancer biology as we understand it. In order to make therapies more
effective, scientist will have to search for creative ways to target the tumor. We know
now that tumor heterogeneity is such that a tumor is actually a diverse assemblage of
cell subpopulations, each with different molecular and mutational profiles that impart
varied susceptibilities to treatment. This contributes to the ongoing difficulty in finding
real cures. We must continue to learn.

The focus of this dissertation is cholangiocarcinoma, which, unlike the combined
trend for all cancer types, has seen an increase in age‐adjusted incidence and mortality
and meager improvement in survival with treatment [15]. This cancer is particularly
deadly and therapeutic response is dismal. Surgery is not an option for most patients,
and the chemotherapies that are available to these patients are palliative only. A deeper
understanding is necessary of the malignant features of cholangiocarcinoma that make it
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such an obstinate tumor. Herein I investigated the regulation of some of these features,
such as proliferation, migration, and resistance to cell death, and endeavored to identify
and characterize molecules and mechanisms with importance in cholangiocarcinoma
biology. In the following pages, I will address my studies on (i) a purported small‐
molecule XIAP antagonist; (ii) my primary and collaborative work on microRNAs and
anti‐microRNA antagonists; and (iii) my identification of KLF2 dysregulation in
cholangiocarcinoma. The latter of these three areas of study has not yet resulted in a
therapeutic strategy, but has identified new biological signaling pathways.

Resistance to apoptosis is a signature feature of cholangiocarcinoma. Anti‐
apoptotic proteins including XIAP and members of the Bcl‐2 family such as Mcl‐1 and
Bcl‐XL are increased in cholangiocarcinoma. Strategies to overcome the protection
provided by these proteins include treatment with small‐molecule inhibitors and RNAi.
If we are able to overcome cell death resistance by shutting down these cytoprotective
proteins, tumor cells become more vulnerable to drugs that activate apoptosis pathways.
Other means of killing the tumor cell include increased sensitivity to immune
surveillance pathways. TRAIL is expressed in normal cells, especially NK and NK‐T
innate immune cells, which are responsible for tumor surveillance. TRAIL activates the
extrinsic apoptosis pathway in malignant, but not healthy, cells. Thus, an attractive
strategy for cancer therapy is restoration of TRAIL sensitivity, thereby allowing it to
specifically kill cancer cells without cytotoxic side effects in normal cells. Puzzlingly,
cholangiocarcinoma tumor cells express TRAIL, which would be expected to induce
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paracrine/juxtacrine apoptosis of neighboring malignant cells. Cholangiocarcinoma cells
have therefore developed pro‐survival signaling and methods of apoptosis resistance
that allow them to propagate in the presence of a functioning immune system and
neighboring TRAIL‐expressing tumor cells.

Chemotherapeutic drugs typically activate apoptotic signaling. Therefore, if we
create a background of apoptosis sensitivity by repressing anti‐apoptotic proteins, it
would be expected that these agents would have increased efficacy. Note the similarity
in strategy here to enhancing TRAIL‐mediated death, now with a chemical inducer. We
investigated embelin for its ability to enhance apoptotic signaling. We found that this
small‐molecule inhibitor of XIAP was unlikely to be therapeutically effective in this
framework. Though embelin reduced the proliferative capacity of cholangiocarcinoma
cells, it did not promote cell death, nor did it increase apoptosis sensitivity to TRAIL.
Staining with the DNA‐binding fluorescent dye DAPI is a common practice to visually
measure apoptosis in cell culture. Its utility as a cell death indicator in live cell imaging
is due to the relatively low concentration in healthy cells (mostly due to drug efflux
mechanisms and partly due to the relative impermeability of DAPI through the healthy
plasma membrane). This results in selective, bright staining of apoptotic cells with
decreased membrane integrity and impaired efflux capacity. Additionally, nuclear
condensation and fragmentation are morphologic changes inherent to apoptosis that can
be easily detected on fluorescent imaging of a DAPI‐stained nucleus. Embelin treatment
of cholangiocarcinoma cells increased nuclear staining for DAPI, but did not cause
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characteristic nuclear fragmentation, and it did not induce DNA laddering or caspase
activation. It appeared then, that embelin caused an increase in the uptake of DAPI in
non‐apoptotic, otherwise healthy cells. We concluded that embelin was not promising as
an inducer of therapeutic apoptosis, thus, we did not further pursue it as a treatment
drug.

