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Department of Pharmaceutics

Primary human hepatocytes are commonly used to evaluate liver drug metabolism and
toxicity. Pluripotent stem cell derived hepatocytes (SCDHs) have the potential to overcome
access and function-related limitations associated with primary hepatocytes. However, in order
for SCDHs to become routinely used in preclinical drug metabolism and toxicity screening, they
must demonstrate reproducible activity of drug metabolism proteins, particularly the oxidative
CYP enzymes, and at a level comparable to that of primary human hepatocytes.

The work presented in this dissertation explores the potential of SCDHs to be used as an
in vitro pre-clinical model for drug metabolism studies. Namely, we focus on further identifying
how similar SCDHs are to primary human hepatocytes with regard to drug-metabolizing

enzymes. Moreover, we performed genotype profiling on the commonly used human embryonic



stem cell lines (hESCs) to further identify their utility in pharmacogenetic screening. In addition,
we investigated the miRNA expression profile of SCDHs to identify miRNA candidates that
could improve the maturity of SCDHs.

Our data showed that SCDHs are immature compared to primary human hepatocytes in
terms of the expression and activity of drug-metabolizing enzymes, notably the CYP enzymes.
We found that SCDHs more closely resemble fetal hepatocytes regarding expression of
hepatocyte markers, drug-metabolizing enzymes, transporters, and transcription factors. This
translated into minimal CYP activity for only CYPs 1A and 3A when examining metabolite
formation. In addition, we show that the miRNA expression profile of SCDHs compared to stem
cells, cryopreserved hepatocytes and human liver tissue indicates global changes associated with
immaturity in SCDHs. Taken together, our findings provide a more thorough characterization of
SCDHs with regards to their use in drug metabolism studies, and provide insight into a possible
mechanism to enhance the maturity and functionality of SCDHs. Additional studies are
warranted to further evaluate the effect of the miRNAs identified here on the differentiation of

hepatocytes.
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Introduction: Stem Cells and Drug Metabolism
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1.1 Introduction

Stem cells have a high self-renewal capability and can give rise to any type of mature cell in
the body making them a very attractive target for researchers in regenerative medicine. While
there is excitement surrounding the possibilities of stem cell research, this field is still in its
infancy. The field of human pluripotent stem cell research is centered on two cell sources,
embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs). Research with ESCs
began first with mouse ESCs in the early 1980°s [1, 2], and was followed by establishment of the
first human ESC lines in 1998 [3]. Due in part to ethical concerns regarding development of
ESC lines, interest arose in ways to develop pluripotent stem cells from somatic cells or other
non-embryonic sources. A breakthrough in this area occurred in 2006, when a group from Kyoto
University, led by Shinya Yamanaka, were able to demonstrate that a combination of four
retrovirally delivered factors, Oct4, Ki1f4, Sox2 and cMyc, could reprogram mouse fibroblasts to
pluripotency; they termed these cells induced pluripotent stem cells, or iPSCs [4]. They shortly
followed this work a year later with demonstration that the same four factors could also
reprogram human fibroblasts to pluripotency [5]. Development of iPSCs now allows the
possibility of generating cell lines matched to specific patients, which can be used to study
genetic diseases or as a source for regenerative medicine [6]. Just six years after publication of
his work on cellular reprogramming, Shinya Yamanaka and Sir John Gurdon were awarded the
2012 Nobel Prize in Physiology or Medicine [6]. This demonstrates the robustness of this
approach, its rapid acceptance in the stem cell field, and vast potential for research [6].

Since the establishment of human pluripotent stem cells lines, both ESCs and iPSCs,

there have been some forays into their use for regenerative medicine. For example, the use of

ESC-derived oligodendrocyte progenitor cells to treat spinal cord injury. Geron Corporation was



the first to gain US Food and Drug Administration (FDA) approval for a Phase I clinical trial
involving ESCs in 2009. This trial tested GRNOPCI, their human ESC-derived oligodendrocyte
progenitor cells for acute spinal cord injury [7, 8]. This was viewed as an important milestone in
the field of regenerative medicine. Unfortunately, Geron stopped their trial prematurely
putatively for business reasons [9]. Following Geron’s pioneering trial, other clinical trials have
been initiated to examine human ESC-based therapies, most notably with ESC-derived retinal
pigmented epithelial cells. As of September 2014, there are 8 clinical trials involving human
ESC therapies listed with ClinicalTrials.gov (www.ClincalTrials.gov). Of these 8 trials, 7
involve human ESC-derived retinal pigmented epithelial cells for therapy in Stargardt’s macular
dystrophy, dry age-related macular degeneration, and wet age-related macular degeneration
(www.ClincalTrials.gov). The eighth trial is set to examine human ESC-derived cardiac
progenitor cells in patients with severe heart failure (www.ClinicalTrials.gov). While iPSCs
offer the potential for patient-derived cell lines to be used in regenerative medicine, there have
been concerns regarding their safety, namely the oncogenic potential of the factors used for
reprogramming, once injected back into the patient. Nonetheless, in September 2014, the first
iPSC-derived cells (retinal pigmented epithelium) were injected into a human patient with
macular degeneration in Japan [10]. Results of this trial may hold implications for future
approval of iPSC-based cell therapies.

Not only do stem cells offer invaluable opportunities for regenerative medicine, they
have vast potential as tools for in vitro assays conducted in the drug discovery and development
process. Because stem cells can theoretically differentiate into any cell type, they can be used as
cell models in drug screening, for both efficacy and toxicity [11]. The advent of iPSCs also

allows the development of cell lines from individuals with diverse genetic backgrounds to study



specific disease etiology, or genetic effect on drug metabolism [11]. In addition, stem cells can
be used to replace primary cell types in metabolism and toxicity testing, for example stem cell
derived hepatocytes in drug metabolism screening and stem cell derived cardiomyocytes in
toxicity screening. The purpose of this chapter is to provide an overview of the current state of
stem cell technologies regarding their use in drug metabolism screening, with an emphasis on

stem cell derived hepatocytes (SCDHs).

1.2 Human Pluripotent Stem Cells

Stem cells are defined as cells that can self-renew and have the ability to generate cells of
a specific tissue and associated function through the process of differentiation [12]. Within the
genre of stem cells there are 4 main classification types based on the potency of the stem cell, or
types of cells that can be produced upon differentiation. This includes the totipotent stem cell,
pluripotent stem cell, multipotent stem cell, and unipotent stem cell [13]. Totipotent stem cells
are the most versatile; they can differentiate into any and all cell types, including extraembryonic
cell types which are necessary for implantation and development of the embryo such as the
placenta. Totipotent stem cells are the only type that can independently give rise to a complete
organism. Pluripotent stem cells fall one step below totipotent cells; they can differentiate into
any cell type except the extraembryonic cell types. Pluripotent stem cells can form any cell type
derived from one of the three embryonic germ layers; the ectoderm, mesoderm and endoderm, as
illustrated in Figure 1.1. Multipotent stem cells are a more specialized type of stem cell that can
differentiate only into a limited range of cell types derived from a specific lineage. For example,
hematopoietic stem cells give rise to all types of blood cells and are considered multipotent cells.

Unipotent stem cells can differentiate only into one mature cell type. Spermatogenic stem cells



are unipotent stem cells because they can only form sperm cells. The main sources of
pluripotent human stem cells in regenerative medicine include embryonic stem cells and induced
pluripotent stem cells. In this chapter we will focus our discussion on the use and application of
pluripotent stem cells.

The discovery of human pluripotent stem cells has resulted in an emerging field of
research that holds promise for both bench research to develop models of human disease and to
test new drugs in development, as well as in regenerative medicine to develop cells and tissues
for transplant and treatment of diseases [14]. While the discovery of mouse embryonic stem
cells occurred in the early 1980°s [1, 2], it was not until 1998 that the first human embryonic
stem cells (hESCs) were isolated [3]. These hESCs displayed the key characteristics of
pluripotency, mainly they could be maintained and expanded in culture, and could generate
derivatives from all three embryonic germ layers and form teratomas in vivo [3]. This was
followed by development of induced pluripotent stem cells (iPSCs), first from mouse embryonic
fibroblasts in 2006, and then from human fibroblasts in 2007 [4, 5]. Formation of iPSCs was
achieved through retroviral transduction of four factors, or pluripotency genes, Oct4, Sox2, c-
Myec, and Klf4 [4, 5]. The resulting iPSCs morphologically resembled hESCs, were able to
proliferate in culture, differentiate into cells from all three embryonic germ layers in vitro, and
form teratomas in vivo [4, 5]. A second group also published on the generation of iPSCs in 2007
via lentiviral transduction of human fibroblast cells with the factors Oct4, Sox2, Nanog and
Lin28 [15]. The development of iPSC lines opens more doors for regenerative medicine, as well
as medical research, with the possibility of creating iPSC lines from specific patients for

autologous transplant or patients with various disease or genetic backgrounds for study.



1.2.1 Stem Cell Derived Cardiomyocytes

Stem cells have a high self-renewal capability and can give rise to any cell in the body
making them a very attractive target for researchers in regenerative medicine. While there is
significant excitement surrounding the possibilities of stem cells in applications ranging from
Parkinson’s disease to spinal cord injury to organ transplants, this field is still in its infancy. One
area with perhaps the most advanced research and application potential in terms of in vitro
systems is the use of stem cell derived cardiomyocytes for cardiotoxicity screening such as QT
prolongation, a leading cause of market withdrawal of prescription medications [16, 17]. A
common test used to screen for cardiotoxicity is the ability of the compound to inhibit the cardiac
hERG (human ether-a-go-go related gene) channel, which is predictive of QT prolongation [18].
Currently used preclinical models for screening of cardiotoxicity have limited predictive clinical
utility [16]. These models include: engineered cell lines expressing the hERG channel, isolated,
arterially perfused rabbit ventricular wedge preparations, canine purkinje fibers, and arrhythmia
rates in animals [18, 19]. While human primary cardiomyocytes make a better in vitro model,
they are generally not used because of limited access and quality [16, 18]. Due to these
limitations for cardiotoxicity testing, there has been extensive work optimizing the differentiation
of hESCs into cardiomyocytes. Stem cell derived cardiomyocytes exhibit functional
synchronization of contraction allowing studies of cell-to-cell coupling, signal transduction and
repolarization characteristics [18]. They also survive for a prolonged period of time in culture,
allowing for examination of both acute effects such as hERG channel inhibition and long-term
effects such as ion channel trafficking [18]. Compared to mature cardiomyocytes, stem cell
derived cardiomyocytes generally exhibited similar responses to several drugs in safety testing

studies; reviewed in Wobus and Loser (2011) [19]. Though there are promising results for the



utility of stem cell derived cardiomyocytes as an in vitro model, there are still concerns and
reservations, including the purity of the stem cell derived cardiomyocyte population, maturity of
the cells, and cost to produce large numbers of the cells [18, 19]. Despite these concerns, there
are commercially available stem cell derived cardiomyocytes from companies such as Cellular
Dynamics International [20]. A study conducted in 2013 utilizing stem cell derived
cardiomyocytes from Cellular Dynamics was able to demonstrate relevant pharmacology and
good correlations to current functional cardiac electrophysiological assays using 10 compounds
with cardiovascular toxicity effects, supporting the use of stem cell derived cardiomyocytes for
electrophysiological cardiac safety screening [21]. The potential of human embryonic stem cell
derived cardiomyocytes in a regenerative medicine capacity has also been demonstrated using
non-human primates. A study that employed a non-human primate model of myocardial
ischemia showed that intra-myocardial delivery of human embryonic stem cell derived
cardiomyocytes could remuscularize substantial amounts of the infarcted heart [22]. However,
from a safety standpoint, they did observe non-fatal ventricular arrhythmias in the non-human
primates that received the hESC-derived cardiomyocytes [22]. Due to the extensive progress
made with stem cell derived cardiomyocytes and insufficiencies with current preclinical models
to predict cardiotoxicity, there is extensive interest in their routine use and application in drug
safety screening. To this end, in July 2013, a meeting was held by the Cardiac Safety Research
Consortium and the Health and Environmental Sciences Institute to discuss new approaches to
assess drug-induced proarrhythmic risk, which included the use of electrophysiological tests with
stem cell derived cardiomyocytes [23, 24]. This demonstrates one application of a stem cell

technology to enhance pharmaceutical development.



1.3 Drug Metabolism

Drug metabolism is an important area of study in drug development, as metabolism is a
main way drugs are eliminated from the body. Drugs can be eliminated from the body as either
the unchanged parent compound or as metabolites [25]. Usually metabolism of drugs results in
inactivation of the compound and renders the compound more water soluble to allow for fascile
excretion from the body; however, metabolism can also result in the generation of a toxic
metabolite. Because of this, preclinical screening of drug metabolism is a fundamental
component of the drug development process and is used to predict drug bioavailability, drug-
drug interactions, and toxicity. Pharmaceutically-based drug-drug interactions occur when one
drug affects the pharmacokinetics of another, or in other words, if one drug changes the
absorption, distribution, metabolism or excretion (ADME) of another [26, 27]. Inhibition and
induction of drug-metabolizing enzymes can both alter the metabolism of a drug, representing
two major reasons for such drug-drug interactions [25].

The main family of enzymes responsible for drug metabolism is the Cytochrome P450s
(CYPs). The CYPs are a superfamily of hemoprotein enzymes that primarily catalyze oxidation
reactions [28]. It is a large and diverse family of enzymes with 57 functional isozymes in
humans. However, it is the members of just three subfamilies (CYP1, CYP2 and CYP3) that are
primarily responsible for most metabolic clearance of drugs [29]. They are expressed in
numerous tissues, with the main drug-metabolizing CYPs being highly expressed in the primary
tissues responsible for drug metabolism — the intestine, liver and kidney. The liver is the most
versatile of these organs and, thus, key to drug metabolism and clearance. Accordingly, when
evaluating drug metabolism, the hepatic CYPs in particular are extensively studied. The liver,

along with the intestine, also plays a crucial role in “first-pass metabolism” of orally



administered compounds. Orally administered compounds are absorbed in the intestinal mucosa
where they are delivered to the liver via the portal vein before entering the general blood
circulation. This first-pass of compounds through the intestine and liver can result in extensive
metabolism of the compound before it enters general circulation, having a major effect on a
drug’s bioavailability and pharmacological response. This also means that the liver may be
exposed to high concentrations of orally dosed drugs and their metabolites, posing a risk for liver
toxicity [25]. Some CYPs are also highly polymorphic, and this genetic variation can play a role
in therapeutic failure and drug toxicity risk [26, 30]. Variation in the CYP genes can result in
enzymes with no functional capacity, enzymes with altered functional capacity, or enzymes with
altered expression level. For each polymorphic gene these alterations result in a range of
observed phenotypes classified as poor metabolizers (PMs), intermediate metabolizers (IMs),
extensive metabolizers (EMs) and ultrarapid metabolizers (UMs) [26, 30]. The CYP with the
most variation identified to date is CYP2D6, with more than 63 functional gene alleles
(www.cypalleles.ki.se/cyp2d6.htm), including polymorphisms that result in gene deletion (PM),
defective splicing (PM or IM) and gene duplication (UM).

Because metabolism plays a crucial role in both the efficacy and toxicity of drugs, it is
important to identify the metabolites formed and the enzymes responsible for metabolism [25].
Usually, a drug is metabolized by several competing pathways and the contributing fractions will
depend on the relative rates of each parallel pathway. Importantly, it’s known that the fraction of
dose metabolized by specific enzymes, such as the CYPs, is a major determinant in predicting
drug-drug interactions and is essential for understanding the impact of polymorphisms in drug
metabolizing enzyme genes on total drug clearance [25, 26]. Because blood drug or metabolite

concentrations drive pharmacologic effect, the metabolic profile of a new chemical entity can be



10

determined in vitro and this data is now routinely included in IND (Investigative New Drug)
evaluation documents. It is also used to determine the most appropriate follow up clinical
studies to assess drug-drug interactions [26]. Reaction-phenotyping involves the use of multiple
systems in combination to determine the major metabolic pathways responsible for drug
metabolism and clearance. This includes purified recombinant proteins, microsomal membrane
and other subcellular fractions, primary hepatocytes, coupled with selective chemical inhibitors,
inhibitory antibodies, and probe substrates [26, 31]. Probe substrates are useful in determining
the inhibitory potential of a new chemical entity toward specific CYPs. CYP reaction-
phenotyping is used to estimate the fraction of a drug cleared by all the CYPs (f) and the
contribution of each individual CYP (fm,cyp) [26]. This data can then be used to predict the
magnitude of a drug interaction and the impact of a CYP polymorphism on the pharmacokinetic
profile and pharmacological action of the drug. It can also be used to help design more effective
clinical studies, so as to avoid therapeutic failure and unexpected toxicity [26]. In addition, the
spectrum, reactivity and abundancy of a given metabolite is important, as defined by the FDA’s
Safety Testing of Drug Metabolites guidance, or MIST [32]. The goal of MIST is to assess
circulating metabolite exposure, as the metabolites may have pharmacological activity or toxicity
risks. This is determined in part from in vitro drug metabolism profiling in combination with
animal studies and clinical trials. It is important to have a thorough understanding of the ADME
properties of a new chemical entity, including the role of CYPs in the overall clearance of the
drug, accurate in vitro CYP reaction-phenotype data, metabolic clearance by non-CYP enzymes,
renal clearance and biliary clearance [26]. It is also known that some CYP enzymes are
susceptible to induction. This induction has been observed primarily in the liver although it has

been described for other tissues as well, notably the intestine [26, 33]. Enzyme induction results
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in increased metabolic elimination of the drug and therefore reduced plasma concentration of the
parent compound. In order to assess the potential for a drug interaction due to enzyme induction
one needs knowledge of the enzymes and their contribution to the metabolic elimination of the
drug candidate [26].

While the CYP enzymes are the predominant family involved in drug metabolism, there
are other enzymes that may play a significant role in the metabolic clearance of a drug. These
include the flavin-containing monooxygenases (FMOs), monoamine oxidase, epoxide hydrolase,
glutathione S-transferases (GSTs), sulfotransferases (SULTs), methyltransferases, N-
acetyltransferases (NATs), and UDP-glucuronyltransferases (UGTs) [31]. Unlike with the
CYPs, in vitro phenotyping experiments for these other enzymes are less well established and

there are fewer selective probe substrates and inhibitors available [26, 31, 34].

1.3.1 Tissues

Again, although the liver is the main organ responsible for drug metabolism there are
other tissues with significant expression of the CYPs and other drug metabolizing enzymes that
should also be considered when evaluating a drug’s first-pass and overall metabolic clearance
and may be particularly important in terms of localized toxicity [26]. The two other organs most
commonly involved in drug metabolism along with the liver are the intestine and the kidney.

These three organ systems and their role in drug clearance are discussed below.

1.3.1.1 Liver
The liver possesses the highest expression levels of drug-metabolizing CYPs, making it

the most important organ for the metabolism, detoxification and elimination of drugs, and the
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focus of drug optimization and safety studies [25, 26]. Metabolism in the liver plays a key role
in determining plasma drug concentration and half-life [25]. Hepatocytes are the main cell type
within the liver, comprising about 80% of the liver volume and are the cell type where the drug
metabolizing enzymes, such as the CYPs, are principally found [25]. Hepatocytes are polarized
cells with a blood-facing sinusoidal membrane and bile-facing cannalicular membrane, as shown
in Figure 1.2B. Each of these membranes expresses specific transporters that facilitate
movement of drugs into and out of the cell. Transporters expressed on the sinusoidal membrane
can affect access of the drug to the drug metabolizing enzymes within the hepatocyte, and
transporters on the canalicular membrane affect biliary excretion. The drug metabolizing CYPs
are found primarily in the endoplasmic reticulum of hepatocytes. CYP3A4 is the major hepatic
microsomal CYP in humans in terms of both abundance and broad substrate specificity [26].
However, CYP1A2, 2A6, 2B6, 2C8, 2C9, 2C19, 2D6 and 2E1 are also present in the liver ER
and contribute to drug metabolism (Figure 1.2B) [26, 28]. With regards to screening for drug
metabolism activity in the liver, in vitro systems include recombinant enzymes, human liver
microsomes, S9 fractions, liver slices and primary hepatocytes [26]. Each of these systems has
their own advantages and disadvantages, so generally multiple different systems are used when
evaluating the metabolic profile of a new chemical entity. The data from these various in vitro
systems is then integrated to determine the overall metabolism profile [26]. Animal studies are
also a useful complement to these in vitro human assays. However, they are not always an
accurate model of human metabolic capacity because of inter-species differences in enzyme
expression and function [35]. Ultimately, in vivo human ADME data is needed to both confirm

the in vitro data and to help place the in vitro data in the appropriate clinical context [26].
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In vitro characterization of drug metabolism involves kinetic analysis of the metabolite
formation rate. The model used most often was developed by Michaelis and Menten [28, 36]:

(Equation 1.1)

VmaxxS

V= —= (1.1)

Km+S
in which v is the velocity, or rate of metabolism and S is the substrate concentration. Vmax is
the maximal reaction velocity and is directly proportional to the total enzyme concentration. Km
is the Michaelis constant, it represents the affinity of the substrate for the enzyme and is
mathematically equated to the substrate concentration at which half maximal velocity (Vmax) is
attained [28]. When the substrate concentration is much smaller than Km, which is true for most
drugs in vivo, v is approximately linearly dependent on substrate concentration, and the ratio
Vmax/Km, known as the intrinsic clearance (Clint), represents the maximum efficiency of the
metabolic process [28, 36]. Intrinsic clearance is used for extrapolating in vitro data to the in
vivo situation. It acts operationally as a proportionality constant between the rate of drug
metabolism (v) and drug concentration at the enzyme active site. If a drug is biotransformed into
multiple metabolites then the net Clint is the sum of the individual Clint for each pathway [28].
The in vitro intrinsic clearance is scaled to predict the total in vivo intrinsic clearance and a liver
model, such as the well-stirred model (Equation 1.2), can be used to predict the in vivo hepatic

clearance [28, 36, 37].

fuxClint

Clh = Q * Q+(fuxClint)

(1.2)

in which Q is liver blood flow and f. is the fraction unbound in blood.
There are a number of in vitro systems that can be used to characterize drug metabolism.

For example, recombinant enzymes, these are typically created by over-expression of a single
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enzyme gene, most commonly in insect cells. Due to the fact that these are singly expressed
enzymes they are valuable for identifying the role of a particular enzyme in a compound’s
metabolism, but are not that useful for characterizing the relative rates of drug metabolism via
multiple pathways or sequential metabolism [38, 39]. One needs to keep in mind that they are an
artificial system, where the enzyme is typically over-expressed at levels far higher than what is
found in native tissue and requires the addition of co-factors [26]. Reaction-phenotyping with
recombinant CYP systems is routinely done and can be used to determine kinetic parameters
such as single enzyme Km and Vmax [26]. Human liver microsomes are one of the most
commonly used in vitro systems. These are endoplasmic reticulum (ER) vesicles and as such
only contain enzymes expressed in the ER, including the CYPs, FMOs and UGTs [28, 38, 39].
S9 fractions contain both microsomal and cytosolic fractions [39]. However, again, cofactors
required for the enzymes must be added to the incubation in order to observe activity, and these
fractions are not ideal for examining sequential phase I/phase II metabolism [38, 39]. For
example, to examine UGT activity, a detergent must be added to create pores in the membrane so
drug may access the active site of the enzyme, resulting in a non-physiological representation of
UGT activity [38, 39]. Hepatocytes are superior for studying sequential and/or parallel oxidative
and conjugative reactions [28]. In addition, while any of these systems can be used to study
inhibition, cell systems such as hepatocytes are the only systems in which to study induction and
its effects on the metabolic profile. This whole cell system is also ideally suited for evaluating
the role of transporters and potential for transporter-mediated drug interactions. Indeed,
sandwich cultured primary hepatocytes are considered the gold standard for determining liver
CYP induction [25]. Hepatocytes cultured in the sandwich configuration, between collagen or

collagen and Matrigel™, morphologically resemble hepatocytes, maintain metabolism, and form



15

canalicular membrane networks also providing a means to evaluate liver specific transporters
(See Figure 1.2B) [25, 40, 41]. Along these lines, a US FDA draft Guideline to Industry
recommends induction studies be performed with hepatocytes obtained from a minimum of three
individuals in order to minimize inter-individual differences in responses [42].

In summary, the metabolism of a drug by the liver is evaluated using a combination of in
vitro systems, such as recombinant enzyme systems, human liver microsomes and/or primary
hepatocytes. These results are compared for an overall assessment of metabolic fate, in
particular, the role of CYP-mediated metabolism [26]. The FDA guidance “Drug interaction
studies — study design, data analysis, and implications for dosing and labeling” highlights the use
of human hepatocytes in determining the metabolic profile of a new chemical entity, and if the
data indicates CYP enzymes contribute >25% to the total clearance of the compound then studies
using human liver microsomes or recombinant enzymes should be performed to identify the
individual CYP enzymes responsible for metabolism [42]. It is important in pre-clinical drug
development to identify and understand the major pathways of metabolism in order to predict

potential drug-drug interactions and potential for liver toxicity [27].

1.3.1.2 Intestine
Although the liver is the main drug metabolizing organ, other tissues express drug-
metabolizing enzymes and extra hepatic metabolism is thought to be important for some
compounds. For example, metabolism in the intestine contributes to first-pass elimination of
orally administered compounds, and is thus a determinant of a drug’s oral bioavailability. It’s
also important to have a clear understanding of the metabolites generated in specific tissues like

the intestine to predict potential toxicity in that tissue. Transcellular absorption of orally
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administered drugs occurs through enterocytes, the mature absorptive columnar epithelial cells
that are part of the mucosal lining in the intestine. The enterocytes have an apical membrane
which faces the lumen, where the intestinal villi face and absorption from the GI tract occurs,
and a blood facing basolateral membrane, illustrated in Figure 1.2A. Enterocytes also express
significant levels of drug metabolizing enzymes, such as CYPs and UGTs (Figure 1.2A).

The main CYP enzyme expressed in the intestine is CYP3A, calculated to account for
about 80% of the CYP content based on total immunoquantified P450s, and interestingly is
expressed in a gradient along the length of the small intestine, with expression being the highest
in the duodenum, followed by the jejunum and lastly the ileum [43-45]. Other CYP enzymes
expressed in the small intestine include CYP2C9, 2C19, 2D6 and 2J2 [26]. Although CYP3A is
the most abundant CYP in both the liver and small intestine, the total mass of CYP3A in the
small intestine is estimated to be only about 1% of that in the liver [45]. This difference in total
mass can be in part attributed to the low yield of microsomal protein from the small intestine
compared to the liver, and because the localization of the CYPs in the small intestine is restricted
to the enterocytes in the villus tip cells, which only account for a small fraction of the total
intestinal cell population [44]. In addition, the liver is about twice as large as the small intestine
by weight (about 1.5 kg vs. 0.7 kg) [44]. Based on CYP content, levels of CYP3A4 have been
estimated at 350 pmol/mg microsomal protein in the liver and 70-160 pmol/mg microsomal
protein in the small intestine [44, 46]. Comparison of two other studies show CYP3A content to
be closer in range, at 96 pmol/mg microsomal protein in the liver and about 50 pmol/mg
microsomal protein in the small intestine [45, 47]. Although CYP3A content in the small
intestine may be just a fraction of that in the liver based on total mass, the fact that CYP3A’s

contribution to total CYP content in the intestine is double that in the liver (80 vs. 40%) coupled
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with relatively similar microsomal content, substantiates the small intestine as an important site
for first-pass drug metabolism [45, 47].

Similar to the process for determining metabolism in the liver, recombinant enzyme
systems of the CYPs known to be expressed in the intestine are used to help understand their
potential role in intestinal drug metabolism. In addition, several cell lines have been used to
study intestinal drug permeability and biotransformation; this includes primary enterocytes and
the immortalized human colon carcinoma cell lines Caco-2 and LS180 cells [43]. While primary
enterocytes are metabolically competent, their viability is limited in culture [48]. Caco-2 cells
are the more commonly used colon carcinoma cell line for screening drug permeability because
they form tight inter-cellular junctions and develop polarized membranes. Caco-2 cells do not
express most CYP enzymes constitutively, particularly CYP3A4, which is the main CYP
expressed in the small intestine [48-50]. They also lack the nuclear receptor PXR (pregnane X
receptor), that mediates the induction of several CYPs by some xenobiotic compounds.
However, Caco-2 cells can be induced to express a low level of CYP3A4 by treatment with
la,25-dihydroxy vitamin D3, a process mediated by the vitamin D receptor (VDR) [49].
Alternatively, one can use CYP3A4-transfected Caco-2 cells, but this introduces the limitations
of an artificial system.

As in the liver, induction of drug metabolizing enzymes and drug transporters in the
intestine may lead to drug interactions. LS180 cells have been shown to constitutively express
PXR and VDR and, thus, are suitable for studying the regulation of intestinal CYP enzymes and
transporters, such as CYP3A4 and p-glycoprotein (P-gp) [51, 52]. Unfortunately, LS-180 cells
do not form tight junctions and cannot be used to assess intestinal bioavailability. Another in

vitro system used to study intestinal drug metabolism is precision-cut slices, these are very small
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intestinal cut slices of tissue from different species, allowing for evaluation of species differences
in intestinal metabolism [43, 48, 53]. However, access to intestinal tissue for these slices is
limited. Overall, there is a lack of robust intestinal cell-based models for simultaneously
assessing drug permeability, drug metabolism, DDIs and drug toxicity [43]. Generation of
enterocytes from human pluripotent stem cells would in theory offer a human based in vitro
system to evaluate all cellular functions critical to the prediction of intestinal drug disposition in
Vivo.

