TURUN YLIOPISTON JULKAISUJA
ANNALES UNIVERSITATIS TURKUENSIS

SARJA - SER. D OSA - TOM. 1084
MEDICA - ODONTOLOGICA

REGULATION OF SELF-RENEWAL
AND DETECTION OF KARYOTYPIC
CHANGES OF PLURIPOTENT HUMAN
EMBRYONIC STEM CELLS

by

Nelly Rahkonen

TURUN YLIOPISTO
UNIVERSITY OF TURKU
Turku 2013



From the Institute of Biomedicine, Department of Medical Microbiology and Immunology,
University of Turku

Turku Centre for Biotechnology

University of Turku and Abo Akademi University

Turku Doctoral Programme of Biomedical Sciences, University of Turku

Supervised by

Professor Riitta Lahesmaa, M.D., Ph.D.

Turku Centre for Biotechnology

University of Turku and Abo Akademi University
Turku, Finland

And

Doctor Riikka Lund, Ph.D.

Turku Centre for Biotechnology

University of Turku and Abo Akademi University
Turku, Finland

Reviewed by

Professor Jari Koistinaho, M.D., Ph.D.
University of Eastern Finland
Kuopio, Finland

And

Professor Olli Silvennoinen, M.D., Ph.D.
University of Tampere,
Tampere, Finland

Opponent

Professor Francis Stewart, Ph.D.
Biotechnology Center of the TU Dresden
Dresden, Germany

The originality of this dissertation has been checked in accordance with the University of
Turku quality assurance system using the Turnitin Originality Check service

ISBN 978-951-29-5477-3 (Print)
ISBN 978-951-29-5478-0 (PDF)

ISSN 0355-9483

Painosalama Oy — Turku, Finland 2013



Abstract 3

ABSTRACT

Nelly Rahkonen

Regulation of self-renewal and detection of karyotypic changes of pluripotent human
embryonic stem cells

Faculty of Biomedicine, Department of Medical Microbiology and Immunology, University
of Turku

Turku Centre for Biotechnology, University of Turku and Abo Akademi University

Turku Doctoral Programme of Biomedical Sciences

Annales Universitatis Turkuensis

Turku 2013

Human embryonic stem cells are pluripotent cells capable of renewing themselves and
differentiating to specialized cell types. Because of their unique regenerative potential,
pluripotent cells offer new opportunities for disease modeling, development of regenerative
therapies, and treating diseases. Before pluripotent cells can be used in any therapeutic
applications, there are numerous challenges to overcome. For instance, the key regulators of
pluripotency need to be clarified. In addition, long term culture of pluripotent cells is
associated with the accumulation of karyotypic abnormalities, which is a concern regarding
the safe use of the cells for therapeutic purposes.

The goal of the work presented in this thesis was to identify new factors involved in the
maintenance of pluripotency, and to further characterize molecular mechanisms of selected
candidate genes. Furthermore, we aimed to set up a new method for analyzing genomic
integrity of pluripotent cells. The experimental design applied in this study involved a wide
range of molecular biology, genome-wide, and computational techniques to study the
pluripotency of stem cells and the functions of the target genes. In collaboration with
instrument and reagent company Perkin Elmer, Karyolite™ BoBs™ was implemented for
detecting karyotypic changes of pluripotent cells.

Novel genes were identified that are highly and specifically expressed in hES cells. Of these
genes, LITD1 and POLR3G were chosen for further investigation. The results revealed that
both of these factors are vital for the maintenance of pluripotency and self-renewal of the
hESCs. Karyolite™ BoBs™ was validated as a novel method to detect karyotypic
abnormalities in pluripotent stem cells.

The results presented in this thesis offer significant new information on the regulatory
networks associated with pluripotency. The results will facilitate in understanding
developmental and cancer biology, as well as creating stem cell based applications.
Karyolite™ BoBs™ provides rapid, high-throughput, and cost-efficient tool for screening of
human pluripotent cell cultures.

Keywords: human embryonic stem cell, pluripotency, L1TD1, POLR3G, karyotype
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TIIVISTELMA

Nelly Rahkonen

Pluripotenttien ihmisen alkion kantasolujen uusiutumiskyvyn sditely ja karyotyypin
muutosten midrittiminen
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Turun Biotekniikan keskus, Turun yliopisto ja Abo Akademi
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Turku 2013

Thmisen alkion kantasolut ovat pluripotentteja soluja, joilla on kyky uudelleenmuodostua ja
erilaistua kaikiksi ihmiskehon solutyypeiksi. Ainutlaatuisen uudistumiskykynsd ansiosta
pluripotentit  solut  tarjoavat uusia  sovellusmahdollisuuksia  tautimallinnukselle,
kudoskorvaushoitojen ja muiden terapioiden kehittdmiselle. Ennen kuin pluripotentteja soluja
voidaan turvallisesti kayttdd ladketieteellisissd sovelluksissa, tulee solujen ominaisuudet ja
turvallisuus tuntea yksityiskohtaisesti.

Tédmén viitoskirjatutkimuksen tarkoituksena oli madrittdd uusia tekijoitd, jotka ovat
osallisena pluripotenssin sadtelyssd, sekd tarkemmin tutkia néiden tekijéiden vaikutus-
mekanismeja. Lisdksi tavoitteena oli optimoida ja validoida uusi tehoseulontamenetelma
pluripotenttien solujen genomisen eheyden maéirittdmiseksi. TyOssd kéytettiin laaja-alaisesti
molekyylibiologian eri menetelmid sekd genominlaajuisia mikrosiru- ja = syvé-
sekvensointitekniikoita pluripotenssin mekanismien tutkimiseksi. Karyolite™ BoBs™
menetelma testattiin solujen karyotyypin méarittdmiseksi.

Tutkimuksessa identifioitiin uusia geenejd, jotka ilmentyvit korkeasti pluripotenteissa
soluissa ja joiden ilmentyminen laskee solujen erilaistuessa. Geenien joukosta valittiin
L1TDI1 ja POLR3G jatkotutkimusten kohteiksi. Tutkimuksen tulokset osoittivat molempien
geenien olevan valttiméttomié pluripotenssin ja solujen uudelleenmuodostumisen séételylle.
Karyolite™ BoBs™ -menetelmd todettiin ihmisen pluripotenttien solujen genomisen
eheyden mittaamiseen soveltuvaksi menetelmaksi.

Tédmén tutkimuksen tulokset tarjoavat merkittavada uutta tietoa pluripotenssin molekylaarisista
sddtelymekanismeista, mikéd on tirkeédé ladketieteellisten kantasolusovellusten kannalta, seka
kehitysbiologian ja sydpidbiologian osa-alueilla. KaryoliteTM BoBs™ -menetelmi auttaa
soluviljelmien rutiininomaista analysointia tarjoamalla kéytt66n uudenlaisen menetelmén,
joka lyhentéd analyysiin kuluvaa aikaa ja vahentéd niistd johtuvia kustannuksia

Avainsanat: ihmisen alkiokantasolu, pluripotenssi, LITD1, POLR3G, karyotyyppi
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AGO2 argonaute RISC catalytic component 2
BAC bacterial artificial chromosome
BMP bone morphogenic protein
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ChIP chromatin immunoprecipitation
CNV copy number variation

CT cycle of threshold
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FOXO1 forkhead box O1

G-banding  giemsa staining

GSK3p glycogen synthase kinase 3 beta
H3K27me3 histone 3 lysine 27 tri methylation
H3K4me3 histone 3 lysine 4 tri methylation
hESC human embryonic stem cell

HRP horseradish peroxidase

ICM inner cell mass

IGF insulin-like growth factor

IGFBP insulin-like growth factor binding protein
IGFR insulin-like growth factor receptor
IP immunoprecipitation
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L1TD1 LINE 1 type transposase domain containing 1
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miRNA micro RNA
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ncRNA noncoding RNA
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1 INTRODUCTION

Stem cell research is one of the most rapidly developing areas of biomedicine. The goal is to
yield information about the complex events that take place during the development, and
understand the unique properties of the cells giving rise to the new organism. Pluripotent
stem cells extracted from the embryo have the property of self-renewal and capability to
differentiate to all specialized cell types found in the adult organism (Evans and Kaufman,
1981; Martin, 1981). Pluripotent cells can also be artificially reprogrammed from somatic
cells with the use of a set of defined inducing factors (Takahashi and Yamanaka, 2006).
Pluripotent stem cells offer the potential for several new avenues of biomedical applications
and research; for instance, a way to study and understand diseases, aid in toxicology
screening and drug development, and even perhaps be used in regenerative medicine.
However, before the pluripotent cells can be used in therapeutic purposes, there is a need to
understand the molecular nature of stemness.