In continuation of our investigation of factors involved in apoptosis signaling in
cholangiocarcinoma, we turned to microRNAs. First recognized as a conserved class of
regulatory molecules at the turn of the century, the aberrant regulation of, and by, these
non‐coding RNAs has since been implicated in every cancer hallmark. The biological
functions of microRNAs are manifested through negative regulation of the expression
levels of gene targets. Often, microRNAs act to fine‐tune expression of their mRNAs, of
which there are often several to hundreds. Messenger RNA transcripts themselves can
be targeted by multiple different microRNAs. This regulatory interplay and collective
post‐transcriptional honing provides a buffering system for fluctuations in gene
expression, and grants robustness in biological processes [410]. MicroRNA expression is
frequently altered in cancer cells upsetting this homeostasis. Commonly in malignant
cells, the upregulation of oncomiRs causes inhibition of target tumor suppressor genes.
Alternatively, downregulation of tumor suppressor microRNAs releases oncogenes
from inhibition.

MicroRNA function and dysregulation in cancer have garnered interest in
developing microRNA‐based therapies. There is a large amount of promising pre‐
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clinical data demonstrating effective strategies to silence oncomiRs in tumors [411].
Increasingly, restoration of silenced tumor suppressor microRNAs has seen compelling
results as well [412]. Despite all the effort and progress, a relative few microRNA‐based
therapies have made it through clinical trials [413]. Notably, the first RNAi drug recently
received FDA approval, and moreover, six additional RNAi drugs are currently in phase
III clinical trials [414].

I investigated the role of miR‐106b in modulating cancer hallmarks in
cholangiocarcinoma cells. The goal of this study was to identify the miR‐106b‐regulated
gene landscape in cholangiocarcinoma cells by measuring genome‐wide changes in
mRNA abundance. Through RNA‐Seq, I found 112 mRNAs significantly repressed by
miR‐106b. Although we validated a number of the genes from this set at the mRNA and
protein levels as genuine miR‐106b targets, remarkably, few were shared with other
studies that included miR‐106b targets. This suggests that individual cell or tumor types
may have a characteristic set of microRNA targets, depending on target splice form,
abundance, and availability for microRNA binding.

Effective microRNA delivery is a key challenge for treatment and in the
development of microRNA therapeutic drugs. A free‐floating, exogenous microRNA is
labile in extracellular space compared to endogenous microRNAs, which are protected
from degradation by association with ribonucleoprotein complexes like RISC and
controlled transport in membrane‐bound vesicles [78]. Several strategies have been
developed to maintain microRNA stability during treatment and increase target cell

164
delivery. The development of polyelectrolyte complexes of nucleic acids with
polycations (polyplexes), offer a nanoparticle‐based system of stable delivery of
siRNA/microRNA [415]. We collaborated with nanomedicine researchers to test the
effect of a polyplex of a CXCR4‐inhibiting polymer (PCX) with a miR‐200c mimic [143].
Both CXCR4 and miR‐200c have observed roles in regulating cholangiocarcinoma cell
migration and metastasis, so it was reasoned that a combination of CXCR4 antagonism
with miR‐200c delivery would enhance inhibition of cholangiocarcinoma migratory
potential. Indeed, treatment with PCX/miR‐200c polyplex resulted in a cooperative
inhibition of cell migration that was more effective than either treatment alone [143].

Another method of microRNA delivery is via exosomes. These small
extracellular vesicular bodies are secreted by all cells and function in either paracrine or
endocrine signaling by transfer of nucleic acids, proteins, and lipids [416]. As with all
signaling pathways, exosomes can be repurposed by cholangiocarcinoma cells to
nurture a favorable microenvironment and promote pathogenesis [417]. However,
advances have been made recently to exploit this tumor exosomal dysregulation.
Positive efforts to establish signature expression profiles of exosomal cargos in PSC and
cholangiocarcinoma patients offers some promise for these vesicles as biomarkers in
biliary disease [418]. Additionally, exosomes can be isolated and subsequently loaded
with endogenous or exogenous cargo, including microRNAs, and used to selectively
deliver encapsulated therapeutic molecules to target cells [416]. This method of nucleic
acid delivery into cells is reminiscent of liposome transfection, which is also based on
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phospholipid membrane encapsulation. By aggregating negatively charged nucleic acids
(e.g., microRNA) with cationic lipids, cargo nucleic acids are packaged in vesicles that
are able to efficiently fuse with the phospholipid bilayer of a transfected cell and release
their contents to the intracellular space. We routinely modify microRNA levels in
cholangiocarcinoma cells with liposomal transfection to deliver either microRNA
mimics or antisense locked nucleic acid (LNA) inhibitors to the cell’s interior. LNAs are
RNAs modified with a methylene linkage between the 2’‐O and 4’‐O of the ribose ring.
This structural alteration improves LNA oligos as therapeutic agents in two ways: first,
the constraint from the methylene linkage locks the LNA in a conformation that
coordinates cognate binding with high affinity, and second, the backbone promotes a
much higher in vivo stability [419, 420]. The invention of LNA technology has provided a
useful tool to suppress microRNAs.