There has been limited work on developing protocols for differentiation of pluripotent
stem cells to enterocyte or intestinal cells, though what has been attempted shows promising
results. The small intestine is a unique organ with a highly regenerative luminal epithelium that
turns over about once a week. This self-renewal is driven by intestinal stem cells (or adult stem
cells) that reside in the crypt. These cells move up along the villi as they mature, essentially
sloughing off the older cells at the tip of the villi [54]. These adult stem cells located in the
intestinal crypt can be isolated from human surgical, or biopsy, specimens and used to develop
ex vivo 3-D enteroid cultures [55-57]. While these represent a promising pre-clinical model, its
use is limited by access to human intestinal tissue. For this reason, intestinal cells derived from
human embryonic and induced pluripotent stem cells may offer a more convenient solution. To
date, most pluripotent stem cell derived intestinal work has been conducted by Dr. Wells’ group
at Cincinnati Children’s Hospital. This group has shown formation of human intestinal
organoids (HIOs) from both embryonic and induced pluripotent stem cells that form mature
human intestinal epithelium with crypt-villus architecture [58-60]. Their HIOs express the
intestinal markers CDX2, SOX9 and KLF5, and they develop crypt-villus architecture with cells

expressing LGRS and ASCL2 (markers of the adult intestinal stem cell population) [58, 59, 61].
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The differentiation takes 35 days and involves the factors activin A, Wnt3a, fibroblast growth
factor 4 (FGF4), Noggin, Rspondinl and epidermal growth factor (EGF) [58, 59]. They also
were able to show that taking the HIOs and then transplanting them under the kidney capsule of
immune compromised mice for 6 weeks before removal allows them to further mature [58].
Additionally, these HIOs have been shown to support replication of a gastrointestinal virus,
rotavirus, indicating they are a biologically relevant model of the intestine [62]. While these
organoids recapitulated many markers of mature intestine, there has been no assessment to date
of drug-metabolizing enzyme functions. Thus, it is unclear, whether such a system would have
utility for in vitro drug metabolism profiling. In conclusion, more work needs to be done on
characterizing stem cell derived intestinal cells in terms of drug metabolizing enzymes and
transporters in order for them to be a useful in vitro system for preclinical drug metabolism

profiling.

1.3.1.3 Kidney

The kidney is a main route for drug excretion, but it can also play a key role in drug
metabolism. Along with the intestine and liver, the kidney also expresses significant levels of
various drug-metabolizing enzymes, such as some of the CYPs and UGTs, as well as drug
transporters (Figure 1.2C). The main cell type in the kidney where drug metabolism and
transport occurs is the renal proximal tubule epithelial cell (PTEC). These cells have a polarized
blood facing basolateral membrane and an apical membrane which transports compounds into
the collecting duct of the kidney to become part of the urine filtrate, illustrated in Figure 2C. In
addition, PTECs are known to express CYP3AS5 as opposed to CYP3A4 as in the liver [43, 63,

64]. CYP3AS is a highly polymorphic enzyme, such that the majority of Caucasians (about



20

85%) do not express functional CYP3AS protein [65]. The primary variant responsible for this
phenotype is CYP3A45*3, an intronic SNP which results in improperly spliced mRNA and a
truncated protein [65, 66]. To evaluate drug metabolism in the kidney, in vitro systems are used
in combination with in vivo data from animal studies. For in vitro systems, immortalized cell
lines such as LLC-PK1 (a pig kidney epithelial cell line) and MDCK (Madine Darby Canine
Kidney) cells are commonly used, however these are non-human cells and do not fully
recapitulate the in vivo renal state [43, 67]. Some human renal epithelial cell lines are also
available for research purposes, including the HK-2 proximal tubule cell line [68, 69]. However,
the HK-2 cell line has been shown to lack expression of some key drug transporters, including
OATI1, OAT3 and OCT2, limiting their use as an in vitro model of human kidney [69].

There is a clear need to better understand the impact of kidney disease on drug
disposition (including metabolism) [63]. Not only does kidney disease affect renal drug
clearances, but it also affects the clearance of drugs that are eliminated by the liver and intestine
[63]. For the kidney, there is still a lack of in vitro models that accurately resemble the in vivo
kidney, particularly one with compromised function. Development of protocols to generate
various cells of the kidney from human pluripotent stem cells would have considerable potential
as an in vitro model to examine drug metabolism and transport within the kidney and also to
study the effects of kidney disease on drug disposition. To gain a better understanding of the
kidney’s role in drug disposition and toxicity, development of 3D microphysiological systems
(or a kidney-on-a-chip) would also be greatly beneficial [70]. For this type of system, stem cell
derived renal tubular cells, along with the other cell types of the kidney, would provide a
consistent human cell source for manipulation in 3D or microphysiological systems to more

accurately model renal functions.
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As with the intestine, there has been limited work to date on development of stem cell
derived renal cells. The kidney is one of the more complex organs in terms of lineage
specification. Kidney formation involves an interaction between two different populations
derived from intermediate mesoderm, metanephric mesenchyme and ureteric bud [71]. The
metanephric mesenchyme differentiates into the epithelial cells of the kidney (such as the renal
tubule cells) and the ureteric bud forms the collecting duct system [71]. Studies examining
generation of kidney cells from human pluripotent stem cells have mostly utilized activin A,
retinoic acid and BMP7 in the differentiation process [72-76]. One study that classified the
differentiated cells as being proximal tubular like cells utilized BMP2 and BMP7 in the
differentiation protocol, followed by flow cytometry sorting for aquaporinl positive cells [76].
More recent protocols have also employed the small molecule CHIR99021, a glycogen synthase
kinase-3f inhibitor [77-79]. While these reports demonstrate generation of metanephric
mesenchyme and renal proximal tubule like cells, more work needs to be done to develop
protocols that definitively yield homogenous populations of renal tubule cells for evaluating the

expression and activity of the drug metabolizing enzymes and transporters.

1.4 Stem Cell Derived Hepatocytes

Primary human hepatocytes are isolated from liver organs deemed unsuitable for
transplantation or via liver biopsy [16]. For in vitro screening, primary human hepatocytes are
the most physiologically relevant model, given their expression of phase I and II drug-
metabolizing enzymes as well as transporters, under the right conditions. Thus, human
hepatocytes have become an integral component for studying drug metabolism and toxicity [16].

While microsomes are still a favored model for high throughput screening, they are increasingly
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being replaced or complemented with primary human hepatocytes [80]. However, the utility of
human hepatocytes is hampered by donor availability, unpredictable inter-donor variability, lack
of cell proliferation and a decline in characteristic hepatic functions over time [16, 81].
Pluripotent stem cells have a high self-renewal capability and can give rise to any cell in the
body, including hepatocytes. Hepatocytes derived from stem cells may provide a useful in vitro
model for drug metabolism, pharmacogenetic, CYP inducibility, and toxicity studies to
complement or replace currently available primary/cryopreserved human hepatocytes. In
addition, there is a critical need to be able to accurately model human organ systems in vitro,
such as the liver, to improve our understanding of drug efficacy and safety during drug
development. Stem cell derived hepatocytes may provide a more readily available source of
cells with quantitatively appropriate and predictable functions for manipulation in 3D or

microphysiological systems to more accurately model the liver, or other organ systems.

1.4.1 Differentiation

Hepatocytes derived from hESCs or iPSCs represent an attractive alternative to bypass
the limitations associated with primary hepatocytes. The aim of differentiation is to recapitulate
natural development in vitro within a culture dish using various combinations of growth factors.
For the liver this means directing the cells first towards the endoderm pathway, then to the
hepatic lineage and finally into mature hepatocytes. There have been several groups reporting
the differentiation of human pluripotent stem cells, both hESCs and more recently iPSCs, into
hepatocytes. One of the first able to demonstrate this were researchers from Geron Corporation
in 2003 [82]. While differentiation efficiencies (based on percentages of cells expressing

hepatocyte markers such as albumin) were low to begin with there has been marked
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improvement in this area. Earlier protocols often relied on spontaneous differentiation of stem
cells through formation of embryoid bodies (3-dimensional multicellular aggregates), a
contributing factor to low differentiation efficiencies [82, 83]. More recent protocols now rely
on directed differentiation using set combinations of various factors, contributing to the increase
in differentiation efficiency [84-86]. There have been a number of various factors used in
differentiation protocols in an attempt to recapitulate normal liver development. This
differentiation process is therefore broken down into a number of stages, with varying
combinations of factors used. The total time to differentiate hepatocytes varies between
protocols, ranging from 13 to 32 days [82, 83, 86-98]. A few factors that are common to most
protocols include activin A, Wnt3, dimethyl sulfoxide (DMSO), hepatocyte growth factor
(HGF), oncostatin M (OSM) and dexamethasone. In addition, other groups have reported
transduction of transcription factors along with growth factor treatment as an efficient process
for generating SCDHs [90-92]. Takayama et al. have reported transduction of FOXA?2 and
HNF1a with an adenovirus vector in combination of step-wise culture with growth factors
including Activin A, bone morphogenetic protein 4 (BMP4), fibroblast growth factor 4 (FGF4),
HGF, OSM to generate SCDHs [90, 91]. More recently, small molecules have also been used to
generate SCDHs [99]. Other protocols have also investigated 3D culture of cells, such as
spheroids and bioreactors, to enhance hepatocyte differentiation [89, 93, 100, 101].

In summary, there are several protocols available for generating SCDHs. While most of
these protocols share common factors, there are differences. Protocols published in journals
such as Current Protocols in Stem Cell Biology and Nature Protocols are an easy and convenient
way to understand every step in a lab’s differentiation process, especially to evaluate

differentiation protocols side by side [86, 102]. Before they can be used for in vitro metabolite
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profiling, the differentiation protocols that yield the most reliable, reproducible hepatocyte like
cells must be identified and thoroughly evaluated. In addition, these protocols must be easily

scalable and cost-efficient to be implemented in an industry setting.

1.4.2 Stem Cell Derived Hepatocytes For Studying Drug Metabolism

The biggest limitation in the field of SCDHs to date is the inability to reproducibly
generate mature hepatocytes with high levels of functional drug metabolizing enzymes. It should
be noted that lack of mature differentiated cells is not unique to SCDHs and a lack of functional
maturity has been observed across various cell types, remaining a problem in the stem cell field
in general [103]. For SCDHs to be used as an in vitro assay platform to determine metabolite
profiles, this is something that must be overcome.

While there have been a number of publications addressing this issue, there is still an
overall inability to obtain mature hepatocytes that possess fully functional CYP activity.
Currently, to evaluate stem cell derived hepatocyte function, there is a repeating pattern of
criteria used including: gene expression profiling, immunocytochemistry and western blotting of
specific markers; indocyanine green staining; glycogen accumulation; and albumin secretion.
While most groups acknowledge the importance of functional drug-metabolizing enzymes, such
as the CYPs, in hepatocytes, few groups have actually assessed functional activity, and not all
using the gold standard of human primary hepatocytes as the comparator. Most groups generally
utilize flourescence-based resorufin and P-glo assays to assess CYP activity; only a few studies
have utilized LC/MS and compared CYP activity to primary hepatocytes [85, 88, 91, 104].

There is also a large amount of variability between studies. For example, in studies reporting on

CYP3A, activity can vary from 0-90% of that seen with human primary hepatocytes [87, 88,
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105-108]. This wide range of results could be due to multiple factors, including the different
stem cell lines used, the protocol used and/or the quality of primary hepatocytes used for
comparison [105]. Selected studies examining functional drug metabolism are summarized in
Table 1.1. In one example, LC/MS was utilized to assess activity of four major drug-
metabolizing CYPs (CYP1A2, 2C9, 3A4 and 2D6). Results from this study indicated CYP
activity comparable to primary hepatocytes for CYPs1A2 and 2D6, indicating the SCDHs
obtained in this study do express some functional CYP enzymes [88]. In addition, some
published reports have characterized the metabolic capacity, as well as inductive potential of
certain CYP enzymes, most using the ethoxyresorufin-O-deethylase (EROD) assay for CYP1A
activity. However, when comparing stem cell derived hepatocyte CYP activity data using either
resorufin assays [82, 83, 106] or LC/MS [88, 91], to primary hepatocytes, all demonstrate lower
activities in SCDHs than primary hepatocytes, further supporting the need for increasing the
efficiency of differentiation protocols.

At the heart of the situation is the fact that the majority of studies have reported SCDHs
as still expressing a feto-protein (AFP), a protein that is highly expressed in fetal hepatocytes,
but is dramatically down-regulated after birth such that healthy adult livers typically do not
express AFP. Another marker for fetal liver is the preferential expression of CYP3A7, rather
than the dominant adult isoform, CYP3A4. Other commonly used markers include other CYPs,
transcription factors, albumin (ALB), alpha-1 antitrypsin (AAT), CK18, and CK19 (a marker of
biliary cells and hepatic progenitor cells). Results with these markers together indicate a mixed
or immature population of cells. Overall, there is significant need for improvement in the
generation and characterizion of SCDHSs, particularly with regards to their metabolic capacity as

it compares to primary hepatocytes.
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While there is evidence that SCDHs do express CYPs and other drug metabolizing
enzymes, they still seem to be at immature levels (below human primary hepatocytes).
Additionally, the cells still express markers typical of fetal hepatocytes, such as AFP. Whether
that poses a problem in terms of use in metabolite profiling and toxicity testing remains to be
seen; indeed it could be one of the reasons for insufficient CYP activity. While it would be
optimal for SCDHs to express functional drug-metabolizing enzymes at the same level as
cryopreserved and primary hepatocytes, as long as the expression and activity is reproducible
and scalable, it may not be necessary. For example, if CYP3A4 content in SCDHs is
consistently 50% of primary hepatocytes, that can be accounted for in the in vitro metabolite
profile with a scaling factor.

Finally, significant work needs to be done to optimize a singular differentiation protocol
for industry use that produces consistent and functional hepatocytes. To help in identifying and
optimizing a protocol for SCDHs, there appears to be a need to develop standard endpoint assays
for determining hepatocyte differentiation and function, and standard comparators such as
primary hepatocytes (which should be validated on their own) to aid in comparing various
differentiation protocols so that protocols that are efficient, reproducible and robust for drug

metabolism and toxicity screening can be further developed [105].

1.5 Conclusions

Stem cells have a high self-renewal capability and can give rise to any cell in the body,
making them a very attractive target for researchers in regenerative medicine, as well as drug
discovery and development. As new chemical entities move into the lead-optimization phase,

ADME and drug-drug interaction data should be collected primarily from human models [25].
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Stem cell derived culture systems offer a promising new tool for ADME studies, adding to our
available human derived pre-clinical models. The three major organ systems involved in drug
metabolism include the liver, intestine and kidney. Tissue specific cells generated from
pluripotent stem cells for all three of these organs would be very useful for drug metabolism
screening. There has been extensive research on stem cell derived hepatocytes for this purpose,
and while there is evidence that SCDHs do express CYPs and other drug metabolizing enzymes,
they remain at immature levels. Overall there is still need for improvement in generating and
characterizing SCDHs, particularly with regards to their metabolic capacity as it compares to
primary hepatocytes. While there has not been as much focus on stem cell derived enterocytes
or renal proximal tubules, research in both of these areas shows promise. Overall, there is still a
need to evaluate each of these cell systems for drug metabolizing enzyme and transporter
activities before they could be used routinely for preclinical screening during drug development.
In addition, there is a critical need to be able to accurately model these human organ systems in
vitro, such as with 3D or microphysiological systems, to improve drug efficacy and safety
assessment during drug development. Stem cells would make for a consistent human cell source
for culturing in a 3D or microphysiological system that more accurately recapitulates organ
function. Such systems have vast potential to advance the development of new therapeutic
agents, enhancing the safety and efficacy of products approved for the market. The following
hypotheses and specific aims address some of the model deficiencies cited above and take us a

step closer to the desired goal.

1.6 Hypothesis and Specific Aims



28

Hypothesis 1: Hepatocytes derived from human pluripotent stem cells are comparable to
primary hepatocytes.

Aim 1.1: To differentiate hESCs into hepatocytes. Cells will be generated using an existing
protocol from our collaborator, Dr. David Hay (Chapter 2) [84].

Aim 1.2: Evaluate stem cell derived hepatocytes for down-regulation of typical stem cell
markers and up-regulation of hepatocyte markers. This will be done through
immunocytochemistry and gene expression profiling (Chapter 2 and 3).

Aim 1.3: Evaluate the metabolic capacity of stem cell derived hepatocytes using a CYP cocktail
assay. Enzyme activity will be measured in comparison to cryopreserved human hepatocytes
utilizing two cocktail mixtures assessing CYPs 2C9, 3A, 1A, 2D6, 2A6, 2E1, 2C8, 2C19, and
2B6 (Chapter 3).

Aim 1.4: To quantify microRNA expression in adult liver and stem cell derived hepatocytes and
identify microRNAs modulating the differentiation/maturation of hepatocytes. microRNA
profiles in hESCs, adult liver, and SCDHs obtained from Aim 1.1 will be compared. Results will
be used to optimize the differentiation protocol for generating hepatocytes (Chapter 4).
Hypothesis 2: Stem cell derived hepatocytes recapitulate genotype-phenotype properties of
CYP450 enzymes.

Aim 2.1: Collect and genotype PBMCs from used Pall filters for the major polymorphisms
found in drug-metabolizing enzymes. PBMCs will be banked and genotyped for major
polymorphisms in the drug-metabolizing CYPs (Chapter 5).

Aim 2.2: Identify donors with distinct CYP3AS genotypes for iPSC generation and validation.

PBMC donors identified as CYP3AS expressors versus non-expressors (*1 vs. *3/*3) will be
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selected for i.) iPSC generation, ii.) differentiation to hepatocytes and evaluation of metabolic
capacity utilizing midazolam (Chapter 5).

Aim 2.3: Establish a proof-of-concept utilizing NIH-approved hESC lines and CYP2D6.
Available NIH-approved hESC lines will be genotyped for major polymorphisms in CYP2D6.
These cell lines will then be stratified into predicted CYP2D6 phenotypes, i.e. PM, IM, EM, UM,
and differentiated into hepatocytes. The metabolic capacity of these SCDHs will be evaluated
and compared to cryopreserved hepatocytes identified as corresponding to CYP2D6 PM, IM,

EM, UM (Chapter 2).
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Figure 1.1. Pluripotent stem cells. Pluripotent stem cells can transform into cells from all
three embryonic germ layers, the ectoderm, mesoderm and endoderm. Representative tissue and
cell types from each of these germ layers are illustrated here. Neurons of the brain are derived

from the ectoderm lineage; renal tubule cells of the kidney are derived from the mesoderm
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Figure 1.2. Cell types responsible for drug metabolism and transport. The three main organ
systems often considered important in drug metabolism are the intestine, liver and kidney. The
cell types in each of these tissues where drug-metabolizing enzymes and transporters are located
are shown here. These include (A) enterocytes for the intestine, (B) hepatocytes for the liver,
and (C) renal tubule epithelial cells for the kidney. For each cell type, the main transporters,

CYPs and UGTs are shown.
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Table 1.1. Summary of published metabolic activity in stem cell derived hepatocytes.
EROD = Ethoxyresorufin-O-deethylase; HPLC = High performance liquid chromatography;
LC/MS = Liquid chromatography/Mass Spectrometry; 3-MC = 3-methylcholanthrene; BNF = f3-

naphthoflavone; hPH = human primary hepatocytes; SCDH = Stem cell derived hepatocytes.

Reference Assay Evaluation Result
Rambhatla L. EROD for | Basal activity SCDHs exhibited 3-6 fold induction
et al, 2003 CYP1A2 | compared to induced hPH exhibited 3 fold induction
using 3-MC for SCDH
and hPH
Duan Y. etal, | EROD for | Basal activity SCDHs exhibit 11 fold induction
2007 CYP1A2 | compared to induced hPH exhibit 32 fold induction
using 3-MC for SCDH
and hPH
Ek M. et al, EROD for | Basal activity No activity detected in SCDHs
2007 CYP1A2
Hay DC. etal, | HPLC Incubate SCDHs with | No comparison to basal activity prior to
2007 Rifampin and rifampin incubation
Testosterone with or Peak detected that was absent in the
without Ketoconazole | presence of inhibitor
Hay DC., Zhao | LC/MS Incubate cells with a SCDHs metabolize phenacetin and
D. et al, 2008 cocktail of bufuralol similar to HepG2 cells;
tolbutamide, bufuralol, | midazolam metabolism higher than
phenacetin and HepG2 but not significant; tolbutamide
midazolam metabolism in SCDHs but not HepG2
Compare to HepG2 cells
cells
Hay DC., EROD for | Basal activity CYP1A2 activity detected, no
Fletcher C. et CYP1A2 comparison to other cell lines
al, 2008
Basma H. et al, | EROD for | CYP1A2 basal activity | SCDHs exhibit inducible CYP1A2
2009 CYP1A2 | compared to induced activity at approximately 25-30% of that
HPLC using BNF in hPH
CYP3A basal activity | SCDHs form 6B-hydroxytestosterone
compared to induced comparable to hPH
using phenobarbital
Compare to hPH
Brolen G. et al, | LC/MS Incubate cells with Phenacetin metabolite levels similar to
2010 phenacetin, midazolam | HepG2 cells; midazolam metabolite
or diclophenac levels slightly higher than HepG2 cells;
Compare to HepG2 diclofenac metabolite levels higher than
cells HepG2 which exhibited no activity
Duan Y. et al, LC/MS Incubate cells with Phenacetin and bufuralol metabolite
2010 either phenacetin, levels similar to hPH; midazolam and
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midazolam, bufuralol
or diclofenac
Compare to hPH

diclofenac metabolite levels lower than
hPH

Sullivan GJ. et | p450 Glo | CYP3A4, CYP1A2 in | Luminescent activity detected in SCDHs
al, 2010 Assay SCDHs
Takayama K. et | LC/MS Incubate SCDHs with | Metabolite formation as follows, as

al, 2012

one of 9 substrates:
phenacetin, bupropion,
paclitaxel,
tolbutamide, S-
mephenytoin,
bufuralol, midazolam,
testosterone, hydroxyl
coumarin (test for
glucuronidation)
Compare to hPH

percent compared to hPH:
Acetaminophen — 6.7%
Hydroxybupropion — 3.0%
60-hydroxypaclitaxel — 21.6%
Hydroxytolbutamide — 15%
4’-hydroxymephenytoin — 1.7%
1’-hydroxybufuralol — 2.4%
1’-hydroxymidazolam — 2.2%
6B-hydroxytestosterone — 24%
7-hydroxycoumarin glucuronide — 42%
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Chapter 2

Pharmacogenetic Profiling of Select Commonly Used Human Embryonic

Stem Cell Lines
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2.1 Abstract

Background Primary human hepatocytes are commonly used to evaluate liver drug metabolism
and toxicity. To overcome issues associated with primary hepatocytes researchers are
investigating the potential of pluripotent stem cells as an alternative or complementary source of
hepatocytes. Stem cell derived hepatocytes (SCDHs) may also provide an improved system for
evaluating genotype-phenotype relationships, e.g. cytochrome P450 (CYP) gene polymorphisms
and their impact on drug metabolism and toxicity.

Methods To demonstrate the utility of SCDHs in pharmacogenetic screening, we genotyped the
five commonly used WiCell® human embryonic stem cell lines (hESC), H1, H7, H9, H13 and
H14 using the Affymetrix DMET™ Plus chip array.

Results One CYP enzyme with documented polymorphic adverse drug reactions is CYP2D6.
With regard to CYP2D6 gene copy number variation, we found H1 has only one gene copy,
which also harbors the CYP2D6*41 splicing defect, predictive of a CYP2D6 poor/intermediate
metabolizer. We identified no CYP2D6 gene duplications, indicating no representative ultra-
rapid metabolizer. The H7 and H14 lines are heterozygous for the non-functional CYP2D6*4
variant resulting in a predicted intermediate metabolizer phenotype. In addition, we compared
the penetrance of the CYP2D6*41 splicing defect in SCDHs and liver tissue via reverse-
transcription PCR assay. We found incomplete penetrance of the CYP2D6*41 allele in liver
tissue and variable penetrance in SCDHs.

Conclusion This pharmacogenetic data on CYPs (and other polymorphic ADME genes) will be
critical for predictive drug metabolism/toxicity studies utilizing the WiCell® lines as a target cell

source.
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2.2 Introduction

Pharmacogenetic variability can influence an individual’s susceptibility to drug toxicity,
contributing to observed adverse drug reactions (ADRs) [109]. Drug-drug interactions are a
major concern of pharmaceutical companies, particularly with respect to ADRs, a leading cause
of preventable death in the United States [109]. Because of this, preclinical screening of
metabolite spectra and toxicity is a necessary and important part of the drug development
process. Primary human hepatocytes are the most physiologically relevant in vitro preclinical
screening system used to evaluate drug metabolism in the liver [110]. This is due to their high-
expression of phase I and II drug-metabolizing enzymes, as well as phase I1I transporters.
However, primary human hepatocytes i.) are source limited, ii.) have high donor variability, iii.)
only survive short term in culture, and iv.) exhibit a rapid loss of hepatic phenotypes and
function in culture [81, 110, 111]. To overcome the limitations associated with primary human
hepatocytes, we and others are investigating the potential of pluripotent stem cells as a source for
generating hepatocytes for in vitro screening of new chemical entities. Pluripotent stem cells
offer advantages over traditional hepatocyte sources because stem cells have high self-renewal
abilities and provide an unlimited source from which to generate hepatocytes when needed [81,
112]. Stem cell derived hepatocytes (SCDHs) may also provide an improved system for
evaluating genotype-phenotype relationships, e.g. cytochrome P450 (CYP) gene polymorphisms
and their impact on drug metabolism and toxicity, and in particular drug-induced liver injury.

To demonstrate the utility of SCDHs in pharmacogenetic predictive screening, the aim of
this study was to genetically profile the commonly used WiCell® hESC lines H1, H7, H9, H13
and H14 using the Affymetrix DMET™ Plus chip array. This array covers approximately 2000

polymorphisms in Absorption, Distribution, Metabolism and Excretion (ADME) relevant genes.
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We focused on CYP2D6 in our analysis in utilizing SCDHs for genotype-phenotype predictions,
given its highly polymorphic nature and role in metabolizing about 20% of marketed drugs [113,
114]. In terms of testing genotype-phenotype relationships for CYP2D6 in SCDHs, we assessed
the penetrance of CYP2D6*41, a splicing defect which results in a CYP2D6 splice product

lacking exon 6, through use of a reverse-transcription PCR assay.

2.3 Materials and Methods

2.3.1 Cell Lines

The hESC lines H1 (WAO1), H7 (WAO07), H9 (WA09), H13 (WA13), and H14 (WA14)
were obtained from WiCell® Research Institute (Madison, W1, http://www.wicell.org) and
propagated at the University of Washington (UW) Institute for Stem Cell and Regenerative
Medicine. All studies were conducted under approval of the University of Washington
Embryonic Stem Cell Research Oversight Committee. Two lots of cryopreserved hepatocytes,
HUM4012 and HUM4034 phenotyped as a CYP2D6 poor metabolizer and extensive
metabolizer, respectively, were obtained from Triangle Research Labs (Research Triangle Park,

NC).

2.3.2 DNA Isolation and Genotyping

Genomic DNA was isolated from the WiCell® hESC lines using the Qiagen (Valencia,
California) DNeasy blood and tissue kit according to the manufacturer’s recommendations.
DNA was quantified on a BioRad SmartSpec Plus (Hercules, CA) spectrophotometer, measuring
absorbance and 260/280 nm ratio. Genotyping of hESC lines H1, H7, H9, H13, and H14 was

conducted using the Affymetrix DMET™ Plus Array according to manufacturer’s
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recommendations (Santa Clara, CA, http://www.affymetrix.com). Analysis was performed using

Affymetrix’s DMET™ Console Analysis Software.

2.3.3 RT-PCR and CYP2D6 Copy Number Assay

RNA was isolated using TRIzol Reagent from Invitrogen (Carlsbad, CA) following
manufacturer’s recommendations. Complementary DNA was synthesized using 1 pug total RNA
and the Tagman® Reverse Transcription Reagents in 10 pL total volume (Invitrogen). qRT-
PCR for Albumin (ALB), a-feto protein (AFP), CYP2D6, CYP3A4, hepatocyte nuclear factor 4a
(HNF4a), Nanog and OCT4 was carried out using Tagman® Gene Expression Assays from
Applied Biosystems (Foster City, California) with GUSB as the housekeeping gene. CYP2D6
copy number was assessed using a TagMan® Copy Number assay from Applied Biosystems
(Hs00010001 cn) with RNAseP as a single copy gene calibrator, according to the
manufacturer’s recommendations, using their SDS 2.3 and Copy Caller v1.0 programs. One
copy and more than two copy positive controls were identified in the UW School of Pharmacy

Human Liver Bank (Seattle, WA) through sequencing analysis as previously described [115].

2.3.4 Hepatocyte Differentiation

The hESC lines H1 and H9 were cultured on mouse embryonic fibroblasts (MEFs) before
being transferred to Matrigel™ (BD Biosciences, San Diego, CA)-coated plates using TeSR2
media (Stem Cell Technologies, Vancouver, Canada). Hepatocyte differentiation was induced in
three stages, as published by Hay et al. [84]. Briefly, differentiation was initiated at 60-70%
confluence by replacing the TeSR2 media with RPMI 1640 priming medium containing B27

(Invitrogen), 100 ng/mL Activin A (PeproTech, Rocky Hill, NJ), and 50 ng/mL Wnt3a (R&D
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Systems, Minneapolis, MN). After 72 hours, with daily media changes, the cells were switched
to differentiation medium: Knockout-DMEM containing 20% serum replacer, | mM glutamine,
1% nonessential amino acids, 0.1 mM B—mercaptoethanol (Invitrogen), and 1% dimethyl
sulfoxide (DMSO) (Sigma, St Louis, MO) for a further 5 days. Lastly, the cells were switched to
maturation media: Hepatozyme containing 10 uM hydrocortisone 21-hemisuccinate, 2 mM
glutamine, 10 ng/mL hepatocyte growth factor and 20 ng/mL oncostatin M (R&D Systems) [86].
The media was changed every other day during maturation until the end of differentiation at day

17.

2.3.5 Immunocytochemistry

Cells were fixed with ice-cold methanol for 10-15 minutes, washed with PBS, and
permeabilized with 0.5% Triton X-100 for 2 minutes. Following a PBS wash, cells were blocked
with 2% normal goat serum for 1 hour at room temperature. Cells were then washed with PBS
again and incubated overnight at 4 °C with the following primary antibodies: anti-AFP at 1:600
(Dako, Carpinteria, CA); anti-Albumin at 1:1000 (a gift from Dr. Jean Campbell, Department of
Pathology, University of Washington); anti-HNF4a at 1:100 (Santa Cruz Biotechnology, Dallas,
TX); and anti-CYP3A at 1:100 (Santa Cruz Biotechnology). After washing with PBS, cells were
incubated with Alexa Fluor® 488 secondary antibodies at 1:1000 for 1 hour at room temperature
(Invitrogen). Finally, cells were mounted with SlowFade® Gold Antifade Mountant with DAPI

(Invitrogen).