The mouse is a widely used organism to model many biological processes, including
embryonic development. Thus, there is relatively large amount of data on mouse pluripotent
stem cells and early developmental processes. However, considering therapeutic applications
or disease modeling, data on human cells would be absolutely essential. There are numerous
studies reporting the species specific differences in signaling systems of pluripotent stem
cells (Cai et al., 2010; Ng and Surani, 2011), emphasizing the importance of human studies
for future stem cell based applications. Moreover, current knowledge indicates that
pluripotency is highly complex state regulated by many different factors. Hence, the
molecular mechanisms of pluripotent human stem cells are not known and further research is
required.

Artificial manipulation and long term culture of pluripotent stem cells is associated with
culture-adaptation and accumulation of chromosomal changes (Lund et al, 2012).
Chromosomal aberrations are also linked to oncogenesis and tumor progression, which is a
concern regarding the safe use of pluripotent cells for therapeutic purposes. Hence, it is
essential that the cells are thoroughly characterized prior to clinical applications.

In order to promote the use of pluripotent stem cells in biomedicine, the basic properties of
the cells need to be defined. The objective of the work presented in this thesis was to study
the mechanisms of pluripotency and self-renewal of human embryonic stem cells (hESC) and
to identify novel proteins regulating the pluripotent properties of hESCs. Two novel proteins
and their functions in pluripotent hESCs were thus characterized. In addition, our aims
included setting up and validating a high-throughput analysis method for detecting
chromosomal changes in the in vitro maintained stem cell cultures.
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2 REVIEW OF THE LITERATURE

2.1  Pluripotent embryonic stem cells

Human body consists of numerous different cell types with a diverse range of functions. All
the cells in a human body are derived, stemned, form one single cell, an oocyte fertilized by a
sperm cell. This fertilized egg is called a zygote. The zygote is totipotent, in other words, it
can create all possible cell types needed in the development of an individual. The zygote
develops into morula, which further develops to a blastocyst. The blastocyst has a structure of
inner cell mass (ICM) surrounded by trophoblast cells. The cells of ICM are pluripotent, i.e.
they can differentiate to all three embryonal lineages, endo-, meso-, and ectoderm, and are the
source of all cell types of developing organism. The ICM cells, with the capacity to produce
differentiated cell progeny and proliferate indefinitely, are called as stem cells. The unique
property of stem cells for indefinite proliferation is termed self-renewal. (Scott, 2006) (Figure

1)

The first pluripotent embryonic stem cell lines were extracted from mouse blastocyst ICM in
1981 (Evans and Kaufman, 1981; Martin, 1981) and were termed as mouse embryonic stem
cells (mESCs). Almost two decades later, the first human embryonic stem cell lines (hESCs)
were established by Thomson et al. in 1998 (Thomson et al., 1998). Cells isolated from the
embryo ICM represent the developmentally transient state in vivo, which can be maintained
in vitro in defined culture conditions. These cells can self-renew, have differentiation
capacity comparable to ICM in vivo, can contribute to all somatic cell types, and form
teratomas containing differentiated derivatives of all three germ layers (Thomson et al.,
1998).

Pluripotent self-renewing cells have unique properties and are characterized by various
factors. Pluripotent ES cells have, for instance, a unique cell cycle when compared to somatic
cell types. The ES cell cycle is shorter, with a majority of the cells existing in the S-phase
while the G)-phase is significantly shorter (Becker et al., 2006; Fluckiger et al., 2006).
Moreover, high telomerase activity is an important property of pluripotent cells. A telomerase
enzyme maintains telomere repeats in the chromosome ends, and give ES cells the ability to
replicative life span and cellular immortality (Wright et al., 1996; Yang et al., 2008). In
addition, in female cells, inactivation of another X-chromosome (XCI) occurs during early
phases of development. This complex process of dosage compensation in mouse cells takes
place upon differentiation, and pluripotent mES ICM cells contains two active X
chromosomes (XaXa). In pluripotent hES cells, the XCI status can vary, and three different
classes of X chromosome activation can be detected: two active chromosomes (XaXa), fully
inactivated X (XaXi), and partially inactivated X (Bruck and Benvenisty, 2011; Dvash et al.,
2010; Fan and Tran, 2011). The chromatin status and epigenetic landscape of the
undifferentiated ES cells is also unique and comprises a pluripotency specific transcriptional
machinery (Hawkins et al., 2010). Certain transcription factors, OCT4, SOX2, and NANOG,
are highly expressed in pluripotent cells and are considered as the master regulators of
pluripotency (Avilion et al., 2003; Boyer et al., 2005; Mitsui et al., 2003; Nichols et al.,
1998). Chromatin status and the core transcriptional unit suppress the expression of key
developmental regulators and keep cells self-renewing. Pluripotent ES cells also express a
unique set of cell surface markers that can be used for determining the status of the cells.
Markers of pluripotent hESCs include: SSEA-3, SSEA-4, and SSEA-5, TRA-1-60 and TRA-
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1-81, as well as GCTM2, GCTM343, Thyl, CD9, FZD7, CD24, and TRA-2-49. During cell
differentiation the cell surface markers are regulated, and induction of SSEA-1 and A2B5 can
be detected. (Draper et al., 2002; Draper et al., 2004; International Stem Cell Initiative et al.,
2007; Wright and Andrews, 2009)

2.2 Different pluripotent states of embryonic cells

Current knowledge indicates that multiple pluripotent states can exist in in vitro cultured
embryonic cells. mESCs and hESCs are both derived from blastocyst stage embryos, but
differ from each other in several ways, such as, morphology, marker gene expression,
transcription factor binding activity, culture requirements, and X chromosome inactivation
status (Figure 1) (Xue et al., 2011). These differences have been considered to be species
specific. Nevertheless, another type of pluripotent cells have been derived from mouse
embryos, referred to as epiblast stem cells (EpiSC), post-implantation epiblast derived stem
cells (Brons et al., 2007; Tesar et al., 2007). EpiSCs express core pluripotency genes and can
differentiate into multiple lineages in vitro, and are considered to be pluripotent. EpiSCs,
however, are not competent to contribute to chimeras, and are therefore considered to exhibit
limited differentiation potential, and are developmentally and functionally distinct from
mESCs (Nichols and Smith, 2009; Tesar et al., 2007). EpiSC resemble more closely the
pluripotent state of hESCs than mESCs, as EpiSCs and hESCs share similar morphology,
sensitivity to single cell passaging, growth factor dependence (Brons et al., 2007), epigenetic
regulation of transcription, and X-chromosome inactivation (Tesar et al., 2007). It has been
proposed that mESCs represent the naive, ground developmental state, whereas hESCs and
EpiSCs are 'primed' pluripotent cells, already primed for lineage specification and
commitment (Nichols and Smith, 2009). (Figure 1)

Instead of dividing pluripotent cells into two distinct states, an explanation to the observed
differences could be that pluripotent cell cultures exist on a continuous spectrum of
pluripotent states (Gallagher et al., 2009). The cells are heterogeneous in nature and comprise
at least two diverse cell populations with different developing potentials. Several studies
support this idea and distinct subpopulations of cells within the cultured cells (mESC, EpiSC,
and hESC) have been identified (Enver et al., 2005; Furusawa et al., 2004; Han et al., 2010;
Hayashi et al., 2008; Henderson et al., 2002; Stewart et al., 2006; Toyooka et al., 2008).
Moreover, the early development of rodent embryos differ from other mammalian embryos,
with rodents having egg cylinder structure and diapause during the early embryogenesis
(Nichols and Smith, 2009; Nichols and Smith, 2012), which may explain part of the
differences observed between the cell types representing early embryo development.