We again worked with the Oupický team and tested their PCX‐based
nanoparticle as a therapeutic delivery system, however this time in a complex with LNA
antagonist against miR‐210. PCX/anti‐miR‐210 treatment in vitro caused a significant
increase in apoptosis in cholangiocarcinoma cells. Cell stemness features including soft
agar growth, tumor spheroid formation, and expression of the stem cell marker ALDH
were all decreased by PCX/anti‐miR‐210. Following up on the effectiveness of PCX/anti‐
miR‐210 as an anticancer agent in cultured cells, we next explored the delivery ability of
nanoparticles to tumors. Biodistribution studies showed significant accumulation of
fluorescent nanoparticles in the tumor. Finally, in a cholangiocarcinoma xenograft
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mouse model, PCX/anti‐miR‐210‐treated mice displayed reduced tumor growth
compared to control and compared to Gemcitabine/Cisplatin. Combination treatment of
PCX/anti‐miR‐210 with Gemcitabine/Cisplatin caused a striking chemosensitization and
these subcutaneous tumors had no mass increase over the 22‐day post‐tumor
inoculation [108]. These results demonstrated the potential of multi‐pronged treatment
strategies and are encouraging for future studies to promote clinical translation of
PCX/anti‐miR‐210 as antitumor therapies.

Based on my studies showing miR‐106b targeted KLF family members, I
searched for publications implicating the KLF family in cholangiocarcinoma cell
function. There is a limited amount of literature on this topic and thus I began studies to
investigate KLF2 in cholangiocarcinoma signaling. KLF2 is an important flow‐sensitive
transcription factor in endothelial cells, where it has anti‐proliferative effects. The
potential role of KLF2 in cholangiocarcinoma is unknown. Tumor suppressive functions
are reported in other cancer types, and we therefore posited that KLF2 might regulate
proliferation, migration and apoptosis in cholangiocarcinoma cells. Built on the rationale
that: 1) KLF2 and primary cilia are responsive to fluid flow, 2) reduced KLF2 and
primary cilia are observed in cancer, and 3) cholangiocarcinoma tumors do not express
cilia and have reduced bile flow, we hypothesized that KLF2 is induced by fluid flow
through a ciliary‐dependent mechanism, and cilia loss and cholestasis in
cholangiocarcinoma decrease KLF2.
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We hypothesized that bile flow may contribute to malignant features in
cholangiocarcinoma through regulation of KLF2 signaling. Additionally, we
investigated cilia‐mediated KLF2 expression in cholangiocytes as we considered a
potential connection between these flow‐responsive signaling mechanisms and reduced
bile flow in cholangiocarcinoma. My data demonstrated that KLF2 repressed
proliferation and migration in cholangiocarcinoma cells. Additionally, there was a
decrease in induced cell death upon enforced KLF2 expression. Together, these features
suggest an overall more quiescent phenotype. The presence of primary cilia was
associated with increased KLF2 levels, and both may play a role in mechanosensation.
My studies herein have also demonstrated that increased fluid flow induced KLF2. In
cholangiocarcinoma, there is a decrease in bile flow due to cholestasis, and a loss of
primary cilia in malignant cells. Both of these factors may act to decrease KLF2
expression. Because KLF2 seems to encourage cell quiescence, loss of fluid flow and
primary cilia may promote aggressiveness in biliary tumors.

The maintenance of physiological homeostasis in any organ or tissue type is not
contingent on the activity of one isolated signaling pathway, or the expression of a single
master molecular regulator. There is no magic bullet. The elegant orchestrated signaling
of the normal cell is malformed to an entangled jazz of dysregulation in the cancer cell.
There are many players on many paths. So how do we best treat cholangiocarcinoma?
We still don’t know. Our data implicate changes in the targets miR‐106b, KLFs, and
primary cilia signaling in the tumor; future work will be necessary to translate these to
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therapeutics. These basic science studies of cholangiocarcinoma features required a
dedicated concerted effort to uncover their role and I hope the results presented here
will help form new therapies. Overall, this dissertation sought deeper understanding of
biochemical and molecular features of cholangiocarcinoma in order to find molecular
targets to improve treatment. I have added to our understanding of microRNAs and
mechanosensory pathways.
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