2.3.6 CYP2D6%*41 reverse-transcription PCR Assay
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Total RNA was isolated using Tri Reagent Solution (Invitrogen), following
manufacturer’s recommendations, and quantified on a BioRad SmartSpec Plus (Hercules, CA)
spectrophotometer, measuring absorbance and 260/280 nm ratio. cDNA was synthesized using
the TagMan Reverse Transcription kit (Invitrogen) from 1 pg of total RNA. To detect the
presence of exon 6 in CYP2D6, a 579-bp PCR fragment spanning a region from exon 5 to exon 8
was amplified with primers Exon5/8For3 (5’-TCCCCGTCCTCCTGCATA-3’) and
Exon5/8Rev3 (5’-GTGTTCGGGGTGGAAGCG-3") (IDT, Coralville, lowa). If exon 6 is
skipped due to the presence of CYP2D6*41, a smaller PCR fragment of 438-bp is expected.
PCR was run under the following conditions, 95°C 5 minutes, 92°C 20 seconds, 59.6°C 30
seconds, 72°C 2 minutes, 72°C 10 minutes, 4°C hold, repeating steps 2-4 for 40 cycles. PCR
products were run on 1.5% agarose gels and visualized by staining with 0.5 pg/mL ethidium
bromide (BioRad). Human liver samples used for this study were obtained from the liver bank
[115]. Genotyping for CYP2D6*41 was done using an existing TagMan® assay (C _34816116)

(Applied Biosystems).

2.4 Results and Discussion

The University of Wisconsin has made WiCell® lines available to researchers for well
over a decade [116]. This has made them some of the most widely used hESC lines in research,
and in particular the most commonly used hESC lines in SCDH research, specifically the H1 and
HO lines [82, 84, 85, 88-90, 92, 93, 95-97, 106, 117-125]. To be useful in preclinical drug
metabolism and toxicity screening, SCDHs must demonstrate consistent and reproducible
activity of drug metabolism proteins, in particular the oxidative CYP enzymes. In addition, it

would be ideal if SCDHs demonstrate metabolic activities comparable to human primary
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hepatocytes. When evaluating CYP activity versus primary hepatocytes, it’s important to take
pharmacogenetic variability into account. To demonstrate the utility of SCDHs in
pharmacogenetic predictive screening, the aim of this study was to genetically profile the

commonly used WiCell® hESC lines.

2.4.1 Genotyping

Select genotyping results for CYP2D6 can be found in Table 2.1. Analysis of CYP2D6
copy number found H1 to have 1 copy, with all other lines having 2 copies of CYP2D6. No
CYP2D6 duplications were found, indicating there is no representative of a CYP2D6 ultra-rapid
metabolizer within these cell lines (Table 2.1). Lines H7 and H14 were both found to have one
copy of the CYP2D6*4 null allele, with no other polymorphisms associated with aberrant
function detected. With regard to the CYP2D6*41 allele, line H9 was found to be heterozygous
for this allele, and the single gene copy of CYP2D6 in line H1 also contains the CYP2D6*41
allele. Taking the copy number and genotyping data together, we have made predictions
regarding CYP2D6 phenotype in these cell lines, as found in Table 2.1. To summarize, we
predict line H1 to be a CYP2D6 poor-intermediate metabolizer, lines H7 and H14 to be
intermediate metabolizers, line H9 to be an intermediate-extensive metabolizer, depending on
activity from the CYP2D6*41 allele, and line H13 to be an extensive metabolizer. Select
genotyping results for other CYP enzymes can be found in Table 2.2. Notably, all 5 hESC lines
were found to be homozygous for CYP345*3, a null allele, meaning they are all CYP3AS non-
expressors. In addition, the H14 line is homozygous for CYP2C9*2 and H1 is heterozygous for
CYP2C9*3; both of these alleles result in decreased CYP2C9 activity and have documented

effects on in vitro and in vivo pharmacokinetics and clinical drug response, e.g. warfarin [30].
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Genotyping results for Phase II/IIl enzymes can be found in Table 2.3. Lines H7, H13, and H14
are heterozygous for the UGT1A41*28 allele, which results in reduced activity of UGT1A1 [126].
Clinically, reduced activity of the UGT1A41*28 allele is associated with development of toxicity
following administration of the chemotherapeutic irinotecan (The Pharmacogenomics
Knowledge Base: https://www.pharmgkb.org) [127]. Additionally, lines H1, H7, and H14 are
heterozygous for the NAT2*5 allele and H13 is homozygous for this allele, likely resulting in
slow acetylator status for these cell lines. The Affymetrix DMET™ array genotyping results in
their entirety can be accessed from Gene Expression Omnibus (GEO):
(www.ncbi.nlm.nig.gov/geo; accession number: to be added, reviewer link:
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=abctqwayxjuljgh&acc=GSES53889).

For use in preclinical drug metabolism screening assays, vendors commonly offer pooled
donor lots of hepatocytes to mitigate the effects of interindividual variability. With this in mind,
the H1 line has one copy of CYP2D6, making it a predicted poor metabolizer in human
hepatocytes, meaning SCDHs generated from hESC line H1 may not metabolize CYP2D6 probe
drugs at a level comparable to primary hepatocytes. In this case it would be important to ensure
that a lot of single donor human primary hepatocytes used for comparison with H1-derived
SCDHs have been characterized as a CYP2D6 poor metabolizer. Regarding other CYP
isozymes, a commonly used activity test in SCDHs is an ethoxyresorufin-O-deethylase (EROD)
assay for CYPIA activity and inducibility [83, 84, 87, 106]. Our genotyping results show the H1
line to be homozygous and H9 to be heterozygous for CYP1A2*1F, an allele which has been
shown to influence the magnitude of inducibility of CYP1A2 [30, 128].

The genotyping data presented here is important to better understand the activity of

metabolizing enzymes and transporters when evaluating metabolism of probe substrates in
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SCDHs, particularly when being used as a marker to evaluate the efficiency of differentiation of
SCDHs. The Affymetrix DMET™ array used for genotyping in this study provides a thorough
evaluation of the major known polymorphisms in ADME-related genes. However, there are
examples when calls were not made (e.g. CYP2B6%*6), such that if evaluating activity of these
proteins, individual genotyping for these alleles may be necessary. This study only reports
results for the five commonly used WiCell® lines, however this approach to genotyping should
be considered for all hESC and human induced pluripotent stem cell (iPSC) lines used as a target
cell source for models of drug metabolism and toxicity. In particular, if a bank of hESC or
iPSCs is to be established then the use of a genotyping array, such as the Affymetrix DMET™
array, should be implemented with results readily available to researchers. As the cost of whole
genome sequencing continues to decrease, it will become an attractive alternative to targeted
arrays such as what we employed, with the caveat that mining these large data sets for specific
ADME-related polymorphisms is currently challenging.

To further demonstrate the use of SCDHs in pharmacogenetic screening we evaluated the
functional capacity of CYP2D6 with regards to xenobiotic metabolism in comparison to two lots
of cryopreserved hepatocytes phenotyped as CYP2D6 poor and extensive metabolizers. A
commonly used assay to examine CYP activity in SCDHs includes the Promega P450-Glo™
assays. Using the P450-Glo™ CYP2D6 assay we were unable to detect activity in our SCDHs,
and activity levels of the two lots of cryopreserved hepatocytes while detectable, were
unexpectedly not different. This could be due to the fact that the P450-Glo™ CYP2D6 assay is
not recommended for use as a cell-based assay and the substrate provided for CYP2D6 also
interacts with CYP1A and CYP2B6, this lack of specificity makes it ill-suited for phenotype

discrimination. Using a LC-MS based incubation cocktail assay containing the CYP2D6 probe
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dextromethorphan we could detect a difference in activity between the cryopreserved hepatocyte
lots, with the poor metabolizers displaying activity just above the limit of detection [129].
However, we again could not detect activity in our SCDHs above the limit of detection. Based
on these metabolic assays, we conclude that SCDHs lack detectable activity for CYP2D6 under
the hepatocyte differentiation conditions performed. With respect to mRNA production, qRT-
PCR results support the hypothesis that H1 cells have less CYP2D6 transcript than H9 cells, as
expected based on their genetic makeup (Figure 2.1C). To definitively show a difference in
metabolic activity will require improved differentiation efficiencies for SCDHs. For instance,
incorporating the use of small molecule maturation compounds, viral transduction with HNF4a
or 3D culture conditions and biomaterials to enhance differentiation efficiency of SCDHs [89,

90, 99, 130].

2.4.2 CYP2D6%*41 reverse-transcription PCR Assay

Aberrant splicing resulting from the CYP2D6*41 polymorphism was assessed ex vivo
with human liver tissue and in vitro using SCDHs. Total RNA was isolated from liver tissue
from the UW School of Pharmacy Liver Bank and from SCDHs obtained via differentiation of
WiCell® lines H1 and H9. The differentiation protocol yielded SCDHs which morphologically
resembled hepatocytes (Figure 2.1A) and were immunocytochemically positive for AFP,
albumin, HNF4o and CYP3A (Figure 2.1B). Positive immunocytochemical staining was
uniform across the wells with the exception of colonies of cells that failed to differentiate.
Typical differentiation efficiency is around 90%, however, we have not conducted quantitative
morphometry. Immunocytochemical staining was corroborated by qRT-PCR analyses, which

showed that SCDHs express AFP, as well as albumin, HNF4a and CYP3A4 (Figure 2.1C).
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While expression of HNF4a in SCDHs is comparable to that seen in cryopreserved hepatocytes,
expression levels of albumin and CYP3A4 were lower than that of cryopreserved hepatocytes
(Figure 2.1C). Conversely, expression of AFP in SCDHs is higher than that expressed in
cryopreserved hepatocytes, suggesting a retention of a fetal phenotype in the SCDHs (Figure
2.1C). Evaluating expression of two pluripotency markers, Nanog and OCT4, SCDHs
demonstrate expression that is comparable to that in cryopreserved hepatocytes, and importantly,
has decreased from expression in the undifferentiated hESC lines (Figure 2.1C). In the case of
CYP2D6, expression levels were detectable in H9 SCDHs, though again below expression in
cryopreserved hepatocytes, but HI SCDHs were below the limit of quantitation (Figure 2.1C).
This differential expression is in line with the genotyping results for these two cell lines.

Earlier identification and characterization of the 2988G>A SNP, now referred to as
CYP2D6*41 (Human CYP Allele nomenclature website: http://www.imm.ki.se/), revealed it to
cause a splicing defect, resulting in exon 6 being skipped, and a predictor of CYP2D6
intermediate metabolizer phenotype [131-133]. Toscano et al. identified the splice variant
lacking exon 6 in liver samples genotyped for CYP2D6*41 (2988G>A) and found that 2988G>A
causes favorable formation of a splice product that lacks exon 6, with up to 7-fold increased
levels of the splice variant [132]. We wanted to further elucidate the penetrance of CYP2D6*41
aberrant splicing and, in addition, we wanted to demonstrate the potential utility of SCDHs to
evaluate genotype-phenotype relationships for CYP2D6. Results from PCR amplification using
primers Exon5/8For3 and Exon5/8Rev3 are shown in Figure 2.1E. The expected amplicons for
samples homozygous for CYP2D6*41 are 438-bp, for heterozygous samples both 438-bp and
579-bp, and for non-carriers of CYP2D6*41 579-bp. As shown in Figure 2.1E, certain samples

(lanes 1 and 2) homozygous for *4/ have a 579-bp amplicon as well as the expected 438-bp
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alternatively spliced band, indicating the unexpected presence of exon 6, and demonstrating
incomplete penetrance of this splicing defect. In addition, one sample (lane 7) heterozygous for
*41 only displays the 579-bp amplicon, indicating presence of exon 6 in all mRNA produced (or
suppression of expression of the *4/ allele). It should be noted that the aberrantly spliced band
may be present, but simply was below the limit of detection in our RT-PCR assay. The H1
SCDH sample, with one copy of CYP2D6 containing *41 displays the expected exon 6 spliced
band at 438-bp, as seen in Figure 2.1E, lane 13. No properly spliced band was detected, as
expected. Our SCDH CYP2D6*41 heterozygous cell, line H9 (lane 14) also displays a band
indicating aberrant exon 6 splicing, but only a weak band for the properly spliced transcript
fragment. Again, bands may be present, but simply were below the limit of detection in our RT-
PCR assay; based on observations from the qRT-PCR that CYP2D6 expression in H1 SCDHs is
below the limit of quantitation and in H9 SCDHs is 16 fold lower than that of cryopreserved
hepatocytes based on AACr calculations. We are able to show similar results for CYP2D6*41
splicing in our SCDHs as seen in the liver tissue samples. Overall, our results corroborate the
findings of Toscano et al. and provide further evidence that CYP2D6*41 displays incomplete

penetrance.

2.5 Conclusion

Stem cell derived hepatocytes may provide an improved in vitro system for evaluating
genotype-phenotype relationships of the CYP enzymes and their impact on drug metabolism and
toxicity. This is the first published report of genotyping in the WiCell® hESC lines with regards
to ADME-relevant polymorphisms. In addition, we are able to demonstrate the CYPP2D6*41

splicing defect displays incomplete penetrance, with similar results observed in SCDHs and liver



47

tissue. The pharmacogenetic data provided here is vital to understanding metabolism profiles
when these hESC lines are used as a target tissue source for models of drug metabolism and

toxicity.



48

HNF4alpha CYP3A

N I I o o
MWDDSS
T = O O w W
s = ®w » £ <c
2 2 = o0 = o
I I I I I I

NI %
B & NE B 7

e A A A A o A A T AT

T g A A
ALLLLLLLRLALRRLR

ENEEENENNENENNEEN RN A
ALLLALLLLLLLR

e .uOW

I O
ACTAELLLLLLLLLLALLLY

o
e
<
ALRRLLLRW QV
IIIIIIIIIIIIIIIIIIIIIIIIIIMIIIIIIIII 1111
ESS SR AR R R 8RR R88383858%3%%%% [+ 4
L iy e Qv‘
lJ T L L L) T T T T T T 1
O © © 8 © T T T " = — —
(=] o (=] o - o o (=] (=] (=3 (=]
(=] o (=] - nU. (=} (=3 o o
S - s © ©
= s 9
(@) °
e abueys pjo4

F Primer

D

T

2988 G>A

R Primer

Exon 8

Exon 7

CYP2D6*41 S(eIals]

M12 3456 738 9510111213 14M

600 bp
500 bp
400 bp

600 bp
500 bp
400 bp



49

Figure 2.1 Stem Cell Derived Hepatocyte Characterization and CYP2D6*41 Reverse
Transcription PCR Assay. (A): Phase contrast microscopy depicting human embryonic stem
cells (Day 0) and hESCs throughout hepatocyte differentiation (Day 3, 7 and 17). (B):
Immunocytochemistry results for albumin, a-feto protein (AFP), HNF4a and CYP3A on Day 17.
Positive staining is indicated in green, DAPI was used to stain nuclei, shown in blue. (C): Gene
expression results shown as fold change compared to cryopreserved hepatocyte lot HUM4012,
which was set to 1. HUM4012 and HUM4034 represent cryopreserved hepatocyte lots; H1
SCDH and H9 SCDH represent Day 17 SCDHs; HI hESC and H9 hESC represent
undifferentiated hESC lines HI and H9, respectively. The following samples were found to be
below the limit of quantitation (BLQ): H1 SCDH — CYP2D6; H1 hESC — HNF4a, CYP2D6, and
CYP3A44; H9 hESC — ALB, HNF4oa, CYP2D6, and CYP3A44. (D): Schematic representation of
the CYP2D6 gene. The polymorphism of interest is 2988G>A located between exons 6 and 7,
and results in exon 6 skipping. To detect the presence of exon 6 in CYP2D6, a 579-bp PCR
fragment spanning a region from exon 5 to exon 8 was amplified with primers Exon5/8For3 (F
Primer) and Exon5/8Rev3 (R Primer). If exon 6 is skipped due to the presence of CYP2D6*41, a
smaller PCR fragment of 438-bp is expected. (E): Agarose electrophoretic analysis of reverse
transcription PCR products of the CYP2D6 region indicated in (D) from human liver tissue
samples and Day 17 SCDHs generated from WiCell® lines H1 and H9. Lane M, 100 bp maker;
lane 1 *41/*41; lane 2 *41/*41; lane 3 *1A/*1A4; lane 4 *1A/*1A4; lane 5 *2A4/*2A4; lane 6
*1A/*1A4; lane 7 *1A/*41; lane 8 *4A/*41; lane 9 *1A4/*41; lane 10 *24/*41; lane 11 *24/*41,

lane 12 *94/*41; lane 13 H1 *41; lane 14 H9 *4] carrier.
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Table 2.1 CYP2D6 genotyping results. A summary of the CYP2D6 copy number and

genotyping results for WiCell® hESC lines H1, H7, H9, H13, and H14. Based on genotyping

results a prediction for expected CYP2D6 phenotype of each cell line was made. PM = poor

metabolizer, IM = intermediate metabolizer, EM = extensive metabolizer.

Common Name Probe SetID | H1 H7 H9 H13 H14
Copy Number 1 2 2 2 2
CYP2D6*2 AM_12261 T CIT CcIT TT CIT
2850C>T

CYP2D6*3 AM_12267 A A/A A/A A/A A/A
2549delA

CYP2D6*4 AM_ 12274 G G/A G/IG G/IG G/A
1846G>A

CYP2D6*6 AM_ 12276 T TT TT TT TT
1707delT

CYP2D6*9 AM_12264 AGA AGA/AGA | AGA/AGA | AGA/AGA | AGA/AGA
2613_2615delAGA

CYP2D6*10 AM_ 12285 C CIT CIT Cc/C CIT
100C>T

CYP2D6*17 AM_12280 C Cc/C Cc/C Cc/C Cc/C
1023C>T

CYP2D6*29 AM_12255 G G/IG G/IG G/IG G/IG
3183G>A

CYP2D6*35 AM 12247 C c/C Cc/C Cc/C Cc/C
4180G>C

CYP2D6*41 AM_12257 A G/IG G/A G/IG G/IG
2988G>A

Predicted PM-IM | IM IM-EM EM IM

Phenotype
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Table 2.2 CYP genotyping results. A summary of the CYP genotyping results for WiCell®

hESC lines H1, H7, H9, H13, and H14.

Common Name Probe Set ID H1 H7 H9 H13 H14
CYP1A2*1F AM_10785 A/A C/C A/C c/C A/C
-163C>A

CYP2A6 CN_CYP2A6 One or One or One or One or One or
Deletion more more more more more
CYP2B6*5 AM_11426 Cc/C CIT c/C CcIT CIT
25505C>T

CYP2B6*6 AM_11411 G/IG No Call No Call G/IG GIT
15631G>T

CYP2C9*2 AM_10100 c/C c/C c/C c/C T/T
3608C>T

CYP2C9*3 AM_10113 A/IC A/A A/A A/A A/A
42614A>C

CYP2C19*2 AM_10070 G/G G/G G/G G/G G/G
19154G>A

CYP2C19*3 AM_10068 G/G G/G G/G G/G G/G
17948G>A

CYP2C19*17 AM_10053 CIT C/C CIT Cc/C c/C
-806C>T

CYP2E1*2 AM_10249 G/G G/G G/G G/G G/G
1132G>A

CYP3A5*3 AM_14759 G/G G/G G/G G/G G/G
6986A>G

CYP3A5*6 AM_14748 G/IG G/G G/G G/G G/G
14690G>A

CYP3A7*1C AM_14791 A/A A/A A/A A/A A/A
-232A>C

CYP3A7*1C AM_14796 TT TT TT TT TT
-284T>A

CYP3A7*2 AM_14781 c/C Cc/C c/C c/C c/C

26041C>G
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Table 2.3 Phasell/III Genotyping Results. A summary of the genotyping results for phase II

and III enzymes for WiCell® hESC lines H1, H7, H9, H13, and H14.

Common Name Probe Set ID H1 H7 H9 H13 H14
ALDH2 AM_10586 G/IG G/G G/G G/G G/IG
1510G>A

GSTM1 CN_GSTM1 One or 0 One or 0 0
Deletion more more

GSTT1 CN_GSTT1 One or One or One or One or One or
Deletion more more more more more
NAT1*14 AM_14978 A/G G/G G/G G/IG G/IG
560G>A

NAT2*5 AM_15001 cIT cIT TT c/C CIT
341T>C

SULT1A1*2 AM_11005 A/G A/G A/G G/G A/G
638G>A

TPMT*2 AM_13986 G/G G/G G/G G/G G/G
238G>C

TPMT*3B AM_13980 G/G G/G G/G G/G G/G
460G>A

TPMT*3C AM_13973 A/A A/A A/A A/A A/A
719A>G

TPMT*4 AM_13977 G/G G/G G/G G/G G/G
626-1G>A

UGT1A1*28 AM_13024 (TA)50r6/ | (TA)50r6/ | (TA)50r6/ | (TA)50r6/ | (TA)Sor6/
TATA-box (TA)S0r6 | (TA)70r8 | (TA)50r6 | (TA)70r8 | (TA)70r8
UGT2B7*2 AM_13465 TT TT TT cIT TT
802C>T

ABCB1 AM_ 14612 CcIT CcIT cIT cIT CIT
1236C>T

ABCB1 AM_14592 GIT GIT GIT GIT G/IT
2677G>T>A

ABCB1 AM_ 14581 cIT CcIT cIT cIT CIT
3435C>T

ABCG2 AM_ 13688 c/C c/C c/C c/C c/C
421C>A

SLCO1A2 AM_10533 A/A A/A A/A A/A A/A
404A>T

SLCO1A2 AM_10531 A/A A/A A/A A/A A/A
516A>C

SLCO1B1*1B AM_10496 A/G A/A A/G A/A A/A
388A>G

SLCO1B1*4 AM_10498 Cc/C Cc/C A/C Cc/C Cc/C
463C>A

SLCO1B3 AM_10481 G/G G/G G/G G/G G/G
334G>T

SLCO1B3 AM_10482 A/A A/A A/A A/A A/A

699A>G
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Chapter 3

Gene Expression Profiling and Metabolic Activity of Human Stem Cell

Derived Hepatocytes
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3.1 Abstract

Background Primary human hepatocytes are commonly used to evaluate liver drug metabolism
and toxicity. Pluripotent stem cell derived hepatocytes (SCDHs) have the potential to overcome
access and function-related limitations associated with primary hepatocytes. However, in order
for SCDHs to become routinely used in preclinical drug metabolism and toxicity screening, they
must demonstrate reproducible activity of drug metabolism proteins, particularly the oxidative
CYP enzymes, and at a level comparable to that of primary human hepatocytes. We
characterized the differentiation status of SCDHs, with emphasis on the expression and
functional capacity of drug-metabolizing enzymes.

Methods Gene expression profiling of pluripotency markers, hepatocyte markers, transcription
factors, drug-metabolizing enzymes and transporters was done for SCDHs, fetal liver tissue,
adult liver tissue, cryopreserved hepatocytes and the liver cell line HepaRG. To evaluate the
functional capacity of CYP enzymes in SCDHs, metabolite formation was assessed using a CYP
cocktail approach and LC-MS/MS.

Results Based on gene expression profiling, SCDHs most closely resemble fetal hepatocytes,
especially with regards to AFP, CYP3A7 and FMO1 expression. An assay of enzymatic
function in SCDHs using a CYP cocktail revealed only minimal activity for CYPs 1A and 3A,
with both activities well below that observed in primary hepatocytes.

Conclusion Gene expression profiling and functional assays of CYP activity indicate SCDHs
behave largely as immature hepatocytes, lacking CYP expression and activity for most isoforms.
More work needs to be done to enhance the maturity through terminal differentiation of SCDHs.

Enhanced expression and function of drug-metabolizing enzymes in SCDHs would make them a
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more viable option in the pharmaceutical industry for drug metabolism/liver toxicity screening

assays.
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3.2 Introduction

Drug metabolism studies are an important element of preclinical drug development, as
metabolism is the main way that drugs are inactivated or eliminated from the central
compartment space. Moreover, metabolism can facilitate the excretion of drugs from the body,
as transformed, more polar metabolites [25]. For some drugs, metabolism can result in a more
pharmacologically or toxicologically active product, again affecting drug response. Therefore,
preclinical screening and characterization of the metabolic pathways of a new drug is a necessary
part of its development and can be used to aid in predicting drug bioavailability, drug efficacy,
drug-drug interactions, and drug toxicity. The main family of enzymes responsible for oxidative
drug metabolism is the Cytochrome P450s (CYPs), in particular members of just three
subfamilies (CYP1, CYP2 and CYP3) that are primarily responsible for the metabolism of most
drugs [29]. The drug-metabolizing CYPs are highly expressed in the liver, making it the primary
organ to study for the metabolism, detoxification and elimination of drugs, and the focus of drug
optimization and safety studies [25, 26]. Hepatocytes are the main cell type within the liver, and
are where the drug metabolizing enzymes, such as the CYPs, are found [25]. Therefore, human
hepatocytes have become an integral component in studying drug metabolism and toxicity [16].
The CYP3A family is the most important of the hepatic drug metabolizing CYPs in humans. It
comprises 25-30% of the total hepatic CYP content [45, 47, 134] and is also responsible for the
majority of CYP-mediated drug metabolism, accounting for about 50% of all CYP-mediated
reactions [114]. Other important drug-metabolizing CYPs, in decreasing order of contribution to
CYP-mediated drug metabolism, are CYPs 2C9, 2D6, 2C19, 1A2, 2B6, and 2E1 [114].

Primary human hepatocytes have certain features that limit their utility in preclinical drug

development, including: high donor variability, uncertain availability, short-term survival in
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culture, and a rapid loss of hepatic functions in culture [81, 110, 111]. Stem cell derived
hepatocytes (SCDHs) may provide an alternative or complementary in vitro tool to primary
human hepatocytes for evaluating drug metabolism and liver toxicity characteristics. Pluripotent
stem cells have high self-renewal abilities, providing a potentially unlimited source of
hepatocytes of defined genotype and phenotype [81, 112]. In order for SCDHs to become
routinely used in preclinical drug metabolism and toxicity screening, they must demonstrate
reproducible activity of drug metabolism proteins, particularly the oxidative CYP enzymes.
Additionally, it would be ideal if SCDHs produced metabolic activities comparable to that of
primary human hepatocytes.

Many groups have published on differentiating human pluripotent stem cells into
hepatocytes, both human embryonic stem cells (hESCs) and induced pluripotent stem cells
(iPSCs). Researchers from Geron Corporation were the first group to demonstrate limited
success, in 2003 [82]. However, early initial differentiation protocols of SCDHs showed low
differentiation efficiencies, based on percentages of cells expressing hepatocyte markers such as
albumin. One reason for the low differentiation efficiencies early on was the use of spontaneous
differentiation through formation of embryoid bodies [82, 83]. There has been marked
improvement in this area, with protocols that now rely on directed differentiation using set
combinations of various factors, such as activin A, Wnt3, dimethyl sulfoxide (DMSO),
hepatocyte growth factor (HGF), oncostatin M (OSM), and dexamethasone, which all contribute
to increased differentiation efficiency [84-88]. Additionally, some groups have reported
transduction of transcription factors such as FOXA2 and HNF1a, along with the use of growth
factors as an efficient process for generating SCDHs [90-92]. More recently, protocols are

moving away from the use of growth factors and have demonstrated that small molecules can be
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used to efficiently generate SCDHs [99, 135, 136]. Other groups have also investigated 3D
culture of cells, such as spheroids and bioreactors, to enhance hepatocyte differentiation [89, 93,
100, 101].

In order for SCDHs to be used in preclinical drug development they need to express
functional drug-metabolizing enzymes, such as the CYPs. Common criteria used to evaluate the
function of SCDHs include gene expression profiling, immunocytochemistry, western blotting,
indocyanine green transport, glycogen accumulation, and albumin secretion. While becoming
more common, few groups have assessed the functional activity of drug-metabolizing enzymes
such as the CYPs in SCDHs, and not all use the gold standard of human primary hepatocytes for
comparison of activity. Many groups have relied upon resorufin and P450-glo assays to assess
activity of one or two CYPs; only a few studies have utilized liquid chromatography-mass
spectrometry (LC-MS) to evaluate multiple CYP activities of SCDHs, in comparison to the
activities of primary hepatocytes [85, 88, 91, 104]. In a study by Duan et al., activity of four
major drug-metabolizing CYPs (CYP1A2, 2C9, 3A4 and 2D6) was assessed using LC-MS.
Results from this study demonstrated an activity of CYPs 1A2 and 2D6 that was comparable to
what is observed in primary hepatocytes, indicating the SCDHs do express some functional CYP
enzymes [88]. Additionally, the metabolic capacity, as well as inductive potential of CYP1A is
occasionally characterized using the ethoxyresorufin-O-deethylase (EROD) assay. However,
when comparing SCDH CYP activity data using either resorufin assays [82, 83, 106] or LC-MS
[88, 91], to primary hepatocytes, SCDHs demonstrate lower activities than primary hepatocytes.
In a study by Siller et al. evaluating SCDHs generated using a small molecule protocol compared
to SCDHs using a standard growth factor protocol, activity of CYPs 1A2 and 3A4 were

evaluated using P450-glo assays [135]. In this study they were able to demonstrate basal and
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inductive activity for both CYPs, with activity of CYP1A2 being comparable between the two
methods and activity of CYP3A4 being about 2.5 fold higher in the small molecule SCDHs, but
there was no comparison of activity to primary hepatocytes or other hepatocyte cell lines [135].
In another study evaluating small molecule based protocols for generating SCDHs by Tasnim et
al., CYP1A2 and 3A4 activity was measured through monitoring of metabolite formation on LC-
MS [136]. Results of this study showed that while there was metabolite formation indicating
some functional activity for CYPs 1A2 and 3A4, the activity as measured by LC-MS was only 8-
10% of that in primary human hepatocytes [136].