The cells, however, are not locked to these pluripotent states. EpiSCs can be reverted to a
mESC-like, or naive state by culturing them in leukemia inhibitory factor (LIF) containing
media and boosting the reversion by expressing pluripotency factors Klif4, K1f2, Nanog, or c-
Myc (Bao et al., 2009; Guo et al., 2009). Equally, mESC can be converted to EpiSCs with the
activation of FGF2 and Activin signaling. Just the change of culture conditions is sufficient to
execute the molecular changes and convert mESC to EpiSC (Greber et al., 2010). Moreover,
mESC like hESCs have been created by over expressing KLF4, KLF2, and OCT4 with LIF
culture conditions (Hanna et al., 2010) or by changing the oxygen concentration (Lengner et
al., 2010). These mES-like hES cells have the X chromosome status of XaXa, which is
considered as the hallmark of the naive pluripotent state. Importantly, the early development
of mammalian embryos occurs in low oxygen concentration, and studies suggest that hESC
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cultures maintain a more naive status in physiological oxygen (5% O,). A lower oxygen level
has been shown, for example, to prevent spontaneous hESC differentiation and reduce
chromosomal aberrations, thus helping to keep the cells in pluripotent state (Ezashi et al.,
2005; Forsyth et al., 2006). Nonetheless, all the pluripotent embryonic cell types, mESC,
hESC, and EpiSC, have specific features and can be considered as potentially distinct cell
types. Furthermore, pluripotency is a dynamic state that can be modified with manipulation
of signaling pathways and culture conditions (Ng and Surani, 2011). (Figure 1)

Early Blastocyst Late Blastocyst
Ground state epiblast Primed epiblast
Morula Pluripotent ICM, mESC Pluripotent ICM, EpiSC
Zygote Totipotent -
Totipotent cMm Trophoblast

‘.-_/ .,

o-8 - " -

wy

mESC Characteristics:
* Compact colonies
= Requires LIF and

EpiSC and hESC
Characteristics:
= Flat colonies

BMP4 » Requires bFGF and

= Amenable to single cell Activin TGF

passaging » Reduced tolerance to

= Two active X single cell passaging
chromosomes in female » One X chromosome
cells inactivated in female cells

= Poor chimera contribution
(EpIiSC)

= Efficient chimera
contribution

Figure 1. Summary of the pluripotent embryonic stem cells, and conversion between ground and
primed pluripotent states. Adapted and modified from Gonzales and Ng 2011 (Gonzales and Ng,
2011).

2.3  Induced pluripotent stem cells

The generation of pluripotent stem cells without the ethical concerns of using embryos has
been the interest of many scientists. An alternative means to acquire ES cell-like cells was
published in 2006 when Takahashi and Yamanaka reported a breakthrough study of cell
reprogramming and generation of induced pluripotent stem cells (iPSC) from mouse somatic
fibroblasts by using Oct3/4, Sox2, c-Myc, and Klf4 as inducing factors (Takahashi and
Yamanaka, 2006). A year later, iPSCs from human origin were generated with similar
method (Takahashi et al., 2007) and also by using OCT4, SOX2, NANOG, and LIN28 as the
reprogramming factors (Yu et al., 2007). iPS cells satisfy all the original criteria defined for
ES cells (Thomson et al., 1998), thus being equivalent to the stem cells of embryonal origin.
iPSCs and ESCs share the same pluripotency markers, are self-renewing, and able to produce
differentiated progeny from all three germ layers.
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iPS cells provide an enormous potential for medical applications. iPSCs can possibly be used
in drug development and screening in the medical industry. Moreover, the technique enables
creation of patient and disease specific cell lines, which could further help in studying the
mechanisms of certain diseases. Also, the research of early development and possible
regenerative and transplantation therapies will benefit from this remarkable method (Figure
2).

Somatic cell Culture of somatic cells Reprogramming  Induced pluripotent stem cells
/-;, Patient specific therapy
. — =] 5 [ | —— Disease modelling
CCTd
Myc ~— SOX2 b Drug screening
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Figure 2. Generation of induced pluripotent stem cell cultures with defined transcription factors, and
the promise to medical applications. Adapted and modified from Yamanaka and Blau 2010
(Yamanaka and Blau, 2010).

The first iPS cell lines were reprogrammed using retroviral and lentiviral vectors that
integrate into the genomic DNA. In order for the cells to be safe from the risk of
tumorigenesis, there is a need to avoid reprogramming methods that involve vector
integration to host genome. Therefore, alternative methods for the reprogramming have been
tested and developed. Nonintegrating virus and plasmid vectors, microRNAs, isolated
proteins, and small molecules have been used to establish iPS cell lines with transient
expression of reprogramming factors. However, these non-integrating methods are extremely
inefficient compared to integrating viral vectors when looking at the numbers of
reprogrammed cells. Sometimes the reprogramming can also be partial, or inefficient, so that
the epigenome is not fully reverted to the pluripotent state, but has epigenetic memory of the
original cell type. These latter concerns of integrating vectors and inefficient reprogramming
are challenges that need to be solved before the therapeutic use of iPS cells. (Miyazaki et al.,
2012; Okita and Yamanaka, 2011; Yamanaka, 2012)

The ultimate goal of the reprogramming method is to achieve cells of a particular somatic cell
type. The technique to switch cell identity also enables transdifferentiation, a direct
conversion of one somatic cell type to other using defined factors (also named as direct
reprogramming). Transdifferentiation allows direct differentiation of cells without
undergoing a transitional pluripotent state. These transdifferentiated cells could be used for
example for cell replacement therapies, thus providing alternative manner to utilize
reprogramming and to produce the cells of interest (Gonzales and Ng, 2011).

There are still conflicting conclusions whether iPCs and ESCs are functionally relevant, and
which cells would be better for clinical applications. Either way, reprogramming and iPS
cells have made a major impact on science and medicine by providing promise for
personalized medicine, and for basic research in the broad field of biology. The similarities
and differences of pluripotent stem cells are summarized in Table 1.
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Table 1. Key characteristic of pluripotent stem cell types. Abbreviations: mESC: mouse embryonic
stem cells, EpiSC: epiblast stem cells, miPSC: mouse induced pluripotent stem cells, hESC: human
embryonic stem cells, hiPSC: human induced pluripotent stem cells, -: not tested

mESC EpiSC miPSC hESC hiPSC
Similarities:
Pluripotency Oct4, Sox2, | Oct4, Sox2, Oct4, Sox2, Oct4, Sox2, Oct4, Sox2,
factors Nanog Nanog Nanog Nanog Nanog
Differentiation All germ All germ All germ All germ All germ
potential layers layers layers layers layers
Teratoma yes yes yes yes yes
formation
Differences:
Cell morphology | compact flat compact flat flat
X-chromosomes | XaXa XaXi XaXa XaXi/XaXa | XaXi/XaXa
Pluripotency LIF/BMP FGF/ TGF | LIF/BMP FGF/ TGFB | FGF/ TGFpB
growth factors
Chimera yes no Yes, but less - -
contribution efficiently

than mESCs

2.4  Signaling of hESC pluripotency

Pluripotent hES cells can be maintained in vitro for long periods of time, and different culture
systems have been developed for this purpose. Embryonic stem cells represent a state that is
present in the embryo for a relatively short time. Maintenance of pluripotent cells in vitro
therefore requires the integration of signaling inputs to maintain this identity. The first hRESC
lines were derived using mitotically inactivated fibroblast feeder layers and serum-containing
medium (Thomson et al., 1998). Afterwards, diverse culture conditions have been established
for the cell maintenance, including fibroblast free culture condition systems (International
Stem Cell Initiative Consortium et al., 2010; Ludwig et al., 2006; Ludwig et al., 2006).
Extracellular signaling and growth factors have an immense effect on the downstream
signaling pathways, and different culture systems can activate a variety of factors and
pathways. The determination of a detailed understanding of how signaling pathways maintain
pluripotency of hESCs has been hindered by a number of confounding issues. Firstly, the use
of inconsistent cell culture conditions has led to context-dependent observations. In addition,
variation in experimental design is frequently ignored when interpreting the data, and the
focus is often on a specific pathway rather than interpreting the cross-talk between different
pathways. Moreover, the effects of signaling pathways can depend on the level of activation,
and thus add complexity in the interpretation of results. (Chen et al., 2012; Dalton, 2012;
Gonzales and Ng, 2011; Yu et al., 2011)