Overall, published studies demonstrate that SCDHs do express CYPs and other drug-
metabolizing enzymes, however they seem to be at levels below those in primary human
hepatocytes. In addition, the majority of studies have also reported SCDHs as still expressing o
feto-protein (AFP), which is highly expressed in fetal livers and not typically expressed in
healthy adult livers, indicating the cells may still be in an immature state. Despite the advances
made in generating SCDHs, the biggest limitation in the field to date is the inability to
reproducibly and consistently generate mature hepatocytes with high levels of functional drug
metabolizing enzymes. It should be noted that the lack of maturity is not unique to SCDHs, a
lack of functional maturity has been observed in other stem cell derived cell types, most notably
stem cell derived cardiomyocytes [103]. In order for SCDHs to be successfully used as an in
vitro assay platform for metabolite profiling, this is something that must be overcome.

Pluripotent stem cells have a high self-renewal capability and can differentiate into any
cell type in the body, making them an attractive tool for researchers in drug discovery and
development. SCDHs offer a promising new tool for use in hepatic drug metabolism and

toxicity screens, adding to available human derived cell models. There has been extensive
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research on SCDHs for this purpose, and while there is evidence SCDHs express drug-
metabolizing enzymes, they remain in a de-differentiated state. This indicates there is a
significant need for improvement on generating and characterizing SCDHs, particularly with
regards to their metabolic capacity as it compares to primary hepatocytes. We sought to further
investigate the state of SCDHs as they compare to cryopreserved hepatocytes, with emphasis on
the expression and functional capacity of drug-metabolizing enzymes. This was done in part
through gene expression profiling of pluripotency markers, hepatocyte markers, drug-
metabolizing enzymes and transporters. To evaluate the functional capacity of CYP enzymes in

SCDHs, metabolite formation was assessed using a CYP cocktail approach and LC-MS/MS.

3.3 Materials and Methods

3.3.1 Cell culture and hepatocyte differentiation

Cryopreserve hepatocyte lots HU8110 and HU8114 were purchased from Invitrogen
(Carlsbad, CA) and cultured according to manufacturer’s instructions. Briefly, cells were
thawed in CHRM® media and plated in Williams Medium E supplemented with Hepatocyte
Plating Supplement Pack from Invitrogen on 24-well plates coated with rat Collagen 1.
Following a 6-hour incubation period to allow for cell attachment, the media was changed to
Williams Medium E supplemented with Hepatocyte Maintenance Supplement Pack from
Invitrogen. Cells were maintained in this hepatocyte maintenance media for 4 days with daily
fluid changes. Cells were then collected in TRIzol Reagent (Invitrogen) for RNA extraction.

Cryopreserved hepatocyte lots HUM4012 and HUM4034 were purchased from Triangle
Research Labs (TRL, Research Triangle Park, NC) and cultured according to manufacturer’s

instructions. Briefly, cells were thawed in Animal Thawing and Plating Medium from TRL and
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plated in Human Hepatocyte Plating Medium from TRL supplemented with the plating
supplement on 24-well plates coated with rat Collagen I. Following a 6-hour incubation period
to allow for cell attachment, the media was changed to Hepatocyte Maintenance Medium
supplemented with the maintenance supplement from TRL. Cells were maintained in this
hepatocyte maintenance media for 3 days with daily fluid changes. Cells were then incubated
with the CYP cocktail assay. In addition, plated human primary hepatocytes were kindly gifted
from Dr. David Eaton’s lab at the University of Washington for incubation with the CYP
cocktail assay.

Undifferentiated HepaRG cells were obtained from Biopredic International (Saint-
Gregoire, France). Undifferentiated HepaRG cells were cultured in Williams Medium E
(Invitrogen) supplemented with growth supplement (Biopredic) for 2 weeks with fluid changes
every 2-3 days. After 2 weeks in culture, HepaRG cells were differentiated using a 50:50 mix of
media supplemented with growth supplement and Williams Medium E supplemented with
differentiation supplement (Biopredic). After 2 days in culture, cells were switched to 100%
media with differentiation supplement. Cells were maintained in media with differentiation
supplement for 2 weeks, with fluid changes every 2-3 days. After 2 weeks of differentiation
cells were collected in TRIzol reagent (Invitrogen) for RNA extraction.

The hESC lines H1 (WAO01), H7 (WAO07) and H9 (WA09) were obtained from WiCell®
Research Institute (Madison, WI) and propagated at the University of Washington Institute for
Stem Cell and Regenerative Medicine. All studies were conducted under approval of the
University of Washington Embryonic Stem Cell Research Oversight Committee. hESCs were
cultured on mouse embryonic fibroblasts (MEFs) before being transferred to Matrigel™ (BD

Biosciences, San Diego, CA)-coated plates using mTeSR™1 media (Stem Cell Technologies,
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Vancouver, Canada). Hepatocyte differentiation was induced in three stages, as published by
Hay et al. [84, 86]. Briefly, differentiation was initiated at 60-70% confluence by replacing the
mTeSR™] media with priming medium: RPMI 1640 containing 1xB27 (Invitrogen), 100
ng/mL Activin A (PeproTech, Rocky Hill, NJ), and 50 ng/mL Wnt3a (R&D Systems,
Minneapolis, MN). After 72 hours, with daily media changes, the cells were switched to
differentiation medium: Knockout-DMEM containing 20% Knockout Serum Replacement, 1
mM glutamine, 1% nonessential amino acids, 0.1 mM B-mercaptoethanol (Invitrogen), and 1%
dimethyl sulfoxide (DMSO) (Sigma, St Louis, MO) for a further 5 days. Lastly, the cells were
switched to maturation media: Hepatozyme containing 10 uM hydrocortisone 21-hemisuccinate,
2 mM glutamine, 10 ng/mL hepatocyte growth factor and 20 ng/mL oncostatin M (R&D
Systems). The media was changed every other day during maturation until day 17. Cells from
multiple differentiation experiments were collected in TRIzol reagent at the end of differentiation
on Day 17 for RNA extraction. SCDHs used for the CYP cocktail assay were differentiated
using a single cell starting method. hESCs were cultured on Matrigel™ plates using mTeSR™1
media as above. Prior to the start of differentiation, cells were passaged with 0.05% Trypsin-
EDTA (Invitrogen) to single cells and 1 x 10° cells per well were plated on fresh Matrigel™
coated 24-well plates in mTeSR™1 media containing 10 uM Y-27632 (ROCK inhibitor)
(Selleck Chemicals, Houston, TX). Cells were cultured in these conditions for 24 hours and then
differentiation was initiated with priming medium as described above. To investigate the
inductive capacity of CYP enzymes, cells were cultured in the presence of 10 pM rifampicin
(Sigma), 2 uM 3-methylcholanthrene (Sigma), 1 mM phenobarbital (Sigma), or 0.1% DMSO as
a vehicle control for 72 hours before the end of differentiation on Day 17. Additionally, some

cells were cultured with the addition of a small molecule, FPH1, previously shown to enhance
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SCDH maturity and referred to as a “maturin”, a kind gift from Dr. Sangeeta Bhatia’s lab, MIT

[99]. FPHI1 was added one time at a final concentration of 10 uM on Day 10 of culture.

3.3.2 Fetal and adult liver tissue

Six human fetal liver tissue samples were obtained from the Birth Defects Research
Laboratory at the University of Washington, courtesy of Dr. Qingcheng Mao. Fetal liver tissues
were obtained with Use of Non-Identifiable Biological Specimens/Data approval. Two human
liver tissue samples were obtained from the University of Washington School of Pharmacy

Human Liver Bank (Seattle, WA).

3.3.3 Quantitative real-time PCR (qRT-PCR)

RNA was isolated using TRIzol Reagent from Invitrogen (Carlsbad, CA) following
manufacturer’s recommendations. Complementary DNA (cDNA) was synthesized using 3 pg
total RNA and the Tagman® Reverse Transcription Reagents in 30 pL total volume (Invitrogen).
Following synthesis, cDNA was diluted to 5 ng/uL and 20 ng was used for qRT-PCR analysis.
qRT-PCR for CYPs 3A4,3A7, 1A2, 1B1, 2A6, 2B6, 2C9, 2C19, 2C8, 2D6, 2E1, FMO1, FMO3,
UGTI1A1, UGT1A6, UGT2B4, UGT2B7, GSTT1, GSTM1, GSTP1, OATP1B1, OATP1B3,
MRP2, ABCB1, ABCG2, ATP7B, NANOG, SOX2, OCT4, ALB, AFP, HNF4a, CAR, PXR,
AHR, and POR was carried out using Tagman® Gene Expression Assays from Applied

Biosystems (Foster City, California) with GUSB as the housekeeping gene.

3.3.4 CYP cocktail assay and LC-MS/MS
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Two CYP cocktail assays developed in Dr. Jashvant Unadkat’s lab at the University of
Washington were used to assess functional CYP activity [129]. Cocktail A assesses CYPs 3A,
2C9, 1A, 2D6, 2A6, and cocktail B assesses CYPs 2B6, 2C8, and 2E1. Acetaminophen,
amodiaquine dihydrochloride dihydrate, bupropion, chlorzoxazone, coumarin, phenacetin, and
tolbutamide were purchased from Sigma. Dextromethorphan, d5-diazepam, dextrorphan,
testosterone, n-desethylamodiaquine, hydroxy-bupropion, 4-hydroxytolbutamide, 6-
hydroxychlorzoxazone, and 6-f-hydroxytestosterone were purchased from Cerilliant (Round
Rock, TX). 7-hydroxycoumarin was a kind gift from Dr. Unadkat’s lab. A set of metabolite
standards was made for nine calibration points and a separate set of three quality control (QC)
points was made. The calibrator concentrations ranged as follows: acetaminophen, 0.031-8 puM;
OH-bupropion, 0.002-0.5 uM; 4-OH-tolbutamide, 0.013-3.3 uM; 6-OH-testosterone, 0.31-80
uM; 6-OH-chlorzoxazone, 0.0625-16 uM; 7-OH-coumarin, 0.0042-1.08 uM; n-
desethylamodiaquine, 0.0083-2.12 uM; dextrorphan, 0.0017-0.44 uM. The QC concentrations
ranged as follows: acetaminophen, 0.125-4 uM; OH-bupropion, 0.0078-0.25 uM; 4-OH-
tolbutamide, 0.052-1.66 uM; 6-OH-testosterone, 1.25-40 uM; 6-OH-chlorzoxazone, 0.25-8 uM;
7-OH-coumarin, 0.017-0.54 uM; n-desethylamodiaquine, 0.033-1.06 pM; dextrorphan, 0.0068-
0.22 uM. All calibrator and QC points were made in hepatozyme maturation media, an equal
volume of calibrator or QC was then added to an equal volume of acetonitrile containing 0.06
ng/uL of internal standard d5-diazepam and centrifuged at 13,000 rpm for 10 minutes. The
supernatant was removed and stored at 4 °C until analysis.

CYP assay incubations were performed on Day 17 SCDHs and cryopreserved
hepatocytes lots HUM4012 and HUM4034. Incubations were performed as described by Liu et

al., with some modifications [129]. Briefly, standard stock mixtures of cocktail A and B were
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prepared and diluted in hepatozyme maturation media for cell incubations to the following final
concentrations: Cocktail A, tolbutamide, 75 uM, testosterone, 100 uM, dextromethorphan, 5
uM, coumarin, 0.5 pM, phenacetin, 50 pM; Cocktail B, bupropion, 100 uM, amodiaquine, 4 uM,
chlorzoxazone, 25 uM. The final concentration of organic solvent in cell incubations was 1%.
Cocktail incubations with SCDHs were performed for 2 hours at 37 °C, at the end of the
incubation period the media was collected and added to an equal volume of acetonitrile
containing 0.06 ng/puL d5-diazepam. Cocktail incubations with cryopreserved hepatocytes were
performed for 30 minutes or 1 hour at 37 °C, with media collected at the end of the incubation
and added to an equal volume of acetonitrile containing d5-diazepam. All incubation samples
were then centrifuged at 13,000 rpm for 10 minutes, supernatant was removed and stored at 4 °C
until analysis.

The CYP assay metabolites were analyzed using an Agilent 6460 triple quadrupole mass
spectrometer (Agilent Technologies, Santa Clara, CA) in the University of Washington Mass
Spectrometry center as described by Liu et al., with minor modifications [129]. Briefly, HPLC
separation was achieved using an Agilent XDB C18 2.1 x 150 mm, 5 pm column. Compounds
were eluted with 0.25 mL/min of 0.1% formic acid in water (solvent A) and 0.1% formic acid in
acetonitrile (solvent B) with the following gradient. For the first 1.5 minutes, 99% solvent A,
then a linear decrease to 70% solvent A until 4 minutes. The gradient was maintained at 70%
solvent A until 6 minutes, then a linear decrease to 25% solvent A until 9 minutes. The gradient
was held at 25% solvent A until 13 minutes to wash and then cycled back to initial conditions

and the column was allowed to re-equilibrate for 4 minutes before the next sample was injected.

3.4 Results and Discussion
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3.4.1 Hepatocyte differentiation and gene expression

hESC lines H1 and H9 were utilized for hepatocyte differentiation. Hepatocyte
differentiation was performed using a published protocol [84, 86]. Briefly, this protocol is
broken into three stages to induce hepatocyte differentiation: the first stage referred to as the
priming stage, is to prime the cells to the definitive endoderm lineage [84, 85, 137], the second
stage referred to as the differentiation stage, induces hepatocyte differentiation, and the final
stage referred to as the maturation stage, allows for final differentiation and maturation of the
resulting hepatocytes. This differentiation protocol yields SCDHs which morphologically
resemble hepatocytes, displaying the cuboidal morphology associated with hepatocytes and
exhibiting bi-nucleated cells (Figure 3.1A,B,C). For comparison, a representative
photomicrograph of cryopreserved hepatocytes is shown in Figure 3.1D.

In order to evaluate the maturity level of SCDHs and gain a better understanding of their
potential utility in preclinical drug metabolism screens, gene expression profiling of select
pluripotency markers, hepatocytes markers, transcription factors, drug-metabolizing enzymes
and transporters was done. This expression profiling was performed for SCDHs at each stage of
differentiation, hESCs, cryopreserved hepatocytes, HepaRG cells, human fetal liver tissue and
human adult liver tissue. HepaRG cells are a cell line derived from a human adult
hepatocarcinoma patient, which resemble the bi-potential hepatoblast cell [138-140]. These cells
can be cultured in their hepatoblast, or undifferentiated state, and then undergo a differentiation
process to form both biliary epithelial cells and hepatocytes [138-140]. HepaRG cells express
many of the drug-metabolizing enzymes and more closely resemble primary hepatocytes than the

commonly used HepG2 cells [140].
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To determine if SCDHs retain stem cell characteristics, the pluripotency markers
NANOG, OCT4 and SOX2 were evaluated. All results are reported as fold change compared to
differentiated HepaRG cells, with GUSB as the housekeeping gene. From the gene expression
profiling, expression of the pluripotency markers NANOG, OCT4, and SOX2 drops as
differentiation progresses from stem cell to SCDHs (Figure 3.2). This demonstrates the cells are
undergoing a differentiation process and are not retaining their pluripotency. Notably,
expression of NANOG and OCT4 in SCDHs is similar to expression in differentiated HepaRG
cells, which is below the level of expression in fetal liver tissue (Figure 3.2). SOX2 expression
in SCDHs is more variable between the different cell lines, and ranges from 0.4- to 15-fold
compared to differentiated HepaRG cells, based on AACr calculations, while SOX2 expression
in fetal liver tissue ranges from 0.4- to 7-fold compared to HepaRG cells. Expression of all three
pluripotency markers is low in the adult human liver tissues evaluated. With regard to the
hepatocyte markers, AFP, ALB and HNF4q, the same expression pattern is observed for all
three, with expression increasing from stem cells through differentiation to SCDHs (Figure 3.2).
For ALB, expression in SCDHs is still below expression in differentiated HepaRG cells, fetal
and adult liver tissues. For HNF4a, expression in SCDHs is comparable to expression observed
in fetal and adult liver tissues, though lower than differentiated HepaRG cells (Figure 3.2). With
regard to AFP, SCDHs express AFP to a much greater extent than differentiated HepaRG cells,
ranging from 2800- to 13000-fold higher than HepaRG cells based on AACt calculations (Figure
3.2). Expression of AFP in fetal liver tissue ranges from 3600- to 30000-fold higher than
HepaRG cells, indicating SCDHs express AFP at levels similar to or slightly below that in fetal
liver tissue. As expected, AFP expression was below the limit of quantitation (BLQ) for one

adult liver tissue tested, and minimally expressed in the second adult liver tissue. The persistent
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expression of AFP in SCDHs is in accordance with published reports indicating a high retention
of AFP expression in SCDHs. Overall, SCDHs appear to express the hepatocyte markers AFP,
ALB, and HNF4a at levels comparable to fetal liver tissue, indicating a close resemblance to a
fetal state hepatocyte.

In order to assess the utility of SCDHs in preclinical drug metabolism tests, expression of
drug-metabolizing enzymes, transporters, and select transcription factors that regulate them were
evaluated. The transcription factors constitutive androstane receptor (CAR), pregnane X
receptor (PXR) and aryl hydrocarbon receptor (AhR) were selected because they regulate many
of the hepatic phase I and II drug-metabolizing enzymes and transporters [141, 142]. For all
three transcription factors, expression in SCDHs was minimal. Expression of PXR was only
detected in iPSC SCDHs at 0.01-fold the expression found in HepaRG differentiated cells;
expression of AhR was 0.1-fold the expression in HepaRG cells for all SCDH samples; and
expression of CAR was also around 0.1-fold the level in HepaRG cells; all comparisons based on
AACr calculations (Figure 3.2). The expression of AhR in SCDHs was similar to or slightly
higher than that in fetal liver tissues, which ranged from 0.01- to 0.1-fold of the expression in
HepaRG cells, while the expression of CAR and PXR in SCDHs was lower than that in fetal
liver tissues.

To examine expression of phase I drug-metabolizing enzymes, CYPs and flavin
containing monooxygenases (FMO) were evaluated. With regard to FMOs, FMOI is normally
expressed to a greater extent in the fetal liver, and so can be used as another marker to evaluate
how fetal-like SCDHs are. Indeed, from gene expression profiling FMO1 was highly expressed
in fetal liver tissue, at levels 20- to 50-fold higher than that in differentiated HepaRG cells, while

FMOI expression was undetected in adult liver tissues (Figure 3.2). FMO1 expression in
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SCDHs increases through differentiation, being 7 to 13 fold higher than differentiated HepaRG
cells (Figure 3.2). While SCDHs do retain high expression of FMO1, it is lower than that in fetal
liver tissue. This indicates SCDHs may be slightly more mature than fetal liver hepatocytes.
Expression of FMO3 was only minimally detected in the iPSC SCDHs (Figure 3.2). The CYP
enzymes CYP3A4 and CYP3A7 also exhibit differential expression between fetal and adult
liver, with CYP3A7 being the predominant isoform in fetal liver and CYP3A4 being
predominant in the adult liver. Based on gene expression profiling, this pattern was observed
between fetal and adult liver tissue, with CYP3A7 being highly expressed in fetal liver tissue,
and CYP3A4 highly expressed in adult tissue compared to fetal liver tissue. CYP3A4 was
detected in only one SCDH sample, with expression well below that observed in HepaRG cells,
being 0.0003-fold lower than HepaRG cells (Figure 3.2). In addition, CYP3A4 expression in the
SCDH sample was below that observed in adult liver tissue, which was 0.006- to 0.016-fold
lower than that in HepaRG cells. CYP3A7 was detected in two SCDH samples, at 4.5- and 11.8-
fold higher than HepaRG cells. CYP3A7 expression in SCDHs was still below expression levels
in fetal liver tissue, which ranged from 32- to 1100-fold higher than HepaRG cells, based on
AACr calculations (Figure 3.2). From this data, SCDHs do retain expression of CYP3A7, a fetal
enzyme, though its expression was lower than fetal liver tissue, indicating an overall lack of
CYP3A expression in SCDHs. CYPs 1A2, 2C19 and 2D6 were undetectable in SCDHs.
CYP2A6 was expressed in SCDHs, at levels slightly above adult liver tissue, though below those
observed in fetal liver tissue. CYP2B6 was undetectable in fetal liver tissue samples, but was
expressed in SCDHs, though at levels below adult liver tissue. Expression of CYPs 2C8, 2C9
and 2E1 were detectable in SCDHs, but at levels much lower than expression in adult liver

tissue, while comparable to expression in fetal liver tissue.
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Overall, there was minimal expression of the hepatic CYP enzymes in SCDHs, with the
exception of the fetal CYP3A7 enzyme. This low expression of CYP enzymes in SCDHs would
result in low functional activity. This observed low expression of CYP enzymes is interesting,
given that HNF4a is expressed in SCDHs at a level comparable to that in fetal and adult liver
tissue. HNF4a is known to have a role in supporting the constitutive expression of CYP
enzymes in human hepatocytes [143]. Given the relative expression of HNF4a and its role in
promoting CYP expression, we might expect higher CYP expression in the SCDHs. The
expression of P450 oxidoreductase (POR) was also evaluated. POR is essential for normal
function of the CYP enzymes - it is needed for electron transfer from NADPH to the CYP [144,
145]. POR expression in SCDHs was below that expressed in HepaRG differentiated cells,
ranging from 0.07- to 0.56-fold compared to HepaRG cells (Figure 3.2). This expression was
also well below that found in fetal and adult liver tissues, which ranged from 0.7- to 6.5-fold the
expression of POR in HepaRG cells (Figure 3.2). The low expression of POR in SCDHs may
contribute to the observed low functional activity for the drug-metabolizing CYP enzymes.
Interestingly, 3 of the 4 hESC samples and the iPSC sample exhibited higher POR expression
than SCDHs. A potential reason for the higher expression of POR in stem cells could be its use
in supporting other CYP enzymes. For example, CYP26 plays an important role in embryonic
stem cells to promote cell differentiation through retinoid signaling [146, 147].

To examine expression of phase II drug-metabolizing enzymes, UDP-
glucuronosyltransferases (UGT) and glutathione-S-transferases (GST) were evaluated.
Expression of UGT1A1 in SCDHs was below expression in HepaRG cells, but similar to
expression levels in both fetal and adult liver tissue (Figure 3.2). UGT1A6 expression was

undetectable in fetal liver tissue, and expression in SCDHs was similar to that in adult liver
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tissue. In contrast, expression of UGT2B4 in SCDHs was below that of both fetal and adult liver
tissue and UGT2B7 in SCDHs was comparable to fetal liver tissue (Figure 3.2). For GSTT]I,
GSTMI and GSTP1 there was largely no difference in expression between stem cells and
SCDHs (Figure 3.2). GSTT1 expression in SCDHs was below that in differentiated HepaRG
cells and in between expression in fetal and adult liver, based on AACt calculations. GSTM1
and GSTPI are both expressed at levels higher than that in differentiated HepaRG cells, being 4-
to 7-fold higher than HepaRG cells for GSTP1 and 12- to 15-fold higher for GSTM1 (Figure
3.2). GSTM1 and GSTP1 expression in SCDHs was also higher than that observed in fetal liver
tissue, which was 0.3- to 3-fold higher than HepaRG cells for GSTP1 and was 3- to 9-fold higher
for GSTM1. For the H1 and H9 cell lines evaluated in the gene expression profiling, no
polymorphisms for the GSTs were detected in the DMET genotyping analysis. The gene
expression data for phase II drug-metabolizing enzymes indicates a mix of expression patterns,
some more comparable to adult liver tissue, for example UGT1A1 and UGT1A6, while UGT2B7
and GSTs M1 and P1 are more comparable to fetal liver tissue.

To examine the expression of drug transporters in SCDHs, P-gp, BCRP, MRP2,
OATPI1BI1, OATP1B3, and ATP7B mRNA levels were measured. ATP7B is a copper
transporting ATPase expressed in the liver, and is responsible for transporting copper from
hepatocytes into the bile [148]. Mutations in ATP7B are associated with Wilson’s disease, a
disorder in copper metabolism with manifestations in the liver and the brain [148]. Expression
of ATP7B was up-regulated in SCDHs, compared to stem cells, with expression in SCDHs being
slightly above that in differentiated HepaRG cells, fetal and adult liver tissue (Figure 3.2). The
transporter P-gp was expressed in SCDHs, at levels similar to that in fetal liver tissue and below

HepaRG differentiated cells and adult liver tissue (Figure 3.2). Expression of OATP1B1 and
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OATPI1B3 was minimal in SCDHs, and well below that in fetal and adult liver tissue. BCRP
expression was higher in SCDHs compared to HepaRG cells, fetal and adult liver tissue (Figure
3.2). Expression of BCRP in fetal liver tissue ranged from 0.3- to 3.6-fold higher than HepaRG
cells, while BCRP expression in SCDHs was 5- to 18-fold higher than HepaRG cells, based on
AACr calculations. Lastly, while MRP2 mRNA was detected in SCDHs, it was below the
expression levels in HepaRG cells, fetal and adult liver tissue (Figure 3.2). Similar to the other
results obtained for gene expression, some transporters are minimally expressed (OATP1B1,
OATPI1B3, MRP2), while some are similar to that in fetal liver tissue (P-gp and ATP7B), with
the exception of BCRP which is highly expressed in SCDHs, comparatively.

Separate differentiation and gene expression experiments demonstrated similar results
with regards to the expression of pluripotency markers NANOG, OCT4, and SOX2, in that
expression was lower in SCDHs compared to hESCs (Figure 3.3). This again indicates the cells
are undergoing a differentiation process and moving away from being pluripotent stem cells.
SCDHs were incubated with the canonical inducers rifampicin, 3-MC, and phenobarbital and
effects on CYP3A4, CYP3A7, CAR and PXR expression were evaluated. Results are reported
as fold change compared to SCDHs incubated with a DMSO vehicle control. In this instance,
basal expression of CYPs 3A4 and 3A7 were both detected in SCDHs (Figure 3.3). CYP3A4
expression exhibited an inductive response to rifampicin and phenobarbital, with the
phenobarbital induced SCDHs expressing CYP3A4 at levels comparable to a fetal liver tissue
sample (Figure 3.3). An inductive response for CYP3A7 to phenobarbital is also observed
(Figure 3.3). A similar response to phenobarbital for CAR was observed, bringing expression
levels of CAR to within 10-fold of the expression in fetal and adult liver tissue (Figure 3.3).

Lastly, a minor inductive response was observed for PXR in response to rifampicin and
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phenobarbital, though expression of PXR remained below fetal and adult liver tissue levels. The
gene expression results reported here indicate SCDHs are capable of responding to the inducers
rifampicin and phenobarbital. Overall, gene expression profiling of SCDHs indicates they are
largely immature hepatocytes, especially with regard to the CYP enzymes. If SCDHs are to be
used in conjunction with, or as an alternative to, cryopreserved hepatocytes a differentiation

protocol that generates more mature hepatocytes is needed.

3.4.2 CYP cocktail assay

To assess the metabolic function of the CYP enzymes in SCDHs, a CYP cocktail assay
was utilized and metabolite formation was measured using LC-MS/MS. The CYP cocktail was
broken into two assays, each incubated separately with Day 17 SCDHs or cryopreserved
hepatocytes for comparison. Cocktail A uses the probe substrates tolbutamide, testosterone,
dextromethorphan, coumarin, and phenacetin to measure CYPs 2C9, 3A, 2D6, 2A6, and 1A,
respectively. Cocktail B uses the probe substrates bupropion, amodiaquine, and chlorzoxazone
to measure CYPs 2B6, 2C8, and 2E1, respectively. In addition, a set of SCDHs was dosed with
a maturin compound at Day 10 of differentiation, to see if it would enhance the function of drug-
metabolizing enzymes [99].

For SCDHes, the following metabolites were below the limit of quantitation: n-
desethylamodiaquine, OH-bupropion, 6-OH-chlorzoxazone, dextrorphan, 7-OH-coumarin, and
4-OH-tolbutamide, indicating no functional metabolic activity for CYPs 2C8, 2B6, 2E1, 2D6,
2A6, and 2C9, respectively. Acetaminophen and 6-OH-testosterone were detectable at levels
right at or slightly above the lower limit of quantitation for each compound, indicating some

measurable activity for CYPs 1A and 3A, respectively. Acetaminophen was detectable for both
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H1 and H9 SCDHs, with concentrations measuring around 0.1-0.13 pM, with the lower limit of
quantitation for acetaminophen being 0.125 uM. In contrast, acetaminophen concentrations in
cryopreserved and primary hepatocyte samples ranged from 0.7 — 2 uM. 6-OH-testosterone was
also detectable for both H1 and H9 SCDHs, with concentrations ranging from 0.356-0.88 uM.
The lower limit of quantitation for 6-OH-testosterone was 0.312 uM. In contrast, 6-OH-
testosterone concentrations in cryopreserved and primary hepatocytes ranged from 2 — 13 pM.
Representative chromatograms for metabolites generated by SCDHs are shown in Figure 3.4C.
Incubation of SCDHs with the inducers rifampicin and 3-MC had no effect on metabolite
formation. In addition, there was no difference in metabolite formation for SCDHs with and
without the maturin compound. Positive control primary and cryopreserved hepatocytes
generated measurable metabolites for all compounds tested, indicating the incubation assay and
LC-MS/MS method was working. Representative chromatograms for each metabolite generated
from primary hepatocytes is shown in Figure 3.4B. This metabolite data demonstrates there was
minimal detectable CYP activity for SCDHs, which is expected based on gene expression
profiling. Metabolites indicating activity for CYPs 1A and 3A were detected, however, they
were right at the lower limit of quantitation and well below the activity seen in cryopreserved
and primary hepatocytes. Overall, these results demonstrate an absence of functional drug-
metabolizing enzyme activity in SCDHs, corroborating what has largely been reported for
SCDHs to date; that they are immature compared to cryopreserved hepatocytes, especially with

regards to drug-metabolizing enzyme functions.

3.5 Conclusion
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In conclusion, gene expression profiling and functional assays of CYP activity indicate
SCDHs are largely immature hepatocytes, lacking significant CYP expression and activity.
Based on gene expression profiling, SCDHs most closely resemble fetal hepatocytes, especially
with regards to AFP, CYP3A7 and FMO1 expression. Functional assay of enzyme activity in
SCDHs using a CYP cocktail revealed only minor activity for CYPs 1A and 3A, with this
activity being below that observed in primary hepatocytes. This data demonstrates that more
work needs to be done to promote the maturity of SCDHs. Enhanced expression and function of
drug-metabolizing enzymes in SCDHs would make them a more viable option to supplant

primary hepatocytes in the pharmaceutical industry for drug metabolism/liver toxicity assays.
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Figure 3.1 SCDH photomicrographs. (A) Photomicrographs depicting H1 SCDHs at days 0,
4, 8 and 16 of differentiation. (B) Photomicrographs depicting H9 SCDHs at days 0, 4, 11 and
17 of differentiation. (C) Photomicrographs depicting H9 SCDHs at days 0, 3, 8 and 17 of
differentiation. This set of photomicrographs represents differentiation with hESCs which were
Trypsin passaged, resulting in single hESCs as opposed to the colony formation seen in (A) and
(B). (D) Representative photomicrograph of Hu8114 cryopreserved hepatocytes at day 4 of

culture.
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Figure 3.2 SCDH gene expression characterization. qRT-PCR results shown as fold change
compared to differentiated HepaRG cells, which was set to 1. GUS-B was used as a
housekeeping gene. For all stem cell and SCDH samples, error bars represent a pool of triplicate
biological replicates and triplicate technical replicates. For all other samples, error bars represent
triplicate technical replicates. HepaRG Undiff represents undifferentiated HepaRG cells;
HepaRG Diff represents differentiated HepaRG cells; FL1, FL2, FL3, FL4, FL5, FL6 represents
fetal liver tissue 1, 2, 3, 4, 5, 6, respectively; HL161 and HL167 represent human liver bank

samples 161 and 167, respectively.
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Figure 3.3 qRT-PCR results. qRT-PCR results for SCDHs incubated with the inducers
rifampicin, 3-methylcholanthrene, and phenobarbital, shown as fold change compared to SCDHs
incubated with DMSO, which was set to 1. GUS-B was used as a housekeeping gene. SCDH
Rif represents SCDHs incubated with rifampicin; SCDH 3MC represents SCDHs incubated with

3-methylcholanthrene; SCDH Pheno represents SCDHs incubated with phenobarbital.
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Figure 3.4 LC-MS/MS Chromatograms. Representative chromatograms for each metabolite
assayed using LC-MS/MS. (A) Standard curve chromatograms. (B) Primary hepatocyte sample

chromatograms. (C) H1 SCDH sample chromatograms.
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Chapter 4

Characterization of miRNAs in Human Pluripotent Stem Cells and Liver in

Relation to Hepatocyte Differentiation and Maturation
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4.1 Abstract

Background microRNAs (miRNAs) regulate many genes, making them similar to transcription
factors, and therefore potential regulators of cellular process such as differentiation. Since
miRNAs have been shown to be expressed in a tissue and developmental stage-specific manner,
with liver specific miRNAs such as miR-122 identified, we postulated that miRNA profiling of
our human embryonic stem cells (hESCs) throughout the differentiation process may provide
insight into the lack of maturity observed in our hESC-derived hepatocytes. This set of
microarrays will provide information on the potential role of miRNAs in liver differentiation and
maturation, and specifically provide insight on miRNAs that could be manipulated during in
vitro hepatocyte differentiation to enhance maturation of the cells.

Methods miRNA microarray analyses utilizing the Affymetrix GeneChip® miRNA array were
performed on hESCs and induced pluripotent stem cells (iPSCs), stem cell derived hepatocytes at
each stage of differentiation, cryopreserved hepatocytes, and human livers from the University of
Washington liver bank.

Results One of the highest expressed miRNAs in stem cell derived hepatocytes is the liver
specific miR-122. Based on the microarray results, and further qRT-PCR analysis, miR-122
appears to be expressed at sufficient levels in stem cell derived hepatocytes, compared to
cryopreserved hepatocytes. Patterns of miRNA expression show that the let-7 family is down-
regulated in stem cell derived hepatocytes compared to cryopreserved hepatocytes and human
liver tissue. Another prominent pattern is the high overall expression and up-regulation
compared to cryopreserved hepatocytes and human liver tissue of members in the miR-17-92,
302-367 and 371-373 clusters, normally expressed in pluripotent stem cells. The top

toxicological pathways identified among the miRNAs with large differences in expression
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between stem cell derived hepatocytes and undifferentiated stem cells are liver-related - liver
steatosis, liver damage, hepatocellular carcinoma, and liver inflammation/hepatitis.

Conclusion This work is largely hypothesis-generating, but nonethelss informative. The
miRNA expression patterns in stem cell derived hepatocytes compared to other cell sources
indicate global changes associated with immaturity in stem cell derived hepatocytes. The data
suggests that the let-7 family of miRNAs and/or the miR-17-92, miR-302-367, and miR-371-373
clusters may be viable targets for manipulation within the currently used differentiation protocol

to enhance the maturation and function of stem cell derived hepatocytes.
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4.2 Introduction

4.2.1 MicroRNAs

MicroRNAs (miRNAs) are small, single-stranded, noncoding RNAs responsible for
posttranscriptional gene regulation [149]. They modify gene expression by binding to
complementary regions of target messenger RNAs (mRNAs), resulting in translational
repression or mRNA degradation [150]. miRNAs are evolutionarily conserved, and are encoded
in the genomes of plants, invertebrates, and vertebrates [151-155]. There are currently about
2,000 human miRNAs identified, with more than half of the known miRNAs conserved across
vertebrates [149, 156]. Mature miRNAs are usually 21-23 nucleotides long and are excised from
60 to 80 nucleotide long double-stranded RNA (dsRNA) hairpins [151]. The biogenesis of
miRNA from transcripts that form these distinctive hairpin structures is in part what makes them
unique from other small RNAs such as small interfering RNAs (siRNAs) [157, 158]. Biogenesis
of miRNA begins with transcription of the miRNA gene by RNA polymerase II to the primary
transcript (pri-miRNA), which is typically over 1 kb in length [156, 158]. The pri-miRNA is
then trimmed by Drosha RNAse III to an about 70 nucleotide miRNA precursor hairpin (pre-
miRNA) within the nucleus [151, 159]. The pre-miRNA is then exported to the cytoplasm and
Dicer RNase III cuts the double-stranded portion of the pre-miRNA, forming a miRNA:miRNA*
duplex [151, 160]. The mature miRNA strand of this duplex, also referred to as the guide strand,
is then loaded into the RN A-induced silencing complex (RISC) with an Argonaute effector
protein, and the miRNA* (or passenger) strand is peeled away and usually degraded, though it
may also remain an active miRNA [159-161]. Mature miRNA within the RISC then acts
through primarily two mechanisms to regulate gene expression, varying between plants and

animals [160-162]. In plants, for the most part, miRNAs bind with target mRNA by precise or
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nearly precise complementarity, resulting in direct cleavage and degradation of the mRNA [162].
In contrast, miRNAs in animals tend to bind to target mRNA with imprecise complementarity,
resulting instead in translational repression — they inhibit protein synthesis while maintaining the
stability of the mRNA [162]. Within the mature miRNA, only nucleotides 2-7 at the 5’ end are
necessary for binding to the target mRNA, this region is known as the seed sequence [157, 159].
This small sequence, coupled with imprecise base pairing between animal miRNAs and target
mRNAs, suggests that any one miRNA can target multiple mRNAs, thus possessing a large
regulatory potential [162]. Indeed, miRNAs are predicted to regulate more than 60% of all
protein-coding genes in mammals [163, 164]. Though miRNAs are mainly translational
repressors, there is evidence that they can also act as translational activators [159, 165-168]. For
example, it has been demonstrated that select miRNAs switch to act as translational activators
under growth-arrest conditions in cells, while acting as translational repressors in proliferating
cells [165]. Another interesting example where a miRNA acts as an activator involves the liver-
specific miRNA, miR-122 and its interaction with the Hepatitis C virus (HCV); miR-122 has
been found to upregulate HCV by binding to the 5’-UTR region of HCV RNA and stimulating
replication [166, 168, 169]. In these cases, it appears binding of the miRNA to the 3’-UTR of
the target mRNA results in translational repression while binding to the 5’-UTR has a
stimulatory effect [166, 168]. Additionally, many miRNAs seem to have specific expression
patterns. For example, paralogs and orthologs of the C. elegans lin-4 and let-7 RNAs have
similar stage-specific expression in development [160]. Others seem to be expressed in a tissue
specific manner, such as miR-1 in the heart, miR-122 in the liver, and the mir-290-mir-295
cluster in mouse embryonic stem cells [154, 160, 170, 171]. Such distinct expression profiles

suggest a potential role of miRNAs in regulating the transcriptome [160].
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The discovery of miRNAs occurred in the early 1990’s when a group from Harvard
found that /in-4, a gene that is known to control the timing of larval development in C. elegans,
actually did not code for a protein, but rather produced two small RNAs — one 22 nucleotides in
length and the other 61 nucleotides [160, 172]. The longer RNA was predicted to fold into a
stem loop precursor of the shorter RNA [160, 172]. They then found that these small RNAs had
antisense complementarity to a repeated sequence element in the 3’-untranslated region (UTR) of
the /in-14 gene, and that they reduced the amount of LIN-14 protein without affecting the levels
of lin-14 mRNA [160, 172, 173]. Taken together, their discovery suggested that the small RNA
produced by /in-4 binds to the 3’-UTR of /in-14 resulting in translational repression of /in-14 as
part of the regulatory pathway triggering the transition from the first larval stage to the second in
C. elegans [160, 172, 173]. It was not until seven years later, in 2000, when a second small, 21
nucleotide long regulatory RNA encoded by /et-7 was discovered in C. elegans [160, 174, 175].
In this case, the let-7 RNA acted to promote the transition from the late-larval to adult cell fates
in the nematode by negatively regulating /in-41, similar to how /in-4 acts in the earlier
developmental stages [160, 174, 175]. Since both the /in-4 and the /et-7 RNAs controlled the
timing of developmental transitions, they were named small temporal RNAs (stRNAs) [160,
176]. Shortly after the discovery of let-7, three separate labs cloned small RNAs from flies,
worms, and human cells, totaling over one hundred genes for small, noncoding RNAs
resembling the /in-4 and let-7 stRNAs [152-154, 160]. However, unlike the /in-4 and let-7
RNAs, most of the newly identified small RNAs were not expressed in distinct stages of
development, but rather were expressed in specific cell types. Therefore, the new term
microRNA was developed to refer to the original stRNAs and all other small RNAs with similar

features [152-154, 160]. Based on the functions associated with the earliest known miRNAs,
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such as /in-4 and let-7, they seem to play an important role in animal development and
physiology [162].

The nomenclature of a miRNA follows some basic guidelines; they are named in a
numeric style, such as hsa-miR-122, where the first three letters designate the genus and species
of origin — “hsa” for homo sapiens. In most of the literature, the mature miRNA is designated by
miR-122, and the miRNA gene and precursor hairpin is designated by mir-122 [177, 178].
Orthologous miRNAs are given the same numerical identifier, such as hsa-miR-22 in humans
and mmu-miR-22 in mouse [149, 178]. Mature miRNA sequences that differ only by one or two
positions, also called sister miRNAs, are given lettered suffixes, for example, miR-10a and miR-
10b [149, 156, 178]. While these paralogues differ by one or two bases, they often retain
identical seed sequences at the 5° end of the miRNA [158]. Identical mature miRNAs that are
derived from distinct hairpin loci are given numbered suffixes, for example, miR-281-1 and
miR-281-2 [149, 178]. Usually, one strand of the precursor miRNA forms the more prevalent
and biologically active mature miRNA while the opposite arm of the precursor forms the
passenger strand and is given a * designation [156]. In cases when it is unknown which strand is
the more predominant one formed, then they are named for the arm they are derived from, such
as miR-17-5p from the 5* arm of the hairpin precursor and miR-17-3p from the 3’ arm of the
hairpin precursor [156, 178]. There are a few exceptions to the numbering scheme, namely /et-7

and /in-4, which have retained the original designations they were given for historical reasons.

4.2.2 Role of miRNAs in cancer
Expression profiling studies of miRNAs indicate they are controlled by developmental

and tissue specific signaling [158]. Control of miRNA expression is important to maintain
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normal cellular functions, indeed dysregulation of miRNA has been associated with diseases
such as cancer [149, 158]. There is evidence that miRNAs can act both as tumor suppressors and
as oncogenes, depending on the target mRNA [179-181]. The first study to show a relationship
between miRNAs and cancer found that a region of chromosome 13q14 containing mir-15a and
mir-16-1 was deleted in the majority of B cell chronic lymphocytic leukemia cases evaluated
[182, 183]. The same group went on to map 186 known miRNAs to show that most are located
at genomic regions associated with cancer, for example, fragile sites (for just over half of the
miRNAs evaluated) and common breakpoint regions [ 182, 184]. Several studies have further
shown that aberrant miRNA expression is associated with tumor formation, miRNA expression
profiles vary across tumor types, and they reflect the differentiation state of the tumor [182, 185,
186]. For example, the mir-17-92 cluster has been shown to be upregulated in B-cell
lymphomas, and overexpression of the mir-17-92 cluster was found to interact with c-myc and
accelerate tumor formation in a mouse lymphoma model, implicating the mir-17-92 cluster as an
oncogene [187, 188]. Other examples of tumors with altered miRNA expression profiles include
miR-143 and miR-145 in colorectal cancer, miR-155 in Burkitt lymphoma, miRs-221, 128, 181
in glioblastoma, let-7 in lung cancer, and miR-21 in a variety of hematological malignancies and
solid tumors [185, 188-193]. It seems clear that miRNAs are associated with cancer etiology,
however, it is still unclear whether altered miRNA expression is a cause or consequence of tumor
formation [182].

There are a few mechanisms that may be responsible for miRNA dysregulation in
cancers, including genomic abnormalities, epigenetic regulation, and transcriptional control
[194]. Transcriptional control is a major regulator of miRNA biogenesis. Some miRNAs have

been shown to be under the control of tumor-suppressive and oncogenic transcription factors,
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such as p53 and c-Myc [158]. p53 is a well-known tumor suppressor that is frequently
inactivated in cancer, and select miRNAs have been shown to be under control of p53 [194]. For
example, genes encoding the miRs-34a-b-c (or collectively the miR-34s) have been shown to be
direct transcriptional targets of p53 [195-197]. The miR-34s are induced by p53, and in certain
tumors and cancer cell lines deficient in p53, the miR-34s were also down-regulated [194, 195].
The miR-34s have proapoptotic effects and have been implicated as tumor suppressor genes in
pancreatic, colon and breast cancers [193, 196, 197]. C-Myc is an oncogene, and is known to
either trans-activate or repress miRNAs involved in the cell cycle and apoptosis [158, 198]. c-
Myc is involved in angiogenesis in tumors, it has been shown to activate the mir-17-92 cluster
which targets, and represses, the antiangiogenic factor 7sp-1 [194, 199]. Another contributor to
miRNA gene regulation is epigenetic status, for example, the miR-203 promoter is frequently
found to undergo DNA methylation in T-cell lymphoma, but not in normal T lymphocytes [158,
200]. Another example includes the silencing of miR-127 by promoter hypermethylation in
prostate and bladder cancers [193, 201].

The dysregulation of miRNAs in cancer makes them a potentially useful biomarker for
cancer diagnostics, or a target for treatment [180]. There are some cases where altered
expression of miRNAs have proven useful as a prognostic marker [180]. For example, a few
studies have identified reduced let-7 expression in lung cancer patients, as well as high
expression of miR-155, which both correlated with poor survival [191, 192, 202]. This
identification of unique miRNA profiles in lung tumors implicates a relationship between
miRNA expression and patient survival; therefore, monitoring miRNA expression profiles in
cancer patients may have prognostic value [182, 192, 202]. Interestingly, one study which

analyzed a few hundred normal and cancerous tissue samples found that the miRNA expression
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profiles, or miRNome, was better at predicting the cancer type and stage than the mRNA
expression profile, indicating the potential of the miRNome as a tool in cancer diagnosis and
prognosis [186, 194]. Additionally, circulating miRNAs have been detected in the blood and
serum, opening another avenue of use as a biomarker in cancer diagnosis [180, 203]. One of the
first reports to evaluate serum levels of miRNA showed that miR-155 and miR-21 levels were
higher in patient serum than control, and high levels of miR-21 were associated with relapse-free
survival in patients with diffuse large B-cell lymphoma [180, 203]. This is not limited to the
blood cancers - in prostate cancer patients, serum levels of miR-141 were found to distinguish
them from healthy subjects [180, 204]. Another example of miRNA profiles that can be used as
a cancer diagnostic is miR-196a and miR-217 in pancreatic ductal adenocarcinoma (PDAC)
[194]. miR-196a has high expression in PDAC and low expression in normal tissues and chronic
pancreatitis, while miR-217 exhibits an opposite pattern [194, 205]. Therefore, the ratio of miR-
196a to miR-217 can be used to diagnose PDAC [194, 205]. Serum miRNAs have also been
shown to be stable, resisting RNase digestion and degradation by freeze/thaw cycles, low/high
pH, and boiling [206]. In addition, miRNAs have been found in other body fluids, most notably
the urine [206]. This demonstrates the potential utility of miRNAs as biomarkers for diagnosis
of cancer or other diseases [206].

miRNAs can function as either oncogenes or tumor suppressors, depending on the
mRNAs they target [180]. This makes them targets for cancer therapy through either antisense-
mediated inhibition of miRNAs acting as oncogenes or replacement of down-regulated miRNAs
acting as tumor suppressors with miRNA mimetics [180]. Although, the evidence to date shows
that the majority of miRNAs are down-regulated in tumor tissues, indicating that most miRNAs

associated with cancer act as tumor suppressors [180, 186, 194]. This general downregulation of
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miRNAs probably contributes to tumor formation by allowing for increased expression of
oncogenic proteins [198]. A role for miRNA repression in cancers was further corroborated
when a global depletion of miRNAs by knockdown of the miRNA-processing machinery was
shown to stimulate tumorigenesis in vivo [194, 207]. This suggests that miRNA dysregulation is
not simply a consequence of tumor formation, but that it may play an active role in cancer
development [194, 207]. Since miRNAs may have multiple targets involved in various
oncogenic pathways, targeting a single miRNA for treatment could affect multiple pathways
[193]. Manipulation of miRNAs through overexpression or inhibition can be achieved in several
ways. For overexpression, synthetic miRNA mimics can be made such as siRNA-like
oligonucleotide duplexes and chemically modified oligoribonucleotides [194]. For inhibition,
one can use modified antisense oligonucleotides such as 2’-O-methyl antisense oligonucleotides,
locked nucleic acids, and antagomirs [180, 194]. Additionally, for miRNAs altered by
epigenetic changes, the use of chromatin-modifying drugs may be a novel strategy for anticancer
therapy [201]. Indeed, there are a few biotechnology companies focused on developing miRNA
therapeutics, such as Regululs Therapeutics and Mirna Therapeutics. At Mirna Therapeutics
they are focused on developing miRNA mimics for the treatment of cancer, with one product
named MRX34 (a mimic of miR-34) in Phase I clinical trials for treatment of hepatocellular
carcinoma and other solid tumors, as well as lymphoma and multiple myeloma
(www.mirnarx.com). In pre-clinical development at Mirna Therapeutics are also miRNA
mimics of miR-101, miR-215, miR-16, and let-7 (www.mirnarx.com). Regulus Therapeutics
currently has two anti-miRNA therapeutics in clinical trials, one is an anti-miR-122 for HCV
treatment in phase II clinical trial, and the other is an anti-miR-21 for treatment of Alport

Syndrome, a type of kidney disease, in phase I clinical trial (www.regulusrx.com). Regulus also
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has some anti-miRNA products in pre-clinical development, such as anti-miR-21 and anti-miR-
221 for hepatocellular carcinoma, and anti-miR-103/107 for non-alcoholic steatohepatitis

(NASH) in patients with type 2 diabetes (www.regulusrx.com).

4.2.3 Role of miRNAs in development and differentiation

miRNAs are now known to play an important role in posttranscriptional gene regulation
of fundamental cellular processes, as well as pathological and physiological processes; this
includes cell differentiation, organogenesis, cell signaling, disease development, carcinogenesis,
immune response, and drug response [149, 182]. let-7, one of the first miRNAs discovered, is
also probably one of the more well studied miRNAs, and is known to play an important role in
development. In C. elegans, let-7 is required for the terminal differentiation of seam cells from
the last larval stage to the adult stage [174, 191]. Seam cells are the lateral epidermal cells in C.
elegans, and are well-studied because they mimic the self-renewal patterns stem cells go through
[208]. In C. elegans, seam cells both proliferate to self-renew and divide to produce
differentiated neural and epidermal cells, with the last of the seam cells terminally differentiating
at the end of the last larval stage [208]. When let-7 is mutated, the seam cells fail to terminally
differentiate and instead continue to divide, also a hallmark of cancer [174, 191]. In addition,
let-7 exhibits very low expression in embryonic tissues and high expression in most all
differentiated tissues [194]. Specifically, during differentiation, double-negative feedback
control is often used by specific miRNAs as a genetic switch [158]. For example, the conserved
loop between let-7 and LIN28 (a protein expressed in embryonic stem cells) — let-7 suppresses
LIN28 protein synthesis and LIN28 in turn blocks /et-7 maturation [158, 209, 210]. LIN28

interferes with /et-7 maturation by binding to the loop structure of the /et-7 primary transcript
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and blocking Drosha processing to the mature miRNA [209, 211, 212]. Additionally, LIN28 has
been shown to induce uridylation of the pre-let-7, blocking Dicer processing to the mature
miRNA [210]. Therefore, in embryonic stem cells (ESCs), LIN28 blocks generation of mature
let-7 and helps maintain ES cells [213]. Upon differentiation, LIN28 is down-regulated allowing
for an increase in mature let-7, which in turn further represses LIN28 [214]. Also, a double-
negative feedback loop exists with the miR-200 family and the transcriptional repressors ZEB1
and ZEB?2 in epithelial to mesenchymal transition (EMT) [158, 215]. Specifically, the miR-200
family and miR-205 are important in specifying the epithelial phenotype through inhibition of
ZEBI and ZEB2 [215, 216]. In EMT, epithelial cells are converted to mesenchymal cells; this
process occurs during embryonic development and allows for tissue remodeling [215, 216].
EMT is also thought to be an important early step in tumor metastasis [215, 216].

A role for miRNAs in the development of animals, as well as plants, is suggested by the
phenotypes of mutations in Dicer and Argonaute family genes [155]. For example, in C.
elegans, reduced function mutations in dcr-1 (Dicer) and alg-1/alg-2 (Argonaute-like gene)
result in improper processing of miRNA precursors and reduced mature miRNA expression
[155, 217]. This results in developmental timing defects, causing the animals to continue stem
cell like divisions and delay the switch to later-stage development [155, 217]. Additionally, use
of RNAI to knockdown dcr-1 results in a mixed phenotype, including embryonic lethality and
the observed developmental timing defects [187, 217]. The role of miRNAs in development has
been investigated in the fruitfly, zebrafish and mammals as well. For example, in a model of D.
melanogaster mutants lacking dcr-1 in germline stem cells, the miRNA pathway is shown to be
important for stem cell division and to bypass the normal G1/S phase checkpoint (allowing the

stem cells to continue dividing rather than stopping the cell cycle) [182, 218]. In the mouse,
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homozygous Dicer! null mutants die at an early developmental stage, with the mutant embryos
having defects in axis formation and gastrulation, as well as lacking OCT4-positive stem cells
[182, 187, 219]. Additionally, conditional inactivation of Dicer! in mouse embryonic stem cell
lines results in proliferation defects and severe defects in differentiation, both in vitro and in vivo
[182, 220, 221]. Of course, the effects seen in Dicer mutants may not be solely due to the loss of
miRNA processing, as Dicer has other roles as well, but does imply a role of miRNAs in normal
development processes [187]. To elucidate the specific role of miRNA in these developmental
defects, knockdown of miRNAs to perform loss-of-function analysis has been done in the
fruitfly, D. melanogaster, with antisense oligonucleotides [187, 222]. In this study, antisense
oligonucleotides were injected into D. melanogaster embryos complementary to the 46 miRNAs
known to be expressed in the first half of embryogenesis [187, 222]. They observed that
knocking down 25 of the 46 embryonically expressed miRNAs resulted in abnormal defects,
including defects in blastoderm cellularization and patterning, morphogenesis, cell survival, and
an increase in programmed cell death, demonstrating that miRNAs are specific and essential
regulators of a wide range of developmental processes [187, 222].

In ESCs, miRNAs play an important role in maintaining pluripotency, proliferation, cell
differentiation, and lineage specification [213, 214, 223, 224]. In fact, the expression of
miRNAs seems to be regulated in a temporal manner in differentiating human ESCs (hESCs),
with miRNAs regulating lineage specification for the three germ layers — ectoderm, mesoderm,
and endoderm [214, 223, 224]. In order to maintain pluripotency in ESCs, differentiation and
developmental genes must be silenced, but also ready to be swiftly activated upon the
appropriate signals [214]. Conversely, once the appropriate signals for differentiation are

received, pluripotency genes need to be rapidly silenced while the differentiation genes are
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activated [214]. miRNAs can act to support this fluid environment by suppressing genes
involved in the pluripotency and differentiation processes [214]. One of the first studies to
examine miRNA profiles in undifferentiated and differentiated mouse ESCs identified a set of
miRNAs that seemed to be specific to undifferentiated ESCs, including miR-290, miR-291-as,
miR-292-as, miR-293, miR-294, and miR-295, collectively part of the miR-290-295 cluster
[171]. To investigate the role of miRNAs in ESC proliferation, one group utilized mouse Dgcr§
knockout ESCs (a model in which cells lack normal Drosha activity and mature miRNA
expression, resulting in slow cell proliferation and cell accumulation in the G1 phase of the cell
cycle) and transfected them with miRNA mimics, where they found a set of miRNAs that could
rescue the defect in proliferation, calling them ES cell specific cell cycle (ESCC)-regulating
miRNAs [214, 225]. Some of the miRNAs identified as ESCC-regulating miRNAs include
miRNAs in the miR-302/367 cluster and the miR-290-295 cluster [214, 225]. The miR-302/367
cluster contains at least five mature miRNAs, and is highly expressed in mouse and human
ESCs, while being downregulated during differentiation [214, 226-228]. In addition, the
transcription factors OCT4, SOX2 and Nanog (known as pluripotency markers) bind to the
promoter region of the miR-302/367 cluster, suggesting they are activated to help maintain
pluripotency in ESCs [214, 229]. Specifically, miR-302a represses cyclin D1, a G1 phase
regulator, contributing to miRNA regulation of the cell cycle in ESCs, allowing for a shortened
G1 phase and proliferation [229]. Moreover, ectopic expression of the miR-302/367 cluster in
combination with valproic acid was found to be sufficient to reprogram mouse and human
somatic cells to iPSCs [214, 230]. The miR-290-295 cluster produces at least 14 mature
miRNAs, and is expressed in mice but not in humans [214]. As discussed earlier, this cluster

accounts for the majority of miRNAs expressed in mESCs, and is downregulated during
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differentiation [171, 214, 231]. As with the miR-302/367 cluster, the transcription factors OCT4,
SOX2, and Nanog, have also been shown to bind to the promoter region of the miR-290-295
cluster [213, 231]. The miR-371-373 cluster is the human homolog of the mouse miR-290-295
cluster; it produces three mature miRNAs that are highly expressed in hESCs and are
downregulated during differentiation [214]. Another miRNA cluster found to be enriched in
hESCs and iPSCs is the miR-17-92 cluster, which is also a pro-tumorigenic miRNA cluster
activated by c-myc [213, 232, 233].

From this work it is now clear that ESCs express a distinct set of miRNAs that may be
important regulators in the maintenance of pluripotency and in mammalian embryonic
development [171, 227]. Numerous studies have further identified miRNAs expressed in
undifferentiated ESCs compared to differentiated cells. The most predominant miRNAs found
in undifferentiated hESCs include the clusters mentioned above, the miR-302/367 cluster, the
miR-371-373 cluster, and the miR-17-92 cluster, and are known as ESC-enriched miRNAs [214,
225-229, 233-237]. Other analyses of undifferentiated hESCs compared to differentiated cells
have also identified the miR-106a, miR-450 clusters and members of the miR-515 and miR-506
families as being predominant in undifferentiated cells [235, 236]. Sequencing analyses have
also identified some miRNAs outside of the main families in undifferentiated ESCs compared to
differentiated cells, including miRs-200c, -368, -154*, -301, -101, -141, -148a, -374, -135a, -
187, -324-3p, -766, -21, -29a, -29c¢, -143, -222, -296, -494, -25, -184, -221, -320, -340, -423, -
594, -744 [226-228, 234, 236]. These may represent other miRNAs apart from the main clusters
involved in maintaining pluripotency in hESCs [226].

In addition to miRNAs that maintain and regulate pluripotency, there are miRNAs that

assist in cell differentiation. Among the first miRNAs identified as being significantly
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upregulated following induction of differentiation are miR-21 and miR-22, suggesting a role in
cell differentiation [171, 236, 238]. Other miRNAs expressed in differentiated cells include
miRs-134, -296, and -470 [238-241]. This set of miRNAs have been found to target and
suppress the pluripotency factors OCT4, SOX2, and Nanog, thereby promoting differentiation
[238-241]. There is also evidence that miR-134 specifically enhances differentiation toward
ectodermal lineages in mESCs [241]. miR-34 is another miRNA that has been shown to target
SOX2 and Nanog, as well as n-myc, contributing to cell differentiation [214, 242]. Additionally,
miR-145 acts to induce differentiation by suppressing pluripotency factors OCT4, SOX2, and
KLF4, and in another feedback loop, OCT4 represses miR-145 expression in hESCs [213, 236,
239, 243]. miR-125 and miR-9 are also up-regulated during differentiation of hRESCs [214].
miR-125 is the homolog of lin-4, ectopic expression of miR-125 in mESCs results in a loss of
pluripotency factors [214, 244]. miR-9 has also been reported to target the pluripotency marker
LIN28 [214, 245]. Also, as discussed above, let-7 is highly expressed in most differentiated
tissues and plays an important role in cell differentiation, through targeting of LIN28 [158, 194,
209, 214]. In summary, miRNAs regulate differentiation, with some miRNAs maintaining

pluripotency and others driving cell fate decisions [214].

4.2.3.1 miRNAs in cardiac development
Many miRNAs appear to be tissue specific — this strongly implicates miRNAs as a
potential important factor to influence in vitro differentiation [179]. As with pluripotency in
embryonic stem cells and early cell differentiation of the embryonic germ layers, miRNAs have
also been shown to influence cell fates in later stages of development [213, 214, 227, 234].