Pluripotency in mESCs and hESCs is regulated through different pathways. While mESC
pluripotency is maintained by leukemia inhibitory factor (LIF) and bone morphogenic protein
(BMP) (Ying et al., 2003), the pluripotency of hESCs is maintained by transforming growth
factor B (TGF B) and fibroblast growth factor (FGF) signaling (Ng and Surani, 2011). For the
culture of mESCs it has been shown that extrinsic signaling pathways are dispensable, and
pluripotency can be maintained with the use of chemical inhibitors targeting specific
signaling pathways. For this purpose, a medium, called 2i, has been created. The principle of
this 21 medium is the combination of GSK3f and MEK inhibitors, influencing WNT and FGF
pathways, respectively (Li et al., 2008; Nichols et al., 2009; Ying et al., 2008). The 2i
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medium has also been tested for hESCs and EpiSC, but the cells do not survive in these
conditions (Guo et al., 2009; Nichols and Smith, 2009; Roode et al., 2012; Van der Jeught et
al., 2012). Differences in the extrinsic requirements between mESC and hESC will most
probably require alternative inhibitory signal for hESC culture when considering inhibitor
based pluripotency maintenance. Tsustui et al. developed a culture system for hESC using
three chemical inhibitors (ROCK; GSK3p, and MEK). However, bFGF supplementation was
still required for the cells to survive (Tsutsui et al., 2011).

TGFp, FGF, epidermal growth factor (EGF), insulin-like growth factors (IGF), and WNT
family signaling pathways have been demonstrated to be involved in the pluripotency
maintenance of hESCs. The signaling in pluripotent cells is complex, and the pathways do
not function independently, but form a cross-talk network. The details of this network,
however, are not understood.

2.4.1 TGFg signaling

TGFp signaling has important role in the cell fate decisions in many developmental models.
The signal transmission of TGFf is propagated through receptor activated SMAD proteins
through two main branches: BMP activated SMAD1/5/8 and TGFp/Activin/Nodal activated
SMAD?2/3 (Massague, 2000). Receptors for both branches are expressed in hESCs (Bendall et
al., 2007; Sato et al., 2003; Sperger et al., 2003). Upon activation and phosphorylation, SMADs
bind to common SMAD4 and translocate into the nucleus as active transcriptional complexes to
regulate gene expression together with other transcription factors (James et al., 2005).

Signaling through the TGFP pathway has been shown to be crucial for regulating hESC
identity. SMAD2/3 is in an activated phosphorylated state in undifferentiated cells, and
signaling through this branch has been shown in several studies to be crucial for maintenance
of pluripotency and undifferentiated status. Pharmacological inhibition of TGFp/Activin
receptor signaling reduces SMAD2/3 phosphorylation and induces differentiation.(Avery et
al., 2010; Beattie et al., 2005; Bendall et al., 2007; Besser, 2004; James et al., 2005; Vallier et
al., 2005). Activation of the SMADI1/5/8 branch of TGFp signaling in turn correlates with
cell differentiation (Besser, 2004; James et al., 2005). BMP induces rapid differentiation of
hESCs (Pera et al., 2004; Xu et al., 2002) and BMP suppression is used in some culture
conditions. Suppression of BMP alone, however, is not sufficient to sustain pluripotency in
hESCs (Xu et al., 2005).

TGFp signaling is directly linked to hESC pluripotency machinery, since NANOG proximal
promoter is shown to be a direct target of SMAD signaling in hESCs. TGFp/Activin together
with FGF promotes pluripotency by sustaining NANOG expression, whereas BMP binding is
decreasing NANOG promoter activity (Xu et al., 2008). However, a recent study
demonstrated that SMAD2/3 has the ability to regulate the balance between alternative cell
states. The threshold of SMAD2/3 signaling was determined to be important in the activation
of differentiation genes, linking the SMAD2/3 pathway to the regulation of differentiation
(Singh et al., 2012). The study identified that the threshold levels of Activin A/SMAD2/3 in
the activation of different sets of target genes is regulated by PI3K/Akt signaling. Moreover,
TGFp/Activin/Nodal and WNT pathways are shown to act in collaboration in the
maintenance of pluripotency, and WNT signaling has an effect on SMAD2/3 activation
(Besser, 2004; James et al., 2005). In addition, B-catenin, a member of WNT, can act in
conjunction with SMAD2/3 to activate mesendoderm genes (Singh et al., 2012).
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Recently, Ozair et al. (Ozair et al., 2012) reported that SMAD7, an inhibitor of TGFp
signaling, can induce hESC differentiation in the neural direction, hence contributing to the
pluripotency regulation network. Moreover, SMAD4, a common component shared by both
branches, TGFp/Activin/Nodal and BMP, has also been shown to have a complex role in the
regulation of stem cell fate. SMAD4 is not required for the maintenance of pluripotency,
since the knockdown of SMAD4 do not induce rapid cell differentiation or any changes in the
morphology or cell growth. However, Avery et al. demonstrated that SMAD4 knockdown
reduced the stability of hESCs (Avery et al., 2010). In this study they suggested that
SMAD?2/3 signaling is not promoting pluripotency, but is involved in the stabilization of
hESC cultures. Similar conclusions were also made in other studies, suggesting that the
balance between SMAD2/3 and SMADI/5/8 could modulate the selection between
undifferentiated state and committed cells (Jiang and Ng, 2008; Xu et al., 2008).

The summary of signaling networks maintaining the pluripotent state of hESCs is presented
in Figure 3.

2.4.2 FGF signaling

FGF signaling is mediated through receptor tyrosine kinases (RTK) which through a chain of
phosphorylation events activate the mitogen activated protein kinase family (MAPK)
(RAS/RAF/MEK1/2/ERK1/2) or PI3K/Akt pathway. Several studies have shown that FGF
supports self-renewal and is needed for the maintenance of pluripotency in hESCs (Dvorak
and Hampl, 2005; Eiselleova et al., 2009; Greber et al., 2007; Sato et al., 2003; Sudheer et al.,
2012). FGF2 is expressed in hESCs, and autocrine FGF signaling is crucial for the
maintenance of proliferative hESC in the undifferentiated state (Dvorak et al., 2005). FGF
supplementation into the hES culture medium is required to maintain the stem cell properties,
and FGF signaling has been directly linked to pluripotency regulation through maintaining
the expression of NANOG (Yu et al., 2011).

A recent article, however, reported that FGF2 in hESC culture medium can be replaced by
Heregulin and IGF1 (Singh et al., 2012). Moreover, different studies have reported that loss
of FGF is linked to cell differentiation, but FGF has only indirect role in hES cell
maintenance and is rather involved in inducing the production of supportive factors
including TGFpB and IGF 1I (Bendall et al., 2007; Greber et al., 2007). FGF signaling has
been shown to be necessary but not sufficient to maintain pluripotency of hESCs (Vallier et
al., 2005), and the effects of FGF signaling in hESCs have been shown to be dependent on
the TGFpB pathway. (Greber et al., 2007; Greber et al., 2010; Xu et al., 2008; Yu et al.,
2011).