Some miRNAs appear to be very tissue specific in their expression, suggesting a role in tissue
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specification and cell lineage decisions [170]. Indeed, one study found that in tissues such as the
heart, liver, and brain, a single, tissue-specific miRNA dominates the miRNA pool [170]. In this
study examining tissue specific miRNA expression in the mouse, miR-1 was found to be the
predominant miRNA in the heart, accounting for 45% of all miRNAs expressed in the heart
[154, 170]. miRNAs have been shown to have an important role in cardiac differentiation and
maintenance of muscle gene expression in vivo in species as diverse as D. melanogaster and
mice [224, 246-248]. In a study examining mesoderm formation in both mouse and human
ESCs, miR-1 and miR-133 were found to promote mesoderm formation, but then had opposing
functions in further differentiation to cardiac muscle progenitor cells, with miR-1 promoting
differentiation of both cardiac and skeletal progenitors, while miR-133 did not enhance further
differentiation [224]. During differentiation, miR-1 and miR-133 both acted as potent repressors
of non-muscle gene expression and cell fate [224]. miR-1 has been shown to promote
differentiation of cardiac progenitor cells, while miR-133 has been shown to inhibit
differentiation of skeletal myoblasts maintaining them in a proliferative state [224, 246-249].
Additionally, ectopic expression of either miR-1 or miR-133 caused enhanced expression of
mesoderm genes in embryoid bodies, while suppressing ectoderm and endoderm lineages [224].
Ivey et al. also identified the Notch ligand Delta-like 1 (DIL-1) as a target of miR-1 in mouse
and human ESCs, with miR-1 promoting differentiation to cardiac and skeletal muscle fates
[224]. Additionally, in Drosophila, miR-1 was shown to target the Notch ligand delta [246].
Notch signaling promotes neural differentiation while inhibiting muscle differentiation, therefore
knockdown of Notch signaling by miR-1 may promote muscle development in vivo [224, 246,
250, 251]. miR-1 has also been found to target histone deacetylase 4 (HDAC4), which in turn

up-regulates myocyte enhancer factor 2C (MEF2C), an important muscle-related transcription
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factor that promotes myogenesis [238, 249]. Anderson et al. identified miR-1 and miR-206,
which is expressed specifically in skeletal muscle, as promoters of myogenesis through targeting
of connexin 43 (CX43), which is essential for normal skeletal muscle differentiation [238, 252,
253]. Another miRNA involved in skeletal muscle differentiation is miR-26a [238, 254, 255].
miR-26a works indirectly by targeting the histone methyltransferase enhancer of zeste
homologue 2 (EZH2), which normally suppresses skeletal muscle differentiation [238, 254, 255].
Overall, miR-1 has a role in fine-tuning cardiac regulatory proteins to balance differentiation and

proliferation during cardiogenesis [246, 247].

4.2.3.2 miRNAs in neuronal development

In the work done by Lagos-Quintana et al., discussed above, the authors examined tissue
specific expression of miRNAs in the mouse, including cortex, cerebellum, and midbrain to try
and understand miRNA distribution in neural tissue [170]. The authors identified miR-124 as
the dominant miRNA in brain tissue, accounting for 25% of all miRNAs expressed in the
midbrain, 44% of all miRNAs expressed in the cortex, and 48% of all miRNAs expressed in the
cerebellum [170]. They also identified miRs-101, -127, -128, -131, and -132 as being
predominantly expressed in brain tissues [170]. To further understand expression patterns of
miRNAs in brain development, Krichevsky et al. utilized an oligonucleotide array to examine
expression of miRNAs in mouse and rat cortical neurons during development [256]. From this
study they identified some distinct expression patterns during cortical neurogenesis, including
postnatal expression of miR-128, prenatal expression of miR-19b, increasing expression during
embryonic development followed by stable expression postnatal of miR-124a and miR-266, and

peak expression at embryonic day (E) 21 for miR-9, -125b, -131, and -178 [256]. Furthermore,
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the authors examined these miRNAs in presenilin-1 null mice, a model for severe brain
developmental defects, and found that expression of miR-9 and miR-131 was significantly
reduced in the forebrains of these knockout mice compared to their heterozygous littermates,
indicating their potential role in regulating normal brain development [256]. Further studies of
neuronal stem cells, neurons and astrocytes have identified miR-124 and miR-128 as being
specifically expressed in neurons, miR-23 specific to astrocytes, miR-26 and miR-29
preferentially expressed in astrocytes, and miR-9 and miR-125 being evenly expressed in both
neurons and astrocytes [238, 257]. Additionally, overexpression of miR-124 and miR-9 in
neural progenitor cells enhanced neurogenesis [238, 258]. miR-124 has been shown to target the
small carboxy-terminal domain phosphatase 1 (SCP1), which normally prevents expression of
neural genes in non-neural tissues, therefore, inhibition of SCP1 by miR-124 allows for
expression of neural genes and induces neurogenesis [238, 259, 260]. Conversely to the tissue
specific miRNAs, there are some miRNAs that have been found to be fairly ubiquitous in their
expression. For example, the let-7 family of miRNAs are expressed in most all somatic tissues,
as well as miR-16, -26a, -27a, and -143a [151]. Interestingly, miR-21 is also fairly ubiquitous in
its expression, with the exception of neuronal tissue [151]. Expression of the brain-specific miR-

124 in combination with the absence of miR-21 may determine neuronal cell specification [151].

4.2.4 Hepatocyte development and miRNAs

In the Lagos-Quintana study examining tissue specific expression of miRNAs in the
mouse, miR-122 was found to be the predominant miRNA in the liver, accounting for 72% of all
miRNAs expressed, and was undetectable in all the other tissues analyzed [170]. Hepatocytes

are derived from the endoderm lineage; a study examining miRNAs in hESCs differentiated to
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definitive endoderm cells identified a distinct miRNA profile for definitive endoderm [223]. In
this study, Hinton et al. utilized 2 hESC lines and identified a set of 17 miRNAs that were up-
regulated in definitive endoderm cells compared to hESCs and 37 miRNAs that were down-
regulated [223]. Specifically, the 17 miRNAs that are up-regulated may have a role in
commitment to endoderm-derived cell lineages, such as hepatocytes [223]. The miRNA that was
the most highly up-regulated in definitive endoderm cells was miR-375, with miRs-708, -653, -
373, -372, and -371-5p accounting for other highly expressed miRNAs [223]. While the miR-
371-373 cluster is highly expressed in hESCs, it did maintain expression in definitive endoderm
cells, and this seems to be unique to the endoderm cells as it was found to decrease in ectodermal
cells [223]. Other studies examining miRNA profiles in definitive endoderm cells have
identified miR-375, miR-122, miR-24, miR-10a, and members of the let-7 family as being up-
regulated in endoderm cells [235, 261]. A study by Kim et al. identified 13 miRNAs that were
down-regulated in definitive endoderm cells compared to hESCs, and 56 miRNAs that were up-
regulated [262]. miRNAs upregulated in definitive endoderm cells compared to hESCs include
miRs-326, -181a, -30a*, -532-3p, -23b, -125a-5p, -218, 27b, and -30a, with miR-9*, miR-205
and miR-375 as being highly enriched in definitive endoderm cells [262]. Kim et al. also
observed expression of members of the miR-371-373 and miR-302/367 clusters in definitive
endoderm cells, that were down-regulated upon further differentiation to hepatocytes [262]. As
discussed above, miR-205 is known to regulate EMT through inhibition of ZEB1/2 [215, 216].
Since EMT is an important part of embryonic development, enrichment of miR-205 in definitive
endoderm cells indicates EMT may play an important role in endoderm formation and
hepatocyte differentiation [158, 215, 216, 262]. In the study by Kim et al., they identified 30

miRNAs down-regulated in hepatocytes compared to definitive endoderm and 92 miRNAs up-
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regulated in hepatocytes [262]. Among the miRNAs up-regulated in hepatocytes, miR-122,
miR-10a, miR-21, and miR-214 were found to be enriched in hepatocytes [262]. Other miRNAs
found to be highly expressed in stem cell derived hepatocytes include miRs-21, -214, -216a, -
137, -143, -152, -24-1, -10b, and members of the miR-30 family [262]. Chen et al. examined
miRNA profiles during differentiation of rat liver-derived progenitor cells (LDPCs) to mature
hepatocytes and found a large degree of overlap in miRNA expression between the two cell
types, including two miRNAs expressed in human fetal livers, miR-21 and miR-26a, indicating
that these LDPCs are already committed toward a hepatocyte fate [263, 264]. Some miRNAs
Chen et al. found to be higher in LDPCs include miRs-23a, -23b, -130b, -690, -691, and -467a/b,
while miRNAs found to be higher in differentiated hepatocytes include miRs-122, -101, -142-5p,
146a/b, -125b, -352, and let-7¢/d [263]. Further work examining miRNA profiles in human
embryonic (gestational age 7-10 weeks) and adult liver tissues also identified a unique miRNA
expression profile between these stages of development [265]. In this set of livers, the authors
identified miRs-122, -192, and -194 as being highly expressed in both embryonic and adult livers
[265]. They also identified a set of miRNAs with higher expression in embryonic liver
compared to adult, the top 15% of these miRNAs included miRs-18a, -409-3p, -451, -483-3p,
and -92a — which overlap with another study of miRNAs expressed in fetal liver [264, 265].
Additionally, the investigators identified a set of miRNAs with higher expression in adult liver
compared to embryonic liver, whose top 15% included miRs-125b, -192, -22, -23b, -99a and let-
7a/b/c [265]. However, in this set, miRs-125b and -22 were identified as being expressed in a
separate study examining fetal liver, indicating that they may be expressed at a later stage of fetal
development than what was examined in this study or they may be expressed in both fetal and

adult liver, similar to miR-122 [264, 265]. While each of these studies displays differences in
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the miRNA profiles identified in each cell type, there are select miRNAs that repeatedly show
up, such as miR-375 and the 371/373 cluster in definitive endoderm cells and miR-122, 23b,
125b and the let-7 family in differentiated rat hepatocytes, human SCDHs, and liver tissue [170,
223,235, 261-265]. Overall, these studies further support the notion that select miRNAs
function in a lineage-specific manner during differentiation, and there may be a set of miRNAs
specific for hepatocyte differentiation [262].

miR-122 is known to be a liver-specific miRNA. It is reasonable to assume that
expression of miR-122 in hESCs may induce differentiation towards liver lineages, such as
hepatocytes, or may help in maturation of stem cell derived hepatocytes. In one study by Tzur et
al., lentiviral transduction was used to express miR-122 in a hESC line, which was then allowed
to spontaneously differentiate [261]. In these miR-122 transduced hESCs, expression of miR-
122 did not drive the cells towards an endodermal or hepatic fate, rather it slowed differentiation
and induced pluripotency markers such as OCT4, SOX2 and NANOG compared to control cells
[261]. Some possible explanations for this result put forward by Tzur et al. are that some
important targets of miR-122 may not yet be expressed in hESCs; the expression level of miR-
122 in hESC may not reflect physiologic levels; or miR-122 requires additional miRNAs or
proteins in concert to promote differentiation [261]. This study also indicates that perhaps
timing of miR-122 expression during differentiation is important, i.e. once the cells have
committed towards endodermal pathways, which would coincide with their explanation that
certain targets of miR-122 are not expressed in hESCs. A second group utilizing miR-122
transfection of human fetal liver stem/progenitor cells was able to enhance expression of
hepatocyte genes and liver-enriched transcription factors [266]. In this study, Doddapaneni et al.

examined expression of hepatocyte markers AFP, ALB, HNF4q, and C/EBPa and saw an
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increase in all four markers in hepatic cells differentiated from fetal liver progenitor cells
transfected with miR-122 compared to control [266]. Specifically, at day 21 post transfection
they observed a 20-fold increase in AFP expression, 31-fold increase in ALB expression, 6.9-
fold increase in HNF4a expression, and a 5.5-fold increase in C/EBPa expression compared to
control cells [266]. In the Doddapaneni et al. study the protocol used cells that were already
committed towards a hepatic fate as opposed to hESCs as in the Tzur et al. study; this may be
why they see a positive effect on select hepatocyte markers with miR-122 transfection.

A now well-studied activity of miR-122 is to aid in viral replication of Hepatitis C — an
RNA virus that replicates primarily in the liver [168, 169]. miR-122 interacts with Hepatitis C
by binding to the 5’-UTR of the viral genome, stimulating viral translation [168, 169]. When
miR-122 is inactivated, HCV translation is strongly reduced, with levels of viral replicon
reduced as much as 80% [168, 169]. Conversely, when miR-122 is introduced to liver and non-
liver cell lines, HCV translation is stimulated [168]. The binding site for miR-122 is highly
conserved among all six HCV genotypes [169]. Targeting miR-122 for inactivation may provide
a therapeutic option that would combat all HCV genotypes [169]. Because of this, the first
miRNA therapeutic to reach clinical trial was developed to target miR-122 for treatment of HCV
[267]. This therapeutic is named Miravirsen (SPC3649) under development by Santaris Pharma,
in late 2014 Santaris Pharma was acquired by Roche [267, 268]. Miravirsen is a mixed locked
nucleic acid (LNA)/DNA phosphorothioated sequence complementary to miR-122 [268]. The
LNA technology allows for high affinity to the target miRNA and provides resistance to nuclease
degradation, allowing for greater stability. Miravirsen has a terminal half-life of about 20 days
[269]. The first in vivo studies of miR-122 inhibition were conducted in mice. One study

utilized cholesterol-conjugated 2’-O-methylated antisense oligonucleotides, which they termed
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‘antagomirs’ [267, 270]. In this study Krutzfeldt et al. administered single 80 mg/kg doses of
miR-122 antagomir (for 1, 2, or 4 days) intravenously to mice and observed a marked decrease in
endogenous miR-122 levels, along with upregulation of predicted miR-122 target genes, such as
aldolase-A (4ldoa), 1Q-motif-containing GTPase-activating protein 1 (Iggap!), and a number of
genes involved in cholesterol biosynthesis [267, 270]. Shortly after, a second study was
published in which Esau et al. used a 2’-O-methoxyethyl phosphorothioate antisense
oligonucelotide, and reported similar results of miR-122 knockdown [267, 271]. In this study
mice were dosed with a miR-122 antisense oligonucleotide ranging from 12.5 to 75 mg/kg
intraperitoneally twice a week for four weeks [271]. There were no overt toxic effects on the
mice, with the exception of a mild increase in plasma ALT and AST levels at the 75 mg/kg dose
[271]. Based on these preliminary studies, five target mRNAs (GYS1, ALDOA, CCNGl,
P4HATL, SLC7A1) of miR-122 were selected for monitoring, with four of the five target mRNAs
increasing in expression following miR-122 knockdown, and miR-122 levels were reduced up to
10-fold at the highest dose [271]. In addition to the aforementioned effects, there was also a 26-
28% reduction in plasma levels of total cholesterol across all doses of miR-122 antisense
oligonucleotide tested [271].

Preclinical studies in African green monkeys utilizing SPC3649 also demonstrated the
cholesterol lowering effect of miR-122 knockdown [267, 272]. In this study three I.V. injections
ranging from 1 to 10 mg/kg were administered over 5 days, resulting in a 30-40% reduction in
total cholesterol, which was dose-dependent and prolonged, slowly returning to baseline over
three months, making plasma cholesterol a potential biomarker for miR-122 knockdown when
evaluating SPC3649 in HCV infected patients [267, 272]. No acute or sub-chronic toxicities

were observed, as determined by normal measurements for all clinical chemistries monitored, no
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change in blood coagulation profiles, and normal histopathology on liver biopsies [272].
However, the reduction in cholesterol does affect both LDL and HDL levels, and in the animal
models has a more pronounced lowering of HDL — the ‘good’ cholesterol - at higher dosages
[267]. Studies of SPC3649 in chimpanzees chronically infected with HCV showed a maximal
decrease of 2.6 orders of magnitude in serum HCV RNA levels and 2.3 orders of magnitude in
liver HCV RNA levels at the high dose - 5 mg/kg once a week over 12 weeks [267, 269]. In the
chimpanzee model there was also a 30-40% reduction of total cholesterol, and no adverse side
effects [267, 269]. In a phase 2a clinical study, Miravirsen was found to reduce HCV RNA
levels at all studied doses, with no dose-limiting adverse effects and no escape mutations in the
HCV miR-122 binding sites [273]. In this study, 36 patients received a weekly subcutaneous
injection at 3, 5, or 7 mg/kg for 5 weeks, or a placebo [273]. HCV RNA levels were reduced by
1.2,2.9, and 3.0 logio IU per milliliter from baseline in the 3, 5 and 7 mg/kg dose groups,
respectively [273]. In addition, there was a decrease in serum total cholesterol during this study,
with no change in the ratio of LDL to HDL [273].

Santaris is not the only pharmaceutical company exploring miR-122 as a therapeutic
target. A competitor to Miravirsen is in development by Regulus Therapeutics. Regulus has
developed a GaINAC-conjugated anti-miR targeting miR-122 for the treatment of HCV, known
as RG-101, currently in phase II clinical trials (www.regulusrx.com). In a phase I study, HCV
patients received a single subcutaneous dose of either 2 mg/kg or 4 mg/kg of RG-101, and 29
days following dosing an average of 4.1-log and 4.8-log reduction in patient viral loads was
observed for the 2 mg/kg and 4 mg/kg doses, respectively (www.regulusrx.com). Phase I studies
of RG-101 revealed no serious adverse events or discontinuations in HCV patients

(www.regulusrx.com). While antisense targeting of miR-122 so far seems to be a viable
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therapeutic option for treatment of HCV, there are still some concerns, such as the effect on lipid
metabolism, including reductions in HDL levels, and risk of developing hepatocellular

carcinoma [267].

4.2.4.1 miRNA regulation of ADME genes

miRNAs are expressed in a tissue specific manner and have been shown to regulate most
cellular and physiologic processes, and their role may extend to regulation of ADME-related
genes [150]. Current knowledge regarding miRNA regulation of drug metabolizing enzymes
and other ADME genes is extensively summarized in two related reviews by Yokoi and
Nakajima [149, 150]. The first study to demonstrate miRNAs could regulate CYP enzymes was
reported for human CYP1BI1 in 2006 [150, 274]. In this study, miR-27b was found to regulate
CYPI1BI1 in a breast cancer cell line, MCF-7 [150, 274]. When further examining tissue from a
small group of breast cancer patients, miR-27b was found to be decreased and CYP1B1 protein
levels increased in cancerous tissue compared to noncancerous tissue [149, 274]. The most
abundant hepatic CYP, CYP3A4, has been found to be indirectly regulated by miRNAs through
PXR - miR-148a has been shown to regulate PXR, which in turn regulates CYP3A4 mRNA
[149, 150, 275]. There is some evidence indicating CYP3A4 may also be directly regulated by
miR-27b [149, 276]. miR-27b is also reported to regulate PPARa, PPARY, and RXRa [149, 179,
277-280]. miR-27b seems to regulate a number of transcription factors as well as CYP1BI1,
indicating it may be a particularly important miRNA in terms of drug response and toxicity
[150]. Additionally, PPARa has been shown to be regulated by miR-21, HNF4a by miR-24 and
miR-34a, CYP2EI by miR-378, and CYP2C19 by miR-29a-3p [149, 277, 281-284]. In a study

by Rieger et al. on select miRNAs with predicted binding sites in ADME genes, they identified a
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number of correlations between miRNAs and CYP gene expression utilizing a liver bank [179].
This included a negative effect on protein or activity level for CYP1A1 by miRs-132, -142-3p, -
21; CYP2A6 by miR-142-3p and miR-21; CYP2C19 by miRs-130b, -185, -34a; and CYP2EI by
miR-10a, miR-200c and let-7g [179].

Some studies evaluating the role of miRNAs in toxicology, or utility as biomarkers for
toxicological response, have been conducted. One such study observed a change in miRNA
expression profiles in the liver of rats given a single toxic dose of acetaminophen or carbon
tetrachloride [150, 285]. In this study a microRNA microarray was utilized to assess changes in
miRNA expression, but focused on miR-298 and miR-370 because these specific miRNAs are
predicted to bind to target genes involved in oxidative stress [285]. Notably in this study, the
down regulation of miR-298 and miR-370 occurred as early as 6 hours post-administration,
correlating with early phase toxicity [150, 285]. While only a few animals were utilized in the
experiment, it provides some evidence that miRNAs may be involved in toxicological outcomes,
and also that monitoring of miRNAs may be a useful biomarker for toxicity [285]. For example,
a separate study in which mice were dosed with acetaminophen to induce liver injury showed a
number of miRNAs that were up-regulated in plasma, particularly liver-enriched miRNAs miR-
122 and miR-192 [286]. Additionally, miR-122 and miR-192 levels in the plasma exhibited dose
and exposure dependent changes in expression that paralleled serum aminotransferase changes
and histopathological changes, but were detected significantly earlier [150, 286]. An additional
study also corroborated the finding that miR-122 levels in the plasma increased in patients and
mice with hepatic disease, and the change occurred earlier than changes in aminotransferase
levels [149, 287]. These changes in miRNA profiles that can be monitored in plasma provide a

potential biomarker for drug-induced liver injury, and may be superior to current biomarkers
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such as the serum aminotransferases, ALT and AST [149, 286, 287]. Conversely, it’s been
shown that 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) administration to rats and mice does not
cause any significant change in hepatic miRNA profiles, indicating miRNAs are unlikely to play
arole in TCDD toxicity in rodent liver [150, 288]. This demonstrates the potential role of
miRNAs in toxicity outcomes may be substrate dependent. Overall, there is evidence that
miRNAs may play an important role in regulating drug-metabolizing enzymes and other ADME
genes, but more work is needed in this area to understand potential contributions of miRNA to

drug response and pharmacokinetics.

As noted above, miRNAs regulate many genes, similar to transcription factors, and
therefore are potential modifiers of cellular process such as differentiation [224, 289]. Since
miRNAs have been shown to be expressed in a tissue and developmental stage specific manner,
with liver specific miRNAs such as miR-122 identified, we postulate that miRNA profiling of
our hESCs throughout the differentiation process may provide insight into the lack of functional
maturity observed in our hESC-derived hepatocytes [170, 171, 227]. To test this hypothesis, we
performed miRNA microarray analyses on hESCs and iPSCs, SCDHs at each stage of our
differentiation protocol, cryopreserved hepatocytes, and a set of human livers from the
University of Washington liver bank. This set of microarray results provided information on the
potential role of miRNAs in liver differentiation and maturation, and the specific miRNAs that
could be manipulated during in vitro hepatocyte differentiation to enhance maturation of the

cells.

4.3 Materials and Methods
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4.3.1 Cell culture and hepatocyte differentiation

Cryopreserve hepatocyte lots HU8110 and HU8114 were purchased from Invitrogen
(Carlsbad, CA) and cultured according to manufacturer’s instructions. Briefly, cells were
thawed in CHRM® media and plated in Williams Medium E supplemented with Hepatocyte
Plating Supplement Pack from Invitrogen on 24-well plates coated with Collagen I. Following a
6-hour incubation period to allow for cell attachment, the media was changed to Williams
Medium E supplemented with Hepatocyte Maintenance Supplement Pack from Invitrogen. Cells
were maintained in this hepatocyte maintenance media for 4 days with daily fluid changes. Cells
were then collected in TRIzol Reagent (Invitrogen) and sent to the University of Washington
Center for Ecogenetics and Environmental Health (CEEH) Functional Genomics and Proteomics
Facility Core for RNA extraction and processing. A set of hepatocytes from lot HU8114 were
cultured in a sandwich configuration — following cell attachment in hepatocyte plating media, the
media was changed to ice cold hepatocyte maintenance media containing 0.35 mg/mL Geltrex®
LDEV-Free Reduced Growth Factor Basement Membrane (Invitrogen). The following day, Day
1, hepatocytes were incubated in hepatocyte maintenance media containing 10% of one of the
following serum conditions obtained from Dr. Catherine Yeung (University of Washington,
Department of Pharmacy and Kidney Research Institute): control human serum, control
ultrafiltrate, uremic serum, or uremic ultrafiltrate. Cells were incubated in these conditions for
72 hours, with daily fluid changes and on Day 4 were collected in TRIzol Reagent and sent to the
University of Washington CEEH for RNA extraction and processing.

The hESC lines H1 (WAO1) and H9 (WA09) were obtained from WiCell® Research
Institute (Madison, WI) and propagated at the University of Washington Institute for Stem Cell

and Regenerative Medicine. All studies were conducted under approval of the University of
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Washington Embryonic Stem Cell Research Oversight Committee. hESC lines H1 and H9 were
cultured on mouse embryonic fibroblasts (MEFs) before being transferred to Matrigel™ (BD
Biosciences, San Diego, CA)-coated plates using mTeSR™1 media (Stem Cell Technologies,
Vancouver, Canada). Hepatocyte differentiation was induced in three stages, as published by
Hay et al. [84, 86]. Briefly, differentiation was initiated at 60-70% confluence by replacing the
mTeSR™] media with priming medium: RPMI 1640 containing 1xB27 (Invitrogen), 100
ng/mL Activin A (PeproTech, Rocky Hill, NJ), and 50 ng/mL Wnt3a (R&D Systems,
Minneapolis, MN). After 72 hours, with daily media changes, the cells were switched to
differentiation medium: Knockout-DMEM containing 20% Knockout Serum Replacement, 1
mM glutamine, 1% nonessential amino acids, 0.1 mM B-mercaptoethanol (Invitrogen), and 1%
dimethyl sulfoxide (DMSO) (Sigma, St Louis, MO) for a further 5 days. Lastly, the cells were
switched to maturation media: Hepatozyme (Invitrogen) containing 10 pM hydrocortisone 21-
hemisuccinate, 2 mM glutamine, 10 ng/mL hepatocyte growth factor and 20 ng/mL oncostatin M
(R&D Systems). The media was changed every other day during maturation until day 17. Cells
were collected in TRIzol reagent prior to differentiation (Day 0) and at the end of differentiation
on Day 17 and sent to the University of Washington CEEH for RNA extraction and processing.
In addition, samples from hESC line H9 and an induced pluripotent stem cell (iPSC) line
undergoing the same differentiation conditions were obtained from Dr. David Hay’s lab (MRC
Centre for Regenerative Medicine, University of Edinburgh). They provided samples at each
stage of differentiation -- Days 0, 3, 10, and 18 for hESC line H9 and Days 0, 5, 9, and 14 for
iPSCs in TRIzol reagent, also sent to the University of Washington CEEH for RNA extraction

and processing.
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4.3.2 microRNA microarray

TRIzol samples from cryopreserved hepatocyte lots HU8110 and HU8114, along with
hESC, iPSC, and human liver tissue samples from the University of Washington School of
Pharmacy Human Liver Bank (Seattle, WA) were processed by the University of Washington
CEEH to collect miRNA. A subset of the liver bank was selected based on tissue availability
and was composed of tissue samples from 59 individuals, including male donors and female
donors with an age range of 7 — 70 years. Liver bank samples were analyzed using the
Affymetrix GeneChip® miRNA 2.0 array according to manufacturer’s recommendations.
Cryopreserved hepatocyte lots HU8110 and HU8114 along with hESC and iPSC samples were
analyzed using the Affymetrix GeneChip® miRNA 3.0 array according to manufacturer’s

recommendations. Only human miRNAs were used for data analyses.

4.3.3 Real-time quantitative polymerase chain reaction (QRT-PCR)

Tagman® microRNA assays (Invitrogen) were used to quantify expression of miR-122,
let-71, and let-7c according to the manufacturer’s instructions. Complementary DNA (cDNA)
was synthesized using 5 ng of total RNA and the Tagman® microRNA Reverse Transcription kit
in 15 pL total volume (Invitrogen). Real-time quantitative polymerase chain reaction (QRT-
PCR) was then carried out using the Tagman® microRNA assays (Invitrogen) with 18S as a
housekeeping gene. Relative quantification was calculated using the AACt method with 18S as

the endogenous control.

4.3.4 Let-7 transfections
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Viral transduction of H9 stem cell derived hepatocytes was conducted at day 7 of
differentiation. Cells were transduced with either pLKO-let7i or pLKO-dsred (gifts from Dr.
Hannele Ruohola-Baker, University of Washington) as a fluorescent control using 4 pg/mL
polybrene. Briefly, a 0.5 mL mix of virus, polybrene and differentiation media was added to
appropriate wells of cells on a 24-well plate. Plates were then centrifuged at 3000 rpm for 1 hour
at 37 °C. Following the spin, an additional 0.5 mL of differentiation media was added to each
well and plates were placed in the incubator for overnight. The following day, viral media was
removed and replaced with regular maturation media. On day 13 of differentiation (day 6
following transduction), transduced cells were collected in TRIzol reagent for RNA extraction.

Transfection of H9 stem cell derived hepatocytes was conducted at day 8 of
differentiation. Cells were transfected with a let-7¢ mimic (miRIDIAN microRNA Human has-
let-7¢c-5p mimic) or a control mimic (mimic transfection control with Dy547) (Dharmacon,
Lafayette, CO). For transfection, dilutions of Lipofectamine® RNAIMAX (Invitrogen) in Opti-
MEM® media (Invitrogen), let-7c mimic in Opti-MEM® media, and control mimic in Opti-
MEM® media were made. The Lipofectamine® mix was then mixed with either the let-7¢ mix
or the control mimic mix at a 1:1 ratio and incubated at room temperature for 20 minutes. The
let-7c mimic and control mimic solutions were then diluted 10x with differentiation media and
0.5 mL was aliquoted to appropriate wells on 24-well plates and incubated for 5 hours or
overnight. Following incubation, transfection media is aspirated and replaced with
differentiation media or maturation media. On day 12 of differentiation (day 4 following

transfection), cells were collected in TRIzol reagent for RNA extraction.

4.3.5 Statistical analysis



138

All statistical analyses were performed using R software (www.r-project.org) and
Bioconductor (www.bioconductor.org) by the University of Washington CEEH. To be included
in analysis, each miRNA was required to have a logy expression value > 7 in at least 3 samples.
A weighted analysis of variance model (ANOVA) was then fit to the data and empirical Bayes
adjusted contrasts were calculated for comparisons with replicates for at least one sample type.
For comparisons between samples with no replicates, the miRNAs were required to have an
absolute fold change > 2, and the requirement that one of the two samples had to have a log,
expression value > 7. For comparisons where multiple samples were grouped together, i.e. all
the differentiated cells versus all cryopreserved cells, the model was re-parameterized to
combine the groups, and then the comparison was made. For comparisons, probesets (miRNAs)
were selected at a false discovery rate (FDR) adjusted p-value < 0.05 and an absolute fold
change > 2, except for comparisons between samples with no replicates, in which case just the
absolute fold change > 2 criterion was used.

Liver bank samples were analyzed using the Affymetrix GeneChip® miRNA 2.0 array,
while all other samples were analyzed using the miRNA 3.0 array. In order to make
comparisons with the liver bank samples, each set of arrays was processed separately and then
only the human miRNAs found on each array were combined. Data was then normalized by
subtracting the median expression value from each sample. Probesets with a logz expression
value < 6 in fewer than 5 samples were filtered out. An ANOVA model was then fit to the data
and empirical Bayes adjusted contrasts were computed. Probesets were then selected at an FDR
adjusted p-value < 0.05 and an absolute fold change > 2. Liver bank sample HL-159 was
determined to be an outlier, and removed from further analyses. To further analyze the miRNAs

identified from statistical analysis as being significantly different between comparators,
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Ingenuity Pathway Analysis (IPA) was used (http://www.ingenuity.com). It should be noted that
for confidence in the identification of mRNA targets, the filter was set to only include those with

experimentally observed evidence.

4.4 Results

4.4.1 Expression of miRNAs in human liver tissue

The overall most abundantly expressed miRNA in our liver bank was the liver-specific
miR-122, as shown in Figure 4.1a. This is in accordance with what has been demonstrated by
others [170, 179, 290]. Microarray analysis revealed a total of 121 miRNAs with an average
log> expression value > 6, the cut-off value used to delineate miRNAs that are not expressed at a
significant level. The top 25 miRNAs expressed in the liver bank are shown in Figure 4.1a. Of
the remaining 25 most highly expressed miRNAs in the liver bank, miRs-23b, -194, -22, -192, -
125b, and let-7a/b/c have been identified in other studies examining miRNA expression in the
liver [179, 262, 265]. Also in the top 25 miRNAs is miR-24, which has been described to
regulate HNF4a [149, 179, 282]. Other miRNAs expressed in the liver bank, outside of the top
25, found to regulate ADME-related genes include miR-27b, described as a regulator of
CYPIBI1 [150, 274], CYP3A4 [276], VDR [276], PPARa, PPARy and RXRa [277-280]; miR-
148a, described as a regulator of PXR [275]; miR-21, described as a regulator of PPARa [277];
miR-34a, described as a regulator of HNF4a [281]; miR-378 described as a regulator of CYP2EI
[283]. A study from 2013 by Rieger et al. examined the expression of 56 miRNAs that were
selected based on predictive binding sites to ADME-related genes and liver expression [179].
This set of 56 miRNAs included 6 miRNAs solely because of their high liver expression, despite

having low predictions for ADME gene regulation; our liver bank expression profile includes 5
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of these 6 miRNAs, miRs-106a, -106b, -122, -19b, -21 [179]. Of the remaining 50 miRNAs with
high predictions for ADME gene regulation from the Rieger et al. study, 32 were expressed in
our liver bank. These are: miRs -16, -17, -125b, -130a, -130b, -143, -146a, -148a, -150, -152, -
15a, -185, -18a, -214, -22, -221, -24, -26a, -27a, -27b, -28-3p, -28-5p, -29a, -34a, -455-3p, and
let-7a/b/c/d/e/f/g [179]. In the Rieger et al. study they also identified select miRNAs that
negatively affected protein or activity levels of CYP enzymes. The following miRNAs with this
attribute that were identified in our liver bank are listed with the CYPs they were found to affect:
miR-21 and CYP1A1, miR-21 and CYP2A6, miRs-130b, -185, -34a and CYP2C19, let-7g and

CYP2E1 [179].

4.4.2 Expression of miRNAs in SCDHs compared to cryopreserved hepatocytes

miR-122 is one of the highest expressed miRNAs in the SCDH samples, and is the top
miRNA expressed in cryopreserved hepatocytes, much like the liver bank samples (Figure
4.1b,c). Among the top 25 miRNAs expressed in SCDHs and cryopreserved hepatocytes, 19 of
them are the same between the two groups (Figure 4.1b,c). Comparisons were made between the
set of end-stage (Day 17) SCDHs and cryopreserved hepatocytes. The expression level of
miRNAs was compared between SCDHs and cryopreserved hepatocytes. miRNAs were deemed
as significantly different based on a greater than two-fold change and an FDR adjusted p-value <
0.05. There were a large number of miRNAs that had differing expression levels between the
two groups - a total of 211. To limit the number of miRNAs used for further analyses we
decided to focus on those with an absolute log fold change value greater than 4 (or 16 on normal
scale). This was intended to limit the miRNAs analyzed to those with truly large differences

between our comparison groups, with the assumption that those miRNAs with larger fold
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changes may have a more significant impact on hepatocyte differentiation. Using this additional
filtering criteria, the 211 miRNAs identified when comparing SCDHs to cryopreserved
hepatocytes was lowered to 51, consisting of 38 miRNAs that were up-regulated in SCDHs
compared to cryopreserved hepatocytes and 13 miRNAs that were down-regulated; these are
listed in Table 4.1. Notably, of the 13 miRNAs down-regulated in SCDHs compared to
cryopreserved hepatocytes, 7 of them are members of the let-7 family. This data set of up- and
down-regulated miRNAs was then analyzed using IPA software to identify genes and biological
processes regulated by these miRNAs. Analysis with IPA software revealed toxicological
pathways that these miRNAs may influence, as shown in Figure 4.2a. Of the top toxicological
pathways identified among the miRNAs with large differences in expression between SCDHs
and cryopreserved hepatocytes are liver damage, liver inflammation/hepatitis, liver cirrhosis, and
liver hyperplasia/hyperproliferation. Other pathways identified include renal inflammation, renal
nephritis, and cardiac fibrosis. These other organ-related pathways show the diversity of
miRNAs and their targets, and emphasize the fact that one single miRNA may target many
mRNAs and thus have multiple functions. Of the biological functions and diseases pathways
identified the top two are cancer and organismal injury and abnormalities (Figure 4.2b-g). Other
pathways identified include cellular development, cellular growth and proliferation, hepatic
system development and function, and hepatic system disease. There are many biological
functions and disease pathways implicated from this set of miRNAs, again indicating the many

processes and functions miRNAs can regulate.

4.4.3 Expression of miRNAs in SCDHs compared to human liver tissue
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Among the top 25 miRNAs expressed in SCDHs and the liver bank, 12 of them overlap
between the two groups while 13 are different (Figure 4.1a,c). Of the top 25 miRNAs in SCDHs
that are also in the top 25 of the liver bank are the liver specific miR-122; miR-23b, previously
identified as being expressed in liver tissue; and miR-24 which has been shown to target HNF4a
[179, 262, 265, 282]. Further comparing SCDHs and the liver bank, 95 miRNAs were identified
with differing expression levels. To limit the number of miRNAs used for further analyses we
focused on those with an absolute log fold change value greater than 4. Using this filtering
criteria the 95 miRNAs identified were lowered to 40, consisting of 26 miRNAs that were up-
regulated in SCDHs compared to the liver bank and 14 that were down-regulated in SCDHs;
these are listed in Table 4.2. Notably, of the 14 miRNAs down-regulated in SCDHs compared to
the liver bank, 7 of them are members of the let-7 family. This is qualitatively very similar to the
comparison observed between SCDHs and cryopreserved hepatocytes. This data set of up- and
down-regulated miRNAs was then analyzed using IPA software to identify genes and biological
processes regulated by these miRNAs. Analysis with IPA software identified the toxicological
pathways these miRNAs may influence, as depicted in Figure 4.3a. Of the toxicological
pathways identified among the miRNAs with large differences in expression between SCDHs
and the liver bank are liver damage, liver inflammation/hepatitis, and liver cirrhosis; the same
pathways identified from the set of miRNAs from SCDHs and cryopreserved hepatocytes.
Similar to the pathways identified for SCDHs compared to cryopreserved hepatocytes, renal
inflammation and renal nephritis are the top two identified by the SCDH-liver bank comparison.
Again, for the biological functions and diseases pathways identified, the top two are identical to
the ones identified for SCDHs compared to cryopreserved hepatocytes — cancer and organismal

injury and abnormalities (Figure 4.3b-g). Overall, the set of miRNAs with large differences in
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expression between SCDHs and the liver bank, and SCDHs and cryopreserved hepatocytes, seem
to influence the same toxicological and biological function pathways. This is expected, as the
majority of the set of miRNAs with a large fold change between SCDHs and the liver bank are
also in the set of miRNAs with a large fold change between SCDHs and cryopreserved

hepatocytes.

4.4.4 Expression of miRNAs in SCDHs compared to undifferentiated stem cells

Of the top 25 miRNAs expressed for all undifferentiated stem cells, 18 of them are the
same as the top 25 miRNAs expressed in SCDHs (Figure 4.1c, d). This includes 3 members of
the miR-17-92 cluster, found to be enriched in hESCs and iPSCs (REF 196, 215, 216). For
comparison, of the top 25 miRNAs expressed in undifferentiated stem cells, only 5 of them are
also found in the top 25 miRNAs expressed in the liver bank (Figure 4.1a, d). Comparing H1
SCDHs to H1 hESCs, 278 miRNAs were identified with differing expression levels. Using the
filtering criteria to focus on the larger fold changes, 278 were reduced to 35, consisting of 19
miRNAs that were up-regulated in H1 SCDHs compared to H1 hESCs and 16 miRNAs that were
down-regulated, listed in Table 4.3. Notably, the liver-specific miR-122 was up-regulated in H1
Differentiated cells at a log fold change of 12.82, with a p-value of 5.26E-23. Comparing H9
SCDHs to H9 hESCs, 226 miRNAs were identified with differing expression levels. Upon
further filtering, 226 were reduced to 32, consisting of 20 miRNAs that were up-regulated in H9
SCDHs compared to H9 hESCs and 12 miRNAs that were down-regulated, listed in Table 4.4.
Similar to the results in HI cells, miR-122 was up-regulated in H9 SCDHs at a log fold change
of about 12, with a p-value of 5.09E-24. Comparing iPSC SCDHs to iPSC, 131 miRNAs were

identified with differing expression levels. Upon further filtering, the 131 miRNAs were
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reduced to 10, consisting of 7 miRNAs that were up-regulated in iPSC SCDHs compared to
iPSCs and 3 miRNAs that were down-regulated, listed in Table 4.5. Again, miR-122 was up-
regulated in iPSC SCDHs compared to iPSCs, at a log fold change of 5.18. Among the miRNAs
up-regulated in HI and H9 SCDHs compared to HI and H9 hESCs, 5 of them are within the top
25 miRNAs expressed in the liver bank, these are miRs-122, -145, -194, -192, and -22. miRs-
122, -194, and -22 are also within the top 25 miRNAs in cryopreserved hepatocytes. This
indicates an increase in expression of some liver-related miRNAs upon differentiation. Also, of
the miRNAs down-regulated in H1 and H9 SCDHs compared to H1 and H9 hESCs, half of them
are members of the miR-371-372 and miR-302/367 clusters, which are clusters predominantly
associated with undifferentiated cells. This indicates the SCDHs are removed from hESCs.
While the iPSCs do have some differences in miRNA expression patterns compared to the
hESCs, among the miRNAs up-regulated in iPSC SCDHs compared to iPSCs are also miRs-122,
-194, and -192, indicating an increase in expression of liver-related miRNAs and comparable
responses to the differentiation protocol.

The data sets of up- and down-regulated miRNAs were then analyzed using IPA software
to identify genes and biological processes regulated by these miRNAs. Of the toxicological
pathways identified among the miRNAs with large differences in expression between H1/H9
SCDHs and H1/H9 hESCs, the top three pathways are liver steatosis, liver damage and liver
inflammation/hepatitis (Figures 4.4a and 4.5a). Similar results were obtained for the
toxicological pathways among the miRNAs with large differences in expression between iPSC
SCDHs and iPSCs, being the liver-related pathways liver steatosis, hepatocellular carcinoma,
and liver hyperplasia/hyperproliferation (Figure 4.6a). Of the biological functions and diseases

pathways identified, for all three stem cell lines, the top two are cancer and organismal injury
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and abnormalities, as seen in the comparisons with liver bank and cryopreserved hepatocytes
(Figures 4b-g, 5b-g, and 6b-¢). Again, with all the comparisons evaluated the sets of miRNAs
seem to influence the same or very similar toxicological and biological functions. Importantly,
among the top pathways identified are liver-related functions and development-related functions
such as cellular development, and cellular growth and proliferation. This indicates the miRNAs
with large fold differences between groups are associated with liver-related functions, and could

have an influence on hepatocyte differentiation and functional maturation.

4.4.5 Expression of miRNAs in hESCs and iPSCs during differentiation into
hepatocytes

Stem cells were analyzed at each stage of differentiation, being differentiated stem cells
at the end of stage 1 of the differentiation protocol, which we have termed definitive endoderm
for reference (Day 3 for hESCs and Day 5 for iPSCs), and differentiated stem cells at the end of
stage 2 of the differentiation protocol, which we have termed hepatoblast for reference (Day 10
for hESCs and Day 9 for iPSCs). Of the top 25 miRNAs expressed in definitive endoderm cells,
almost all of them (23) are the same as the top 25 miRNAs expressed in undifferentiated stem
cells (Figure 4.1d, e). Of the top 25 miRNAs expressed in hepatoblast cells, 18 of them are the
same as the top 25 miRNAs expressed in undifferentiated cells (Figure 4.1d, f). This is the same
as the number of miRNAs (18) over-lapping in the top 25 of SCDHs and undifferentiated stem
cells. Comparing SCDHs and hepatoblast cells, 24 of the top 25 miRNAs are the same between
the two groups. This indicates that stem cells at the end of stage 2 in the differentiation process
are very similar to the end-stage SCDHs, and perhaps the cells do not mature much past stage 2,

based on these miRNA profiles.
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4.4.6 miR-122 qRT-PCR

To validate the microarray results, qRT-PCR was performed for miR-122. As seen in
Figure 4.7, for both hESC lines and the iPSC line evaluated, miR-122 expression is minimal or
below the limit of quantitation at Day 0 and at the definitive endoderm stage, but increases at the
hepatoblast stage and in end-stage SCDHs. Furthermore, based on AACt calculations, miR-122
expression in the iPSC SCDHs is at the same level as that in the cryopreserved hepatocyte lot
tested and H1 SCDH expression is 80% of that in cryopreserved hepatocytes. miR-122
expression in the H9 SCDHs reaches 60% and 30% of that in cryopreserved hepatocytes, as
shown in Figure 4.7. All SCDH samples and cryopreserved hepatocytes demonstrate lower miR-
122 expression than select liver bank sample. The observed variability in miR-122 expression,
both between cell lines and different batches of differentiation using the same cell line,
demonstrates the variability in differentiation efficiency. These results and the expression

pattern of miR-122 mirror the data obtained from the miRNA microarray.

4.4.7 Let-7 transfection

Based on the well-known role of let-7 in development and differentiation [160, 174, 175,
191, 194], we identified let-7 as a candidate for manipulation in culture of SCDHs to enhance
maturation. From the microarray results we observed that let-7 expression is much lower in
SCDHs compared to cryopreserved hepatocytes and human liver tissue, with the let-7 family
accounting for the majority of down-regulated miRNAs with a greater than 4 fold change in
SCDHs compared to either cryopreserved hepatocytes or the liver bank (Tables 4.1 and 4.2).

Due to this observation and the work of Dr. Ruohola-Baker’s lab at the University of
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Washington Institute for Stem Cell and Regenerative Medicine on the role of let-7 in the
maturation of stem cell derived cardiomyocytes, we induced let-7 expression in SCDHs during
the differentiation process [291]. For this, H9 SCDHs were virally transduced at day 7 of
differentiation with either pLKO-let7i or pLKO-dsred, a fluorescent control, both gifts from Dr.
Ruohola-Baker’s lab. At 6 days post-transduction, or day 13 of the differentiation process,
transduced and control cells were collected for RNA extraction and qRT-PCR analysis.
Fluorescence in SCDHs transduced with the pLKO-dsred control was monitored, however a
fluorescent signal was not detectable. qRT-PCR analysis revealed no change in let-71 expression
in let-71 transduced cells compared to ds-red control cells indicating the transduction was
unsuccessful, see Figure 4.8a.

Since transduction with let-7i using conditions established for stem cell derived
cardiomyocytes did not produce positive results in SCDHs, transfection with a commercially
available let-7c mimic was done. H9 SCDHs were transfected at day 8 of differentiation with
either a let-7c mimic or a fluorescent control mimic for 5 hours or overnight. At day 4 post-
transfection, or day 12 of the differentiation process, transfected and control cells were collected
for RNA extraction and qRT-PCR analysis. qRT-PCR analysis revealed let-7c expression to be
about 880 fold higher in let-7¢ 5 hour transfected samples compared to control, and about 1800
fold higher in let-7c overnight transfected samples compared to control based on AACt
calculations (Figure 4.8b). Let-7c expression was undetectable in no reverse transcriptase
controls for all let-7¢ and control transfected samples, indicating the observed higher expression
of let-7c was not due to remnants from the mimic itself (Figure 4.8b). Additional qRT-PCR
analysis of let-7¢ expression in transfected samples compared to no transfection controls and

mimic controls yielded similar results. There was no observed effect on let-7¢ expression in
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cells transfected with the mimic control compared to no transfection controls, and a marked
increase in let-7c expression in both 5 hour and overnight transfected samples (Figure 4.8c). To
investigate if let-7c transfection had any effect on the SCDHs, expression of three genes related
to hepatocyte maturity (AFP, ALB, HNF4a) and two target genes of let-7c (HMGA?2 and
LIN28B) were evaluated. Notably, based on AACt calculations, both the 5 hour and overnight
let-7c transfection had no discernable effect on expression of hepatocyte genes AFP, ALB and
HNF4o (Figure 4.8d). This data represents only one attempt at transfection with only one time
point post-transfection being monitored. Further work is needed to determine if let-7c

transfection will affect the maturity of SCDHs.

4.5 Discussion

Among the miRNAs identified as down-regulated in SCDHs compared to cryopreserved
hepatocytes, as well as SCDHs compared to the liver bank, the majority of them belong to the
let-7 family. Let-7 is known to play an important role in development, and specifically exhibits
low expression in embryonic tissue and high expression in most all differentiated tissues [174,
191, 194]. This indicates that let-7 expression may be at an insufficient level in the SCDHs,
possibly contributing to the observed lack of maturity.

Of the miRNAs highly up-regulated in SCDHs compared to cryopreserved hepatocytes, 8
of them belong to either the miR-302/367 cluster or the miR-371-373 cluster. These results are
also similar to those obtained comparing SCDHs to the liver bank, in which 7 of the highly up-
regulated miRNAs belong to the miR-302/367 and miR-371-373 clusters. These two miRNA
clusters are highly expressed in undifferentiated stem cells, and are implicated in maintaining

cell pluripotency [214, 225-229, 233-237]. However, these two clusters have also been found to
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still be expressed in definitive endoderm cells, though were indeed down-regulated upon further
differentiation to hepatocytes [223, 262]. This suggests that the SCDHs are maintaining
expression of miRNAs involved in maintaining cell pluripotency, and could be another
contributing factor to the lack of maturity observed in SCDHs. In contrast, the miRNA that was
most up-regulated in SCDHs compared to cryopreserved hepatocytes is miR-145, this miRNA
has been found to induce differentiation by suppressing the pluripotency factors OCT4, SOX2
and KLF4 [213, 236, 239, 243]. The higher miR-145 expression in SCDHs compared to
cryopreserved hepatocytes could be a result of the fact that cryopreserved hepatocytes are
essentially dying cells, most likely going through a de-differentiation process themselves, as the
difference in miR-145 expression was not detected between SCDHs and the liver bank.

To visualize miRNAs with both a large fold change and high statistical significance, a
volcano plot comparing cryopreserved hepatocytes to SCDHs was generated (Figure 4.9). When
combining both log fold change and high statistical significance, one miRNA is identified, miR-
205, shown as a red dot in Figure 4.9. Note for this comparison SCDHs are in the denominator,
meaning miR-205 shows as a negative fold-change in Figure 4.9. miR-205 is also the miRNA
with the highest log fold change in up-regulation comparing SCDHs to the liver bank. miR-205
is described as regulating EMT (an important part of embryonic development) [215, 216], and
was also identified as being enriched in definitive endoderm cells by Kim et al. [262]. In EMT,
miR-205 specifically is important in specifying the epithelial phenotype of cells by inhibiting
ZEBI and ZEB2 [215, 216]. During normal embryonic development epithelial cells are
converted to mesenchymal cells [215, 216], therefore, the observed high expression of miR-205
in SCDHs compared to cryopreserved hepatocytes and liver tissue could be a contributing reason

for the lack of maturity in SCDHs. Additional miRNAs identified in our study as up-regulated in
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SCDHs compared to cryopreserved hepatocytes and/or the liver bank that have been found in
other studies as enriched in definitive endoderm cells are miRs -125a-5p, -708, -10a [223, 262].
Taken together, these results indicate a mix of miRNAs from pluripotent and definitive
endoderm type cells that are expressed in our SCDHs at a higher level than in cryopreserved
hepatocytes, as well as the liver bank. To visualize miRNA expression as it compares to the
liver bank, a heatmap was generated. In this heatmap the average miRNA expression in the liver
bank was used as the comparator, each column shows the log fold change between the given
sample and the liver bank (Figure 4.10). From this heatmap, cryopreserved hepatocytes have the
closest expression profile to the liver bank, as indicated by the number of miRNAs shown in
white, meaning no change in expression. Overall, the miRNA expression profiles in
undifferentiated stem cells, definitive endoderm cells, hepatoblast cells and SCDHs group
together as compared to the liver bank, in that generally the same sets of miRNAs are up-
regulated (red) or down-regulated (blue) in these cells compared to the liver bank, see Figure
4.10. This indicates that SCDHs do exhibit a number of miRNAs with differing expression
levels compared to the liver bank. It should be noted that the liver bank samples were processed
in a different batch, and run on a different array (2.0 vs. 3.0 array), from the rest of the samples.
Therefore, differences between the liver bank and other samples may be due to a batch effect
rather than a true biological effect. However, we have only considered miRNAs found on both
array versions and for IPA analyses and discussion we have focused on miRNAs with very high
expression differences (absolute value of log fold change >4), with the assumption that large
differences may represent true biological differences, in excess of any batch effect.

Among the top 25 miRNAs in SCDHs and undifferentiated hESCs and iPSCs, are 3

members of the miR-17-92 cluster and miR-93, a member of the closely related miR-106b-25
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cluster [292]. The miR-17-92 cluster is reported to be enriched in hESCs and iPSCs, and is also
a pro-tumorigenic cluster activated by c-myc [213, 232, 233]. The tumorigenic activity of the
miR-17-92 cluster has resulted in its designation as “OncomiR-1”, with over-expression of this
cluster reported in hepatocellular carcinoma [292]. A study by Fu et al. examining miRNA
expression in human fetal liver tissue identified miR-17 and miR-93 as being expressed in the
fetal liver [264]. Other fetal liver miRNAs identified in the Fu et al. study found in the top 25
miRNAs in SCDHs include miR-122, miR-24, and miR-26a [264]. This indicates the SCDHs
are expressing some miRNAs associated with fetal liver tissue. The present study has produced
similar results to a study by Kim et al. evaluating expression profiles of miRNAs in hESCs
during hepatocyte differentiation. In the study by Kim et al., among the top 10 miRNAs
identified as down-regulated in SCDHs compared to hESCs are the same members of the miR-
302-367 and miR-371-373 clusters identified in our set of down-regulated miRNAs [262]. Also,
among the top 10 miRNAs identified as up-regulated in SCDHs compared to hESCs in the Kim
et al study, miRs-122, -214, -143, and -152 are in our set of up-regulated miRNAs [262]. The
data from this study in combination with the Kim et al. study indicates there may be a distinct
miRNA profile for differentiation of hepatocytes from hESCs. Differences in miRNA profiles
between different studies may be due to differing differentiation conditions and the exact
state/stage the cells are in. Additionally, there may be varying degrees of still undifferentiated
cells in the culture influencing results.

An initial hypothesis we had regarding miRNAs that may influence the maturity of
SCDHs centered on miR-122, because it has been established as a liver-specific miRNA. Based
on the microarray results, and further qRT-PCR analysis, miR-122 appears to be expressed at

sufficient levels in SCDHs, compared to cryopreserved hepatocytes (Figure 4.7). Therefore, we
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predict that targeting or over-expressing miR-122 in the current differentiation protocol will have
minimal effects to increase the maturity or functionality of SCDHs, as compared to
cryopreserved hepatocytes. Evaluating the global changes in miRNAs between SCDHs and
cryopreserved hepatocytes and human liver tissue, some top candidates of miRNAs warranting
further evaluation in the differentiation process include the let-7 family, the miR-17-92, miR-
302-367, and miR-371-373 clusters, and miR-205. Preliminary experiments investigating the
influence of let-7¢ transfection on SCDHs have shown that let-7¢ expression can be induced
through transfection. Further work is needed to determine if induced let-7¢ expression will

enhance the maturity of SCDHs.

4.6 Conclusion

This work was largely hypothesis-generating, but nonetheless informative. The miRNA
expression patterns in SCDHs compared to undifferentiated stem cells, cryopreserved
hepatocytes and human liver tissue indicate global changes associated with immaturity in
SCDHs. One such pattern is the down-regulation of the let-7 family in SCDHs compared to
cryopreserved hepatocytes and human liver tissue, a family normally expressed in mature tissue.
Another prominent pattern is the high overall expression and up-regulation compared to
cryopreserved hepatocytes and human liver tissue of members in the miR-17-92, 302-367 and
371-373 clusters, normally expressed in pluripotent stem cells. This data suggests that the let-7
family of miRNAs and/or the miR-17-92, miR-302-367, and miR-371-373 clusters may be
viable targets for manipulation within the currently used differentiation protocol to enhance the

maturation and function of SCDHs.



Top 25 miRNAs in cryopreserved hepatocytes

153

Top 25 miRNAs in human liver bank

16

—o— ¢ %, *—
° m.nw. g &5 o
@%,. \..u.v W —— h.u\.&Mv&..\@d S Y
ITI s = —e— el ? %, 3 Ho
Gyy 2 . oy 8 e
e OQW&M\Q.%W .=Uu —e— %ﬁ\pv.@\ \ \Oew\ sc-u. ]
b ey ey @ o A & —a—i
& a.‘\ Ao, ¢ - [Er- h\&w\ L)) 0@ Q2 ™
® B e S Braas ]
o Tty E e 5355, 2 e
ox 55 e —e— G5B % %...v 2 [)
- @N,.@..\ﬂ% £ o @xﬁ&v«oev 2 Lo
> ha.xmv\ﬁxo.%v S o m»sxww&%qv £ —o—i
TOI.E @e&&w%v = —o— &4, » o
,o.onM& o M —— @&r%p%@ < —o—
L d Oanv as\&n ov -— e .u\.u, aw\\&%wx m °
—e B4y & e 2555, = —o—
vl ey RN £
< m‘ﬂmv =z —o— £ Sy - Y
o 255%.%, x o OSRS ~ o
ol 0.8, %0,%, E RN N o)
A «m.w,ha o/ b o @Mb%ﬂnw ° RS
6, S o~ = = < . % -
& oh?a‘ﬁ»w a —o— Q@.v .@ﬁw Py
i® S50y © %8 ™
e A PN
Lol NS [ XN
&Y, Lo POy Le
. 2, o Y, °
8 nfnvxe.\«o.&wswa S = T = = ul bhﬁ@\««\.m.@.bav. & = I s pe -
© = o & T 2, \be«\baw\ - - - - - - \&Ma.a.n\ - - - n‘_l Nm A -
% uoissaidxg 260 NG uoissaidx3 2607
uoissaidxg 6o oav v
(a] w
-+
= &
8,
—o— .wn.\@&» —&—
o 23878 =
e mm, % Lo
e R ,Hﬁwev —e—i
vaqa.&&o% 0 e
[} —&— & Y N2 2
3 o 8504,y 3 i
3] o @&ﬁ%& w F—o—
@ o %S, a o
£ —e— o e £ .
™ o mm..o.. %@%@M -
< —— 6.7, & <
r4 ¢ @N. o5y s .|I§
& He- O 74
£ o &...o W, %8 E [
& Lo &l 0 —e—
Py —e— oy & »
o o NN 2 —e—
= —e— s, P e
o P, -o-
o om&&me,wv Ho-
—o— EOAE
%Y
oA o
ETE M,oq iy I
953, €,

. e+ «o..c m&ﬁav@w _ IS I 4 A
g © 0 < ) N R\ \&%w © 0 3 @ ]
- - - - - - - .w.vh\\eev

k4 &, A, Z
uotssaidx 6o % o uoissaidx3 6o @,,,M w uoissaidx3 2607



154

Figure 4.1. Top 25 miRNAs. The top 25 miRNAs expressed in (A) liver bank, (B)
cryopreserved hepatocytes, (C) SCDHs, (D) undifferentiated stem cells, (E) DE cells, (F)

hepatoblast cells reported as the average logs expression with standard deviation.
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Figure 4.2. SCDHs versus cryopreserved hepatocytes IPA analysis. (A) The
toxicological functions associated with the set of miRNAs that showed an absolute value log fold
change greater than 4 between SCDHs and cryopreserved hepatocytes. (B)-(G) The biological
functions and diseases associated with the set of miRNAs that showed an absolute value log fold
change greater than 4 between SCDHs and cryopreserved hepatocytes. The functions have been
broken into sets of 10, with the highest 10 in (B) and the lowest in (G). The threshold line

represents the —log of p-value 0.05.