FGF signaling has been reported to activate MEK/ERK and PI3K/Akt downstream signaling
pathways, and both MEK/ERK and PI3K/Akt have been shown to regulate hESC
pluripotency. Li et al. 2007 showed in hESCs that MEK/ERK kinases are targets of the FGF
pathway and high MEK/ERK activity is required for undifferentiated hESC status. Moreover,
MEK/ERK signaling cooperates with PI3K/Akt in the maintenance of pluripotency (Li et al.,
2007). Consistent results were also obtained by Armstrong et al. when they showed
PI3K/Akt, MAPK/ERK, and NF«xf signaling to be required for pluripotency maintenance,
and inhibition of the pathways to induce hESC differentiation (Armstrong et al., 2006). Akt
signaling was also shown to maintain pluripotency both in mouse and primate ES cells
(Watanabe et al., 2006). Singh et al. concluded that PI3K/Akt signaling has important role in
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the regulation of hESC pluripotency. Their results indicated that PI3K/Akt regulates levels of
ActivinA/SMAD2/3 signaling, which impacts cell fate decisions. (Singh et al., 2012)
Contrary results were, however, published by Na et al. who used chemically defined culture
systems and concluded ERK1/2 to permit differentiation of hESCs. The use of ERK1/2
inhibitor reduced hESC differentiation and did not affect the pluripotency of the cells under
these defined culture conditions. However, using other culture conditions activation of
ERK1/2 was required to suppress BMP signaling and prevent differentiation (Na et al., 2010).
These diverse results again highlight the important role of the culture environment, since the
inconsistencies in the outcomes obtained could be explained by different cell culture
conditions. Alternatively, the explanation may be that low levels of ERK maintain self-
renewal while elevated ERK signaling promotes differentiation (Dalton, 2012).

2.4.3 EGF and IGF signaling pathways

EGF and IGF families of RTKs are important for the development of an organism. The four
human EGF receptor (EGFR) homologs are called HER (HER1-HER4) or ERBB (ERBBI1-
ERBB4). EGFR ligands include, for example, EGF, TGFa, and several isoforms of heregulin
(Leahy, 2004). The actions of IGF are mediated through IGF cell surface receptors (IGFR)
and with IGF binding proteins (IGFBPs) (Paye and Forsten-Williams, 2006). Several EGF
and IGF RTKs have been shown to be highly expressed in hESCs, including IGF1R, ERBB2,
and ERBB3 (Sperger et al., 2003), and to be required for hESC self-renewal (Bendall et al.,
2007; Chen et al., 2012; Singh et al., 2012; Wang et al., 2007). Insulin/IGF is known to
activate the PI3K/Akt pathway that is crucial for the maintenance of pluripotency.

Bendall ef al. performed a proteomic screen of a fibroblast conditioned medium and
identified the most prominent family of growth factors to be the IGF family, especially
IGF II. They demonstrated that IGFIR expression correlated with pluripotency markers and
underscored the importance the IGF II/IGFIR axis in hESCs (Bendall et al., 2007). IGFIR
and ERBB2 were also identified as essential RTKs for hESC self-renewal by Wang et al.
(Wang et al., 2007). Another growth factor, TGFa, was demonstrated to be secreted from
fibroblast feeders and to be important for the undifferentiated hESCs and maintenance of
pluripotency. The p44/p42 MAPK downstream pathway was reported to be activated in
response to TGFa activation (Chen et al., 2012). IGF has direct role in ES cell maintenance,
and IGF signaling via PI3K/Akt activation has been shown to be critical for hESC self-
renewal (Bendall et al., 2007). In addition to IGF, EGF family member Heregulin is
considered as potent activator of PI3K/Akt signaling (Chen et al., 2012; Singh et al., 2012).
Singh et al. showed that Heregulin and IGF1 synergistically activate PI3K/Akt signaling and
suppress Raf/MEK/ERK activity, and this way promotes hESC self-renewal (Chen et al.,
2012; Singh et al., 2012).

2.4.4 WNT signaling

The canonical WNT pathway signaling involves WNT binding to Frizzled receptor, which
activates Dishevelled protein. Activated Dishevelled inhibits GSK3p enzyme that is
responsible for the degradation of B-catenin. When GSK3p is inhibited, the accumulation of
B-catenin enables the translocation into the nucleus and function as a transcription factor.
(Cadigan and Nusse, 1997)
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Previously reports have concluded that active WNT signaling participates in the maintenance
of hESC pluripotency by inhibition of GSK3p (Sato et al., 2004), or by supporting cell
proliferation (Cai et al., 2007; Dravid et al., 2005). However, several recent studies show
opposite results, and the role of active WNT signaling in the regulation of pluripotency
remains controversial. Recent results suggest that WNT signaling promotes cell
differentiation and is not involved in the maintenance of the undifferentiated state of hESCs
(Davidson et al., 2012; Dravid et al., 2005). WNT signaling has been suggested to act as an
antagonist to self-renewal and to promote cell differentiation (Singh et al., 2012).

GSK3p is a serine/threonine protein kinase, that functions in several pathways, including
PI3K/Akt, MEK/ERK, and WNT/B-catenin (Singh et al., 2012; Singh et al., 2012; Voskas et
al., 2010), the pathways that all are important in the regulation of self-renewal of hESCs.
Conflicting reports have suggested that GSK3p has a role in the maintenance of pluripotency,
while others report it to be activated in differentiation pathways. It has been observed that
different thresholds of GSK3p activity have different biological effects on pluripotent cells,
and suggested that different GSK3p-protein complexes, or pools, modify the balance in
pluripotent cells (Dalton, 2012). However, the exact role of GSK3p in the regulation of self-
renewal remains controversial.
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Figure 3. An illustration of the signaling networks maintaining hESC pluripotency. An activating
signal is represented with an arrow, whereas the inhibiting signal is represented with a line. Blue color
indicates a repressed state in pluripotency, while red indicates the activated state of the signaling
molecule. Grey arrows represent unknown mechanism. (Adapted and modified from (Chen et al.,
2012; Chen et al., 2012; Dalton, 2012; Singh et al., 2012; Yu et al., 2011).

2.5  Transcriptional control of hESC pluripotency

Every cell derived from a fertilized egg has the same DNA and genetic information. The
regulation of gene expression and capacity to differentiate during the development involves
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epigenetic regulation, namely DNA methylation and changes in chromatin structure. The
chromatin in pluripotent hESCs is in a less compact state, enabling dynamic and flexible
reorganization during differentiation (Meshorer et al., 2006). DNA methylation on CpG
islands of gene promoters is linked to gene silencing and the methylation in pluripotent
hESCs has different patterns than in differentiated cells (Bibikova et al., 2006). The
promoters of key housekeeping genes such as NANOG and OCT4 are demethylated,
permitting active expression in undifferentiated hESCs (Yeo et al., 2007), whereas the global
methylation status in hESCs is high (Laurent et al., 2010). Chromatin structure is also
regulated by post-translational modifications, e.g. acetylation or methylation of histone
proteins. In pluripotent cells, many development-related genes display bivalent histone marks
that correspond to 'poised' status of promoter activation. The bivalent histone mark includes
both activating (H3K4me3) and repressing (H3K27me3) histone modifications at the gene
promoter, that enables rapid activation of the gene during the induction of differentiation
(Bernstein et al., 2006; Pan et al., 2007; Zhao et al., 2007).

2.5.1 Key transcription factors of hESC pluripotency

The undifferentiated hESCs state is controlled by unique transcriptional circuitry. The
transcription factors assist in establishing and maintaining the cellular identity by promoting
the expression of cell type specific genes and suppressing the expression of irrelevant genes
(Gonzales and Ng, 2011). Transcriptional profiling of pluripotent cells has identified genetic
networks and several factors to be potential regulators of hESC pluripotency and self-
renewal. (Armstrong et al., 2006; Assou et al., 2007; Chia et al., 2010; Enver et al., 2005;
Golan-Mashiach et al., 2005; Hirst et al., 2006; International Stem Cell Initiative et al., 2007,
Sato et al., 2003; Skottman et al., 2005; Sperger et al., 2003). The core transcription factors
maintaining the undifferentiated state in both mESCs and hESCs have been identified to be
OCT4, SOX2, and NANOG. All the three factors are highly expressed in undifferentiated
ESCs and play a role in the maintenance of pluripotency (Avilion et al., 2003; Fong et al.,
2008; Hay et al., 2004; Hyslop et al., 2005; Matin et al., 2004; Mitsui et al., 2003; Nichols et
al., 1998; Zachres et al., 2005, Zafarana et al.,, 2009). Based on chromatin
immunoprecipitation studies, OCT4, SOX2, and NANOG form the core transcriptional
network of hESCs by co-occupying over three hundred gene promoters and maintaining the
hESC specific gene expression, forming also autoregulatory loops binding to their own
promoters. The co-occupied promoters include both active and inactive genes, suggesting that
OCT4, SOX2, and NANOG regulate genes in both an activating and repressing manner
(Boyer et al., 2005). The basic significance of these factors to hESCs has been demonstrated,
yet their mechanistic functions are still not known in detail (Wang et al., 2012). The core
regulatory circuitry of hESCs is represented in Figure 4.
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Figure 4. The key transcription factors of hESC pluripotency. OCT4, SOX2, and NANOG form the
core transcriptional network and autoregulatory loop regulating stem cell self-renewal. OCT4, SOX2,
and NANOG promote the expression of self-renewal genes and suppress the expression of
developmental genes. (Adapted and modified from Christophersen et al.2010 (Christophersen and
Helin, 2010)).

A recent study from Wang et al. highlighted the role of repression of differentiation in the
control of hESC status. With the use of loss and gain of function studies on all of the core
genes, they reported cell line specific conditions and individual functions for OCT4, SOX2,
and NANOG. Thus, instead of being common repressors of differentiation, OCT4, SOX2 and
NANOG each control specific cell fates and that the regulatory loop between these genes is
uncoupled. Overexpression of any of the factors does not induce differentiation. They
identified OCT#4 in the regulation of BMP pathway, SOX2 being permissive for self-renewal
and being redundant with SOX3, and NANOG being specific repressor of ectoderm
differentiation (Wang et al., 2012). Also Yu et al. concluded that NANOG has a role in the
establishment and maintenance of pluripotency, but in addition can influence the specific
lineage commitment as cells exit the pluripotent state (Yu et al., 2011).

In addition to OCT4, SOX2, and NANOG, it seem likely that there must be several other
factors that are required for the pluripotency maintenance in hESCs, and recent studies have
identified a couple of novel regulators. For example, PRDM14 was shown to be a
transcription factor regulating the expression of OCT4 and being a component of the hESC
core transcriptional regulatory network (Chia et al., 2010; Tsuneyoshi et al., 2008). In
addition, FOXO1 transcription factor was shown to activate OCT4 expression in hESCs
(Zhang et al., 2011), and LSDI1, a histone demethylase, was shown to regulate bivalent
domains of developmentally important genes in hESCs (Adamo et al., 2011).

Although transcriptional profiles of hESCs have been produced in several experiments, only
few of the factors identified in these analyses have been functionally analyzed in the context
of pluripotency maintenance. Furthermore, hESC and mESC have been reported to show
outstanding differences in the OCT4, SOX2, and NANOG target genes (Boyer et al., 2005;
Kunarso et al., 2010; Wang et al., 2012), and the transcriptional network in hESCs is not as
well studied than that of mESCs, hence there are many unknown factors playing in the hESC
regulatory circuitry.
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2.5.2  Transcriptional machinery

Chromatin remodelers modify the accessibility of DNA to transcription factors and
transcriptional machinery. The pluripotent cell state is controlled by specific transcriptional
circuitry in an 'open' chromatin organization that is rapidly modified upon induction of
differentiation (Gaspar-Maia et al., 2011). Human genes are transcribed by three DNA
directed RNA polymerases, pol I, II, and III. Polymerases are multisubunit complexes that
mostly occupy the genome on open and active chromatin. Each of the three human
polymerases transcribes specific sets of target transcripts: pol I specialized to transcribe non-
coding RNAs (ncRNA) mostly ribosomal RNAs (rRNA), pol II transcribing messenger
RNAs (mRNA) and ncRNAs, and pol III synthesizing primarily ncRNAs as well as protein
coding genes (Oler et al., 2010; Roeder and Rutter, 1969; Roeder and Rutter, 1970; White,
2008; White, 2011).

Pol II has attracted the most attention of the polymerases, because of its role in transcribing
protein encoding mRNAs. However, pol 11 is also reported to synthesize ncRNAs, including
micro RNAs (miRNA) and small nuclear RNAs (snRNA) (Lee et al., 2004; White, 2011). A
recent report from Maston et al. suggested that the pol II transcriptional machinery of hESCs
is unique and essential for pluripotency maintenance. The active pol II gene promoters in
pluripotent hESC have a distinct composition of transcriptional components than the
differentiated derivatives (Maston et al., 2012).

Pol III transcripts are needed for vital cellular processes, including the regulation of
transcription, RNA processing, and translation. Pol III is considered to transcribe a wide
range of ncRNAs, including for example tRNA, rRNA, and miRNA (Borchert et al., 2006;
Canella et al., 2010; Oler et al., 2010; Teichmann et al., 2010; White, 2011). However, the
whole repertoire of pol III genes in the human genome is not known. Interestingly, a tissue
and cell type specific expression of pol III genes has been reported (Martignetti and Brosius,
1993; Martignetti and Brosius, 1995; Oler et al., 2010), and decrease in pol III function has
been linked to differentiation of mouse embryonal carcinoma cells (White et al., 1989)
linking pol III mediated transcription to cell differentiation.

The functions of the polymerases, however, are not completely distinct from each other. Raha
et al. showed that polymerases Il and IIl can work together to globally coordinate gene
expression in human cells (Raha et al., 2010) and that pol II is present at the majority of the
loci bound by pol III (Barski et al., 2010; Moqtaderi et al., 2010; Oler et al., 2010). The
functions of the polymerases thus can influence one another, and specific components of
transcriptional machinery can specify cell type specific gene expression. Taken together, the
chromatin structure and gene expression machinery in pluripotent hESC is unique and
complex. Various factors are having roles in the regulation of pluripotency associated gene
expression.

2.6  Translational control of hESC pluripotency

Extracellular signals and gene transcription have enormous roles in the regulation of hESC
specific intracellular programs. However, an additional level of regulation is provided by
several factors responsible for post-transcriptional regulation of signaling. mRNA can be
regulated in numerous ways in the cytoplasm, for example, by RNA binding proteins (RBP)
or miRNAs. Translationally inactive mRNAs can be accumulated in the cytoplasm to
dynamic RNA-protein granules, called P-bodies or stress granules, and form
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ribonucleoprotein complex (RNP). mRNAs can be transferred between translational
polysomes and RNPs, providing additional level of control of gene expression (Balagopal
and Parker, 2009). miRNAs are small, ~22 nucleotides (nt) in length, non-coding RNAs that
bind to the 3' untranslated region of their target genes and act as translational repressors.
miRNAs are transcribed as long primary transcripts (pri-miRNAs) which are processed in the
nucleus into precursors (pre-miRNA). Pre-miRNAs are further modified in the cytoplasm to
form a mature and functional single stranded miRNAs. (Ambros, 2001)

LIN28 is a conserved RNA binding protein originally identified as a regulator of
developmental timing in Caenorhabditis elegans (Moss et al., 1997). LIN28 has also been
associated with the regulation of Let-7 miRNAs (Heo et al., 2008; Newman et al., 2008;
Viswanathan et al., 2008). However, numerous recent studies imply additional, miRNA
independent, functions for LIN28 (Cho et al., 2012; Peng et al., 2011; Wilbert et al., 2012).
LIN28 is highly expressed in pluripotent hESCs and down regulated in response to
differentiation (Darr and Benvenisty, 2009). The major function of LIN28 is proposed to
support the growth of hESCs through mRNA regulation in translational machinery in
cytoplasmic polysomes (Cho et al., 2012; Peng et al., 2011; Qiu et al., 2010; Wilbert et al.,
2012). LIN28 has been shown to enhance the translation of important hESC genes, including
OCT4 (Peng et al., 2011; Qiu et al., 2010; Xu et al., 2009). Moreover, complete depletion of
LIN28 in hESCs leads to reduced self-renewal, indicating LIN28 to be vital for the
maintenance of pluripotency (Peng et al., 2011; Qiu et al., 2010). LIN28 is also one of the
factors used in iPS cell reprogramming, further highlighting the role in pluripotency
maintenance and regulation (Yu et al., 2007).

A number of studies have identified miRNAs that are highly and uniquely expressed in self-
renewing hESCs. Suh et al. cloned 36 miRNAs from hESCs and identified most of these
newly cloned miRNAs to be expressed in hESC specific manner and to be down regulated in
response to cell differentiation. Among the identified miRNAs miR-302-367 cluster was one
of the most significant miRNA families (Suh et al., 2004). This miRNA family was identified
also from studies by Bar, Morin, and Lakshmipathy et al. 2008. Other hESC enriched
miRNAs include miR-20b, miR-21, miR-92b, miR-200c, miR-222, and miR-371-373 (Bar et
al., 2008; Lakshmipathy et al., 2007; Morin et al., 2008; Suh et al., 2004). Barroso-delJesus et
al. characterized the promoter and expression profile of the miR-302-367 cluster in hESCs,
and suggested core transcription factors, OCT4, SOX2, NANOG, to regulate the expression
of the cluster (Bar et al., 2008; Barroso-delJesus et al., 2008). This was later validated by
Card et al. (Card et al., 2008). Based on computational predictions, miR-302-367 miRNAs
have 844 potential target transcripts (www.targetscan.org), many of which are cell cycle
regulators (Card et al., 2008; Lipchina et al., 2011). Card et al. validated the miR-302-367
cluster to participate in the regulation of the unique stem cell cell cycle, and cyclin D1 to be
directly post-transcriptionally regulated by miR-302. Further, Lipchina et al. identified 146
high confidence target genes of miR-302-367 cluster and showed it to be positive regulator of
self-renewal and promoting G,/S transition (Lipchina et al., 2011).

Xu et al. studied the miRNAs that are involved in the repression of pluripotency genes and
are increased during differentiation of hESCs. The study identified miR-145 as a translational
repressor directly targeting pluripotency factors OCT4, SOX2, and KLF4. Moreover,
induction of miR-145 was able to inhibit self-renewal and promote differentiation.
Interestingly, OCT4 was found to bind to miR-145 promoter and act as a transcriptional
repressor. Hence, miR-145 and OCT4 form a double negative feedback loop. (Xu et al.,
2009)
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There seems to be only minimal overlap of the miRNA profiles between pluripotent mESC
and hESCs (Bar et al., 2008; Suh et al., 2004). Moreover, naive mESC and primed EpiSC are
reported to express distinct miRNA clusters, and the different pluripotent states can be
discriminated by the miRNA profiles (Jouneau et al., 2012). Overall, the study of the roles of
miRNAs in embryonic stem cells is still in the very beginning. Very little is known about the
miRNAs and their target genes and how they regulate the stem cell properties. The interplay
between pluripotency factors and miRNAs reveal a new level of complexity in the regulatory
network governing the stem cell properties. The summary of the known regulators of
pluripotency is presented in Figure 5.
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Figure 5. Summary of the factors regulating pluripotency in hESCs. Crosstalk between transcriptional
regulatory network, epigenetic network, and translational control of gene expression. OCT4 is one of
the best characterized transcription factors in hESCs. Studies have shown a central role for OCT4 in
all of the networks and in diverse cellular functions. (Adapted and modified from Ng and Surani 2011
(Ng and Surani, 2011)).

2.7  Pluripotent cells and genomic stability

As previously mentioned, the culture of pluripotent hESC lines involves manipulation of
signaling pathways to maintain the dynamic cells in the pluripotent state. Regarding this, it is
logical that cultures may contain cells that have adapted to the culture conditions in which
they are grown. Studies have revealed that pluripotent cells may gain genomic aberrations in
long term in vitro maintenance that gives cells distinct characteristics and growth advantages
promoting self-renewal and limiting differentiation and apoptosis. Suboptimal culture
conditions have been suggested to be involved in creating chromosomal instability in hESCs.
(Baker et al., 2007; Draper et al., 2004; Enver et al., 2005; Maitra et al., 2005; Taapken et al.,
2011).

Karyotype is the appearance of the chromosomes during cell division. The changes in the
karyotype that can take place include changes in chromosome numbers or in chromosome
structure. The aberrations can be chromosomal deletions, gains/insertions, or translocations.
Cells that have gained genomic alterations during in vitro maintenance are called as culture-
adapted cells and have altered state of self-renewal and differentiation (Enver et al., 2005;
Harrison et al., 2007; Maitra et al., 2005). These culture induced genomic alterations are a
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concern regarding the potential and safety of the cells for medical applications, since the
chromosomal changes and instability of genome are hallmarks of cancer (Albertson et al.,
2003) and may change the differentiation potential of the cells.

Some genetic abnormalities may exist already in the embryo before the ICM isolation,
however, most of the hESC lines have normal karyotypes and changes in the genome occur
later during in vitro maintenance (Lund et al., 2012). Studies have identified certain genomic
areas that are more sensitive to alterations in hESCs. Gains of chromosomes 12 and 17 have
been reported in several studies to be the most frequent changes of hES that accumulate
during culture (Baker et al., 2007; Cowan et al., 2004; Draper et al., 2004; Taapken et al.,
2011). Other chromosomal amplifications have also been reported, for instance gains of
chromosomes 8, 17, and X (Baker et al., 2007; International Stem Cell Initiative et al., 2011;
Taapken et al., 2011). Moreover, a number of studies have shown that the genomic changes
can occur at any stage of culture. Even though it is twice as likely to detect chromosomal
abnormalities at higher passage numbers than in the early passages, the changes can arise at
any stage (International Stem Cell Initiative et al., 2011; Laurent et al., 2011; Taapken et al.,
2011). In addition, there is no association with any particular culturing system and the
detected genomic changes (Taapken et al., 2011). The detected changes in the chromosomes
has also been reported to alter the expression levels of the genes located in these genomic
areas (Enver et al., 2005; Mayshar et al., 2010; Narva et al., 2010), thus affecting the
phenotype of the cells. In addition, the abnormal cell cultures are often mosaic cell
populations, in other words, the population is consisting of genotypically distinct cell types
(International Stem Cell Initiative et al., 2011).

2.7.1 Methods for detecting karyotypic changes

Methods that are currently used for detecting chromosomal aberrations in pluripotent stem
cells include cytogenetic analyses as Giemsa staining (G-banding) and fluorescence in situ
hybridization (FISH), in addition to microarray and sequencing based methods. G-banding is
a method of staining of metaphase chromosomes and is analyzed under the microscope. G-
banding creates pattern of bands specific for each chromosome (Drets and Shaw, 1971; Patil
et al., 1971). The method is routinely used to analyze the karyotypes of hES cells. The benefit
of the methods is the sensitivity for detecting mosaic cell populations and balanced
rearrangements. However, the low resolution, small number of cells used in the analysis, and
expertise required for the analysis comprise the disadvantages for the method. FISH is a
technique based on the localization of specific DNA sequences using fluorescence labeled
DNA probes (Langer-Safer et al., 1982). Like G-banding, FISH is able to detect mosaic cell
populations. Microarray based methods provide a higher-resolution technique to analyze the
genomic stability of the cells. Different array formats enable comparative genomic
hybridization (CGH) and detection of copy number variants (CNV) or single nucleotide
polymorphism (SNP). The material that is used in the array based methods is genomic DNA,
thus representing whole cell population, and incapable of detecting low level mosaicism or
balanced rearrangements. In addition to genome wide array methods, new high-throughput
next generation sequencing-based methods offer a novel technique to study the genomic
alteration of pluripotent cells. Nevertheless, both of these genome wide methods are
relatively costly and need expertise for the data analysis. (Maitra et al., 2005; Narva et al.,
2010; Wu et al., 2008)



26 Aims of the Study

3 AIMS OF THE STUDY

The goal of this study was to identify novel factors that are involved in the maintenance of
pluripotent state in hES cells. Two candidate genes were chosen for further studies to identify
their roles in the pluripotency maintenance. Furthermore, a new method for analyzing
karyotypic abnormalities in pluripotent cells was implemented.

The detailed aims of this thesis were to:

1. Identify novel factors enriched in pluripotent cells using genome wide approaches
throughout different cell lines grown in different laboratories with different genetic
background and growth conditions.

2. Identify the importance of POLR3G in the regulation of self-renewal and
development.

3. Elucidate the function of L1TD1 in the pluripotency maintenance of hESCs.

4.  Test and set up a method for routine high-throughput karyotyping to analyze the
genetic stability of pluripotent human stem cells.
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4 MATERIALS AND METHODS

4.1 Cell culture

4.1.1  Culturing of hES cells (1, I1, II1)

Human embryonic stem cell line H9 was obtained from WiCell Research Institute (Madison,
WI) and cell lines HS293, HS306, HS346, HS360, HS362, HS363, HS368, HS401 were
generously provided by Outi Hovatta (Karolinska Institutet, Sweden) and Heli Skottman
(Regea, Tampere, Finland). All hES lines were grown as stock culture and expanded on
mitotically inactivated human foreskin fibroblasts (ATCC) plated on 0.1% gelatin coated
(Sigma-Aldrich) cell culture plates. Dulbecco's modified Eagle's medium, DMEM-F12 (Stem
Cell Technologies), supplemented with 20% serum replacement, 2 mM glutamax, 1%
nonessential amino acids, 50 U/ml penicillin-streptomycin, 0.1 mM 2-mercaptoethanol
(Gibco), and 4 ng/ml basic fibroblast growth factor (bFGF) (R&D Systems) was used as ES
culture medium. For experiments, cells were plated in feeder-free conditions on Matrigel (BD
Biosciences) and grown in commercial mTeSR1 medium (Stem Cell Technologies) or in
fibroblast conditioned ES culture medium. Cells were passaged by using type IV collagenase
(Gibco), Accutase (Invitrogen), or mechanical cutting and culture medium was changed daily.

4.1.2  Culturing of embryonal carcinoma cells and cancer cell lines (1I)

Embryonal carcinoma cell (EC) lines, 2102Ep, NT2D1, and NT2D1-TetR3 were provided by
Dr. Peter W. Andrews or Dr. Jianliang Li (University of Sheffied, UK) (Andrews, 1984;
Zafarana et al., 2009). Cells were grown in EC medium: DMEM (Sigma) supplemented with
10% fetal calf serum (FCS) (PromoCell) and 2 mM L-glutamine (Sigma). 2102Ep was
passaged using 0.05% trypsin-EDTA, whereas NT2D1 and NT2D1-TetR3 were passaged by
scraping. TCam?2 cell line was obtained from Dr. Jukka Westermarck (Turku Centre for
Biotechnology, Finland) and was grown in RPMI 1640+GlutaMAX (Gibco) supplemented
with 10% FCS (PromoCell) and 1% Penicillin-streptomycin (Sigma). TCam2 cells were
passaged with 0.05% trypsin-EDTA.

4.1.3  Differentiation of human ES and EC cells (1, II)

Spontaneous EB differentiation series were made by scraping the cells from the plate and
transferring to non-coated cell culture plates. The cells were grown in normal ES culture
medium or in ES medium without bFGF. Medium was changed every 2-3 days. Induced cell
differentiation was performed using hESCs plated on Matrigel in feeder free conditions. The
medium was supplemented with 13.7uM retinoic acid (RA) (Sigma) and was changed daily
(IT) or every 2-3 days (I).

4.1.4  Analysis of cell numbers (I)

Cedex XS (Innovatis) system was used to determine the numbers of viable and dead cells in
response to siPOLR3G treatment based on Trypan Blue staining and cell morphology.
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4.2  Cell transfections and gene silencing

Cell transfections were performed according to manufacturer's protocol by using
Lipofectamine 2000 or Lipofectamine RNAiMax transfection reagents (Invitrogen). hES cells
were plated on Matrigel in mTeSR1 or conditioned ES medium and transfected 24 hours after
plating. A second transfection was performed 24 hours from first treatment. Sample
collection was started 48 hours after first transfection as day 1 samples. EC and cancer cell
transfections were performed 24 hours after plating and having approximately 50%
confluency.

4.2.1 Oligonucleotides for RNAi (I, 1I)

Five sequences were tested for silencing of L1TDI1. Sequence number three was selected
from the RNAi Codex shRNA database, whereas the others were selected from siRNA Target
Finder software of GeneScript. For transient L1TD1 silencing, the sequences were cloned
into pSuper-green fluorescent protein GFP-Neo (Oligoengine) vector that produces short
hairpin RNA (shRNA), using Bglll and Xhol cloning sites. The shRNA vectors were
synthesized by DNA Technology A/S (Risskov, Denmark). Sequences with the best
knockdown efficiencies, 1, 2, and 5, were ordered also as short interfering RNAs (siRNA)
(Sigma). All the sequences used for RNAi are listed in Table 2. Non-targeted siRNA
sequences and other siRNAs were chosen from the literature or were commercially available.

Table 2. Sequences used in RNAi

Target Sequence

L1TDI 1 GCAAGGACGTATCAGCAATTA

LI1TD1 2 AGGACAGAGTTTCAGCAAATA

L1TD1 3 GACAGAGTTTCAGCAAATAATC

LI1TDI 4 GCCGACCTTTCATCAGCAACA

L1TDI 5 GAGATGAGTCATGATGAGCATA

POLR3G 1 CCAGUACCACUGAAAACAGATAT

POLR3G 2 UGACGAUGAUGCCGCAGAA

POLR3G 3 Santa Cruzt Biotechnology, sc-43507, pool of 3 sequences
OCT4 AAGGAUGUGGUCCGAGUGUGG

SOX2 AAAACCAAGACGCUCAUGAAG

NANOG AAGGGUUAAGCUGUAACAUAC

NON-TARGETED 1 GCGCGCUUUGUAGGAUUCG (Mori et al., 2003)
NON-TARGETED 2 AAUUCUCCGAACGUGUCACGU (Hashimoto et al., 2004)
NON-TARGETED 3 CCUACAUCCCGAUCGAUGAUG (Berra et al., 2003)

4.2.2  Inducible stable gene silencing (II)

Clonal cell lines with doxycycline-dependent inducible L1TD1 shRNA were created to study
the effect of long term knockdown of LITDI (Andrews, 1984; Zafarana et al., 2009). shRNA
sequences 1 and 5 were cloned into pPSUPERIOR.neo plasmid (Oligoengine) using BglII and
Xhol cloning sites. NT2D1 cells stably expressing TetR3 were transfected with L1TDI
shRNA constructs. Cell clones expressing the transgene were selected by using EC medium
containing puromycin and G418 (Sigma) at concentrations of 3 pg/ml and 750 pg/ml,
respectively. The shRNAs were induced using doxycycline at concentration of 1 pug/ml.
Clonal sublines were expanded and screened for the knockdown efficiencies.
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4.3  Over expression plasmid constructs (II)

The open reading frame of L1TD1 without stop codon was cloned into pEF6-V5-His-TOPO
vector (Invitrogen) by TA cloning to get a V5-tagged L1TD1 over expression vector. This
vector was used for optimizing the best short hairpin RNA (shRNA) sequences for L1TD1
and for localization studies. The following cloning primers were used:
5’-GCCATGTCTGATGTATCTACTAG-3" 5'-AGGTATATTATTCCCCAGTAAT-3".

[His]e-tagged L