158

-og(p-value)
ovpnBEEES O ogpale) »>
O VW O VW O w o w O -
—— - K ORNWINON®OO K~
tnoocrmmm-
Rena”nﬂmmni
rena et |
et e [N -.
Connective Trssue Development 8 ~
and Function = tvervarge [N
Cefiular Development
- Liverlnﬂammaliomnepatiﬁs-
Cettar Growth and Provteravon [N
cardac Hpetropty [
Cormmtsunbnorm-
wm- LiverCirrhosis-
wrencogeal oscrcers [N cardiec Fibrosis I
mﬂﬂﬂwo«-
CardiacDilauonr
-“og(p-value) -og(p-value) o
oenvwNuBRERSIS U onNw NBRBRS
| o I
O e I
Sketetal and Muscutar Osorcers [T
Celt Death and Suvival [ infammatory Osesse [N
me- IWW—
and Funcion
Function
Infectious Dseases [ Respratory Osease [N
DNA Replication, Recombination, lmndowdm_

and Repoir



-og(p-vaiue)
o~u~5§g=
O W O w o w w
w&m;
Immune Cell Trafficking
Cardiovascular System
Development and Function

Celiular Assembly and Organization

159

oot
s

ost

sa

Hair and Skin Development and .

oot
su

ost

sa

Gene Expression
Hematological System
Development and Function
Organ Morphology
Respiratory System Development -
and Function

Celi-To-Cell Signaling and
Interaction

Humoral Immune Response

RNA Post-Transcriptional
Modfication



160

Figure 4.3. SCDHs versus liver bank IPA analysis. (A) The toxicological functions
associated with the set of miRNAs that showed an absolute value log fold change greater than 4
between SCDHs and the liver bank. (B)-(G) The biological functions and diseases associated
with the set of miRNAs that showed an absolute value log fold change greater than 4 between
SCDHs and the liver bank. The functions have been broken into sets of 10, with the highest 10

in (B) and the lowest in (G). The threshold line represents the —log of p-value 0.05.
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Figure 4.4. H1 SCDHs versus H1 hESCs IPA analysis. (A) The toxicological
functions associated with the set of miRNAs that showed an absolute value log fold change
greater than 4 between H1 SCDHs and H1 hESCs. (B)-(G) The biological functions and
diseases associated with the set of miRNAs that showed an absolute value log fold change
greater than 4 between H1 SCDHs and HI hESCs. The functions have been broken into sets of
10, with the highest 10 in (B) and the lowest in (G). The threshold line represents the —log of p-

value 0.05.
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Figure 4.5. H9 SCDHs versus H9 hESCs IPA analysis. (A) The toxicological
functions associated with the set of miRNAs that showed an absolute value log fold change
greater than 4 between H9 SCDHs and H9 hESCs. (B)-(G) The biological functions and
diseases associated with the set of miRNAs that showed an absolute value log fold change
greater than 4 between H9 SCDHs and H9 hESCs. The functions have been broken into sets of
10, with the highest 10 in (B) and the lowest in (G). The threshold line represents the —log of p-

value 0.05.
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Figure 4.6. iPSC SCDHs versus iPSCs IPA analysis. (A) The toxicological functions
associated with the set of miRNAs that showed an absolute value log fold change greater than 4
between iPSC SCDHs and iPSCs. (B)-(E) The biological functions and diseases associated with
the set of miRNAs that showed an absolute value log fold change greater than 4 between iPSC
SCDHs and iPSCs. The functions have been broken into sets of 10, with the highest 10 in (B)

and the lowest in (E). The threshold line represents the —log of p-value 0.05.
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Figure 4.7. miR-122 qRT-PCR. Gene expression results for miR-122 shown as fold
change compared to cryopreserved hepatocyte lot Hu8110, which was setto 1. HL167
represents human liver bank sample 167. The following samples were found to be below the

limit of quantitation (BLQ): H1 Day 0, H9 Day 0.
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Figure 4.8. Let-7 qRT-PCR. (A) Gene expression results for let-7i following
transduction with either pLKO-let7i or pPLKO-dsred. Results are shown as fold change
compared to the ds-red control, which was set to 1. (B) Gene expression results for let-7¢
following transfection with either a let-7c mimic or a control mimic, with or without reverse
transcriptase (RT). Results are shown as fold change compared to the 5 hour transfection
control, which was set to 1. All no RT samples were found to be below the limit of quantitation
(BLQ). (C) Gene expression results for let-7¢ following transfection with let-7 mimic or a
control mimic. 5-hour control and O/N control represent no transfection controls. Results are
shown as fold change compared to the 5 hour no transfection control, which was set to 1. (D)
Gene expression results for AFP, ALB, HNF4a, HMGA2, LIN28B following transfection with
let-7¢ mimic or a control mimic. Results are shown as fold change compared to the 5-hour

transfection control, which was set to 1. O/N = overnight.



173

Cryopreserved versus SCDHs

v —
FDR = 0.05
m —
o)
=]
()]
o o~
l -
'l
e
W i BN
o ot S
e .";:,’" .2t .dﬂ
o 28 ,,,d",
I I I
-5 0 5

Log fold change

Figure 4.9. Cryopreserved hepatocytes versus SCDHs volcano plot. A volcano plot
of miRNA results comparing SCDHs to cryopreserved hepatocytes. The x-axis is the log> fold
change of miRNAs between the two groups. The y-axis is the —log(p-value). The dashed
vertical lines represent a 1.5 log fold change, and the dashed horizontal line represents an FDR p-
value of 0.05. The red dot represents miR-205, found to be significantly different with a large

fold change between SCDHs and cryopreserved hepatocytes.
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Figure 4.10. Heatmap. Heatmap representing miRNA expression differences
comparing the liver bank, cryopreserved hepatocytes, SCDHs, hepatoblast cells, definitive
endoderm cells, and undifferentiated stem cells. The liver bank was used as the reference to
generate the heat map. Each column represents the log fold change between the given sample
type and the liver bank. Red means the miRNA is up-regulated compared to the liver bank, blue
means the miRNA is down-regulated compared to the liver bank, white means no change. The
brackets on the left are a dendrogram, showing groups of similar genes that are clustered

together.
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Table 4.1. Comparison of miRNAs with log fold change greater than 4 between

SCDHs and cryopreserved hepatocytes.

Down-regulated

Up-regulated

miRNA Log Fold Change miRNA Log Fold Change
hsa-let-7b -7.27 | hsa-miR-145 8.95
hsa-let-7f -6.02 | hsa-miR-143 7.86
hsa-let-7g -5.92 | hsa-miR-205 7.79
hsa-let-7d -5.67 | hsa-miR-125a-5p 7.53
hsa-let-7¢ -5.47 | hsa-miR-124 7.41
hsa-let-71 -4.81 | hsa-miR-31 7.40
hsa-let-7a -4.59 | hsa-miR-708 7.33
hsa-miR-195 -4.48 | hsa-miR-99b 6.87
ENSG00000207130 -4.30 | hsa-miR-302d 6.85
ACA24 -4.19 | hsa-miR-302¢* 6.41
ENSG00000206903 -4.17 | hsa-miR-99b* 6.11
hsa-miR-378i -4.16 | hp hsa-mir-124-1 6.01
hsa-miR-125b-2* -4.01 | hp hsa-mir-124-2 5.94
hsa-miR-424* 591
hsa-miR-199a-5p 5.86
hsa-miR-363 5.83
hp hsa-mir-124-3 5.77
hsa-miR-200c 5.53
hsa-miR-199a-3p 5.44
hsa-miR-199b-3p 5.44
hsa-miR-149 5.30
hsa-miR-302a 5.20
hsa-miR-138 5.04
hsa-miR-1270 5.02
hsa-miR-214 4.95
hsa-miR-10a 492
hsa-miR-301a 4.86
hsa-miR-372 4.85
hsa-miR-489 4.67
hsa-miR-373 4.63
hsa-miR-302a* 4.61
hsa-miR-302¢ 4.57
hsa-miR-20b 4.53
hsa-miR-371-5p 4.52
hsa-miR-625 4.37
hsa-miR-92b 4.18
hsa-miR-935 4.17
hsa-miR-219-2-3p 4.11
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Table 4.2. Comparison of miRNAs with log fold change greater than 4 between

SCDHs and liver bank.
Downregulated Upregulated
miRNA Log Fold Change miRNA Log Fold Change
hsa-let-7b -7.36 | hsa-miR-205 7.64
hsa-miR-195 -6.47 | hsa-miR-302d 7.07
hsa-let-7f -6.43 | hsa-miR-302c* 6.64
hsa-miR-150 -6.42 | hsa-miR-182 6.50
hsa-miR-497 -6.20 | hsa-miR-708 6.49
hsa-let-7g -6.18 | hsa-miR-124 6.01
hsa-miR-127-3p -5.78 | hsa-miR-31 5.96
hsa-miR-139-5p -5.73 | hsa-miR-363 5.68
hsa-let-7d -5.45 | hsa-miR-200c 5.68
hsa-let-7¢ -5.45 | hp hsa-mir-124-1 5.64
hsa-let-7i -5.41 | hp hsa-mir-124-2 5.39
hsa-let-7a -5.02 | hsa-miR-1270 5.33
14qlI-1 -4.45 | hp hsa-mir-124-3 5.24
hsa-miR-99a -4.00 | hsa-miR-302a 5.23
hsa-miR-421 5.12
hsa-miR-372 4.88
hsa-miR-183 4.78
hsa-miR-373 4.75
hsa-miR-302a* 4.74
hsa-miR-149 4.63
hsa-miR-371-5p 4.56
hsa-miR-302¢ 4.54
hsa-miR-99b* 4.50
hsa-miR-935 431
hsa-miR-219-2-3p 4.30
hsa-miR-18b 4.17
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Table 4.3. Comparison of miRNAs with log fold change greater than 4 between H1

SCDHs and H1 hESCs.

Downregulated Upregulated
miRNA Log Fold Change miRNA Log Fold Change
hsa-miR-373 -6.86 | hsa-miR-122 12.82
hsa-miR-512-3p -6.47 | hsa-miR-143 7.05
hsa-miR-371-3p -6.31 | hsa-miR-152 6.43
hsa-miR-302b -6.26 | hsa-miR-145 6.36
hsa-miR-372 -5.96 | hsa-miR-194 6.32
hsa-miR-517a -5.65 | hsa-miR-192 5.88
hsa-miR-371-5p -5.24 | hsa-miR-375 5.53
hsa-miR-302d* -4.85 | hsa-miR-146b-5p 5.40
hsa-miR-187 -4.80 | hsa-miR-199a-5p 5.29
hsa-miR-302a* -4.70 | hsa-miR-194* 5.22
hsa-miR-302a -4.63 | hsa-miR-181a-2* 5.07
hsa-miR-498 -4.50 | hsa-miR-214 4.87
hsa-miR-302c -4.28 | hsa-miR-181a 4.46
hp hsa-mir-124-3 -4.17 | hsa-miR-181b 4.29
hsa-miR-92a-2* -4.13 | hsa-miR-574-3p 4.27
hsa-miR-3622a-5p -4.04 | hsa-miR-22 4.18
hsa-miR-424* 4.13
hsa-miR-21 4.03
hsa-miR-21%* 4.01




179

Table 4.4. Comparison of miRNAs with log fold change greater than 4 between H9

SCDHs and H9 hESCs.
Downregulated Upregulated
miRNA Log Fold Change miRNA Log Fold Change
hsa-miR-302b -6.14 | hsa-miR-122 12.62
hsa-miR-512-3p -5.31 | hsa-miR-143 8.37
hsa-miR-92a-2* -5.12 | hsa-miR-145 7.46
hsa-miR-517a -5.12 | hsa-miR-194 6.17
hsa-miR-302¢* -5.04 | hsa-miR-192 6.10
hsa-miR-302a* -5.03 | hsa-miR-199a-5p 6.01
hsa-miR-187 -4.37 | hsa-miR-152 5.33
hsa-miR-302¢ -4.31 | hsa-miR-146b-5p 5.33
hsa-miR-302a -4.30 | hsa-miR-199b-3p 5.17
hsa-miR-302d* -4.27 | hsa-miR-199a-3p 4.96
hsa-miR-363* -4.26 | hsa-miR-483-5p 491
hsa-miR-20b* -4.01 | hsa-miR-10a 4.87
hsa-miR-21 4.86
hsa-miR-375 4.86
hsa-miR-424* 4.55
hsa-miR-675 4.35
hsa-miR-194* 4.32
hsa-miR-214 4.26
hsa-miR-30a* 4.10
hsa-miR-30a 4.09
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Table 4.5. Comparison of miRNAs with log fold change greater than 4 between

iPSC SCDHs and iPSCs.

Downregulated Upregulated

miRNA Log Fold Change miRNA Log Fold Change

hsa-miR-187 -4.28 | hsa-miR-10a 5.89

hsa-miR-517a -4.26 | hsa-miR-483-5p 5.41

hsa-miR-512-3p -4.24 | hsa-miR-122 5.18
hsa-miR-194 4.95
hsa-miR-192 4.94
hsa-miR-146b-5p 4.32
hsa-miR-194* 4.29
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Chapter 5

Summary and General Conclusions
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The work presented in this dissertation explores the potential of stem cell derived
hepatocytes (SCDHs) to be used as an in vitro pre-clinical model for drug metabolism studies.
Namely, we focus on further identifying how similar SCDHs are to primary human hepatocytes
with regard to drug-metabolizing enzymes. Moreover, we performed genotype profiling on the
commonly used human embryonic stem cell lines (hESCs) to further identify their utility in
pharmacogenetic screening. In addition, we investigated the miRNA expression profile of
SCDHs to identify miRNA candidates that could improve the maturity of SCDHs.

In general, we showed that SCDHs are immature compared to primary human
hepatocytes in terms of the expression and activity of drug-metabolizing enzymes, notably the
CYP enzymes. We found that SCDHs more closely resemble fetal hepatocytes regarding
expression of hepatocyte markers, drug-metabolizing enzymes, transporters, and transcription
factors. This translated into minimal CYP activity for only CYPs 1A and 3A when examining
metabolite formation. In addition, we show that the miRNA expression profile of SCDHs
compared to stem cells, cryopreserved hepatocytes and human liver tissue indicates global
changes associated with immaturity in SCDHs. Taken together, our findings provide a more
thorough characterization of SCDHs with regards to their use in drug metabolism studies, and
provide insight into a possible mechanism to enhance the maturity and functionality of SCDHs.

In Chapter 2, we sought to demonstrate the utility of SCDHs in pharmacogenetic
screening. SCDHs may provide an improved system for evaluating genotype-phenotype
relationships, e.g. cytochrome P450 (CYP) gene polymorphisms and their impact on drug
metabolism and toxicity. For this, we genotyped the five commonly used WiCell® hESC lines,
H1, H7, H9, H13 and H14 using the Affymetrix DMET™ Plus chip array. This array covers a

large number of polymorphisms in Absorption, Distribution, Metabolism and Excretion (ADME)
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relevant genes. We focused on CYP2D6 in our analysis in utilizing SCDHs for genotype-
phenotype predictions, given its highly polymorphic nature and role in metabolizing about 20%
of marketed drugs [113, 114]. Genotyping results for CYP2D6 identified H1 as having only one
gene copy which also harbors the CYP2D6*41 splicing defect, predictive of a CYP2D6
poor/intermediate metabolizer. We identified no CYP2D6 gene duplications, indicating no
representative ultra-rapid metabolizer. The H7 and H14 lines are heterozygous for the non-
functional CYP2D6*4 variant resulting in a predicted intermediate metabolizer phenotype. To
further test genotype-phenotype relationships for CYP2D6 in SCDHs, we assessed the
penetrance of CYP2D6*41, a splicing defect which results in a CYP2D6 splice product lacking
exon 6, through use of a reverse-transcription PCR assay. Through reverse-transcription PCR,
we were able to demonstrate the CYPP2D6*41 splicing defect displays incomplete penetrance,
with similar results observed in SCDHs and liver tissue. Genotyping results for other CYP
enzymes identified all 5 hESC lines to be homozygous for CYP3A5*3, a null allele, meaning
they are all CYP3AS non-expressors. We found the H14 line to be homozygous for CYP2C9*2
and H1 to be heterozygous for CYP2C9*3, which both result in decreased CYP2C9 activity.
Regarding Phase II enzymes, we identified hESC lines H7, H13, and H14 as heterozygous for
the UGT1A1*28 allele, which results in reduced activity of UGTIA1. And we found hESC lines
H1, H7, and H14 to be heterozygous for the NAT2*5 allele and H13 to be homozygous for this
allele, likely resulting in slow acetylator status for these cell lines.

Induced pluripotent stem cells (iPSCs) allow for collection of cells from individuals with
various ethnic and genetic backgrounds, potentiating establishment of cell banks with defined
genetic profiles for conducting pharmacogenetic profiling of drug metabolism. With this in

mind, we collected peripheral blood mononuclear cells (PBMCs) from used Pall filters from the
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Puget Sound Blood Center to genotype and use in pharmacogenetic screening of the CYP
enzymes. We collected cells from a total of 170 Pall filters, numbered as F1 — F170.
Genotyping of the major polymorphisms associated with CYPs 2B6, 2C9, 2C19, 2D6 and 3AS
was performed on a portion of the collected samples. The genotyping results for CYP2D6 are
shown in Table 5.1, and all other CYPs are in Table 5.2. From this genotyping we have
identified four donors (F40, F52, F53 and F61) homozygous for the non-functional CYP2D6*4
allele, indicating they would have no functional CYP2D6 activity and represent CYP2D6 poor
metabolizers, Table 5.1. Additionally, we have identified one donor, F9, homozygous for the
CYP2D6*41 allele, which causes a splicing defect of variable penetrance. From the donors
genotyped, we have identified 7 donors (F13, F15, F17, F22, F29, F43 and F54) heterozygous
for the CYP3A5*3 null allele, meaning they would represent CYP3AS5 expressors, Table 5.2.
We identified a number of donors heterozygous for the CYP2C9*2 allele, with no homozygous
donors, and only 3 donors (F47, F58 and F62) heterozygous for the CYP2C9*3 allele, with no
homozygous donors, both of these alleles result in decreased CYP2C9 activity. This bank of
cells was established with the aim of being used to generate iPSC lines with defined CYP
genotype profiles for pharmacogenetic screening.

The pharmacogenetic data presented in Chapter 2 on CYPs, and other polymorphic
ADME genes, will be critical for understanding metabolism profiles when these hESC lines are
used as a target cell source for models of drug metabolism and toxicity. In addition, the
establishment of our bank of cells with defined CYP genotypes may be useful in generating iPSC
lines for use in predictive drug metabolism/toxicity studies.

In Chapter 3, we sought to further characterize the differentiation status of SCDHs

compared to primary hepatocytes, with emphasis on the expression and functional capacity of
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drug-metabolizing enzymes. In order to do this, we performed gene expression profiling of
pluripotency markers, hepatocyte markers, transcription factors, drug-metabolizing enzymes and
transporters for SCDHs, fetal liver tissue, adult liver tissue, cryopreserved hepatocytes and the
liver cell line HepaRG. In addition, to evaluate the functional capacity of CYP enzymes in
SCDHs, metabolite formation from probe substrates was assessed using a CYP cocktail approach
and LC-MS/MS. Based on gene expression profiling we were able to demonstrate that SCDHs
have undergone a differentiation process and no longer express pluripotency markers. Gene
expression profiling of hepatocyte markers and drug-metabolizing enzymes revealed that SCDHs
most closely resemble fetal hepatocytes, especially with regard to known fetal hepatocyte
markers AFP, CYP3A7 and FMO1. However, we were able to demonstrate that SCDHs respond
to the inducers rifampicin and phenobarbital as measured by fold-increases in expression of
CYPs 3A4 and 3A7. Further, functional assay of enzyme activity in SCDHs using a CYP
cocktail revealed only minor activity for CYPs 1A and 3A, with this activity being below that
observed in primary hepatocytes. This low CYP activity was not surprising given the low
expression of CYP enzymes indicated in the gene expression profiling. Overall, these results
indicate that SCDHs are still immature hepatocytes, they do not express typical hepatocyte
markers, or drug-metabolizing enzymes to the same extent that mature adult hepatocytes do, and
they lack functional CYP activity.

The work in Chapters 2 and 3 further demonstrates the need for improved differentiation
protocols to generate more mature and functional SCDHs. Enhanced expression and function of
drug-metabolizing enzymes in SCDHs would make them a more viable option in the
pharmaceutical industry for drug metabolism assays. To address this issue, we sought to

investigate the role of miRNAs in hepatocyte differentiation and maturation, with the goal of
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identifying miRNAs that could be manipulated in the culture of SCDHs to enhance their maturity
and function. This work is presented in Chapter 4. To do this we utilized microRNA
microarrays to profile the miRNA expression profile of SCDHs throughout differentiation and
compare them to cryopreserved hepatocytes and human liver tissue. From this microarray
profiling we were able to identify a large number of differences in miRNA expression between
SCDHs, cryopreserved hepatocytes and human liver tissue. Using IPA analysis, we identified
the top toxicological pathways associated with those differences in miRNAs to be liver-related,
such as liver steatosis, liver damage, hepatocellular carcinoma, and liver inflammation/hepatitis.
Among the most prominent patterns in expression differences were the down-regulation of the
let-7 family in SCDHs compared to both cryopreserved hepatocytes and liver tissue, and up-
regulation of the miR-17-92, 302-367 and 371-373 clusters in SCDHs compared to
cryopreserved hepatocytes and liver tissue. The let-7 family of miRNAs are known to exhibit
low expression in embryonic tissue and high expression in most all differentiated tissues,
indicating the observed low expression of let-7 in SCDHs may be contributing to the observed
lack of maturity. Meanwhile, the miR-17-92, 302-367 and 371-373 clusters are normally
expressed in pluripotent stem cells, therefore the high expression of these clusters in SCDHs
could be another contributing factor to the lack of maturity observed.

The work presented in Chapter 4 is hypothesis-generating, but informative. From the
miRNA microarray profiling, we have identified global changes associated with immaturity in
SCDHs. The data suggests that the let-7 family of miRNAs, miR-205, or the miR-17-92, miR-
302-367, and miR-371-373 clusters may be viable targets for manipulation within the currently

used differentiation protocol to enhance the maturation and function of SCDHs.



187

In summary, this dissertation presented a series of studies aimed at characterizing SCDHs
as they compared to cryopreserved hepatocytes and human liver tissue, with a focus on drug-
metabolizing enzymes. SCDHs have potential to be used as an in vitro pre-clinical model for
drug metabolism studies once fully vetted as comparable to primary hepatocytes in regards to the
function of drug-metabolizing enzymes and transporters. We have genotyped the commonly
used human embryonic stem cell lines for use in pharmacogenetic screening. We have shown
that SCDHs are immature, largely resembling fetal hepatocytes in terms of gene expression with
minimal CYP activity. Additionally, we show that the miRNA expression profile of SCDHs
compared to stem cells, cryopreserved hepatocytes and human liver tissue indicates global
changes associated with immaturity in SCDHs. However, we have identified some candidate
miRNAs for manipulation in culture of SCDHs that may enhance their maturity and, therefore,
the function of drug-metabolizing enzymes. Taken together, our findings provide a more
thorough characterization of SCDHs with regards to their use in drug metabolism studies, and
provide insight into a possible mechanism to enhance the maturity and functionality of SCDHs.
There is still more work to be done to enhance the maturity and functionality of SCDHs if they

are to be used as a pre-clinical cell model of drug metabolism.
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Table 5.1 PBMC Genotyping for CYP2D6. Hetero. indicates a heterozygous call, Homo.

indicates a homozygous call.

2D6*3 | 2D6*4 | 2D6*6 | 2D6*9 2D6*10 | 2D6*17 | 2D6*35 | 2D6*41

(A Del) | (G>A) | (T Del) | (AAG Del) | (C>T) | (C>T) | (G>C) | (G>A)
F1 | AA GG TT Homo. WT | CC CC GC GG
F2 | AA GG TT Homo. WT | CC CT GG GG
F3 | AA GG TT Homo. WT | CC CT GC GG
F5 | AA GG TT Homo. WT | CC CT GG GG
F6 | AA GG TT Homo. WT | CC CT GG GA
F7 | AA GG TT Homo. WT | CC CT GC GG
F8 | AA GG TT Homo. WT | CC CC GC GA
F9 | AA GG TT Homo. WT | CC CC GG AA
F10 | AA GG TT Homo. WT | CC CT GC GG
F11 | Hetero. | GG TT Homo. WT | CT CT GG GA
F12 | AA GG TT Homo. WT | CT CT GC GA
F13 | AA TT Hetero. CT CT GG GG
F14 | AA GG TT Homo. WT | CC CC GC GA
F15 | AA GA TT Homo. WT | CT CC GG GA
F16 | AA GA Hetero. | Homo. WT | CT CC GG GG
F17 | AA GG TT Homo. WT | CC CC GC GA
F18 | AA GG TT Homo. WT | CT CC GC GG
F19 | AA GG TT Homo. WT | CT CC GG GG
F20 | AA GG TT Homo. WT | CC CC GC GG
F21 | AA GA TT Homo. WT | CT CC GC GG
F22 | AA GG TT Homo. WT | CC CC GC GG
F23 | AA GA TT Homo. WT | TT CC GG GG
F24 GG TT GG
F25 | Homo. | GG TT Homo. WT | CC CC GG GG

Del.
F26 | AA GG TT Homo. WT | CC GC
F27 | AA GG TT Homo. WT | CC CC GC GG
F28 | AA GA TT Homo. WT | CT GG
F29 | AA GG TT Homo. WT | CC CC GG GG
F30 | AA GG TT Homo. WT | CC CC GC GG
F31 | AA GG TT Homo. WT | CC CC GG GA
F32 | AA GG TT Homo. WT | CC CC GG GG
F33 | AA GG TT Homo. WT | CC CT GG GG
F34 | AA GG TT Homo. WT | CC CC GG GA
F35 | AA GA TT Hetero. CT CC GG GG
F37 | AA GA TT Homo. WT | CT CT GG GG
F38 | AA GG TT Homo. WT | CC CT CC GG
F39 | Hetero. | GG Homo. WT | CC CT GG GA
F40 AA TT Homo. WT | TT CcC GG GG
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F42 | AA GG TT Homo. WT | CT CT GG
F43 | Hetero. | GG TT Homo. WT | CT CT GG GG
F45 TT Homo. WT | CC

F46 | AA GA TT Homo. WT | CT CT GG GG
F47 | AA GG TT Homo. WT | CC CC CC GG
F48 | AA GA TT Homo. WT | CT CC GC GG
F49 Homo. WT

F50 | AA GA TT CT CC GC GA
F51 | AA GG TT Homo. WT | CT CT GG GG
F52 AA TT Homo. WT | TT

F53 AA TT Homo. WT | TT CC GG

F54 GG Homo. WT | CC

F55 GG Homo. WT | CC CC GG GG
F56 GG Hetero. CC CC CC

F57 | Hetero. | GG TT Homo. WT | CC CT GC GG
F58 | AA GG TT Homo. WT | CC CC GC GA
F59 | AA GG TT Hetero. CC CT GG GG
Fo60 | AA GG TT Homo. WT | CC CC GC GA
Fo1 AA CT

F62 | Hetero. | GG TT Homo. WT | CC CT GC GA
F63 | AA GG TT Homo. WT | CT CC GC GA
Fo4 | AA GG TT Homo. WT | CT CT GC GA
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PBMC Genotyping for CYPs 2B6, 2C9, 2C19 and 3AS.

2B6*5 2B6*6 2C9*2 2C9*3 2C19*%2 | 2C19*3 | 3A5*%3
(C>T) (G>T) (C>T) (A>0) (G>A) (G>A)

F1 CC GT CT AA GG GG *3/%3
F2 CT GG CT AA GA GG *3/%3
F3 CT GT CT AA GG GG *3/%3
F5 CT GG CC AA GG GG *3/%3
F6 CT GT CC AA GA GG *3/%3
F7 CT GG CT AA GG GG *3/%3
F8 CC GG CC AA GG GG *3/%3
F9 CT GG CC AA GA GG *3/%3
F10 CC GT CC AA GA GG *3/%3
F11 CT TT CC AA GG GG *3/%3
F12 CC GT CC AA GA GG *3/%3
F13 CC GG CT AA GG GG *1/%3
F14 CC GG CC AA GG GG *3/%3
F15 CC GT CT AA GG GG *1/%3
F16 CC GG CT AA GG GG *3/%3
F17 CC GT CC AA GG GG *1/*3
F18 CC GG CT AA GG GG *3/%3
F19 CC GG CC AA GG GG *3/%3
F20 CT GG CC AA GG GG *3/%3
F21 CT GT CC AA GA GG *3/%3
F22 CT GG CC AA GG GG *1/%3
F23 CT GG CT AA GG GG *3/%3
F24 CC AA *3/%3
F25 CC GG CC AA GG GG *3/%3
F26 CC CC AA GG GG *3/%3
F27 CT GG CC AA GG GG *3/%3
F28 CC CC AA GG GG *3/%3
F29 CC GG CT AA GG GG *1/*3
F30 CT GT CC AA GG GG *3/%3
F31 CT GG CC AA GG GG *3/%3
F32 CT GG CC AA GG GG *3/%3
F33 CT GT CC AA GG GG *3/%3
F34 CC GG CT AA GA GG *3/%3
F35 CT GG CT AA GA GG *3/%3
F37 CT GT CT AA GG GG *3/%3
F38 TT GG CT AA GG GG *3/%3
F39 CT GG CC AA GG GG *3/%3
F40 CC AA GG *3/%3
F42 CC GG CcC AA GA GG

F43 CT GT CC AA GG GG *1/%3

F44

*3/*3
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F45 CC GG GG *3/%3
F46 CT GG CT AA GA GG *3/*3
F47 CC CC AC GG GG *3/*3
F48 CC TT CT AA GG GG *3/%3
F50 GG CC AA GA GG *3/*3
F51 CT GG CT AA GG GG *3/%3
F52 CC GG CC AA GG GG *3/*3
FS53 CT GG CT AA GG GG *3/%3
F54 CC GT CC AA GG GG *1/*3
F55 CT GT CC AA GG GG *3/*3
F56 CT GG CC AA GG GG *3/%3
F57 CT GT CT AA GG GG *3/*3
F58 CT GG CC AC GG GG *3/%3
F59 CT GT CT AA GG GG *3/*3
F60 CT TT CT AA GA GG *3/%3
Fé1 CC TT CT AA GA GG *3/*3
F62 CC AC GG GG *3/*3
F63 CC GT CC AA GG GG *3/%3
F64 CT GG CT AA GG GG *3/*3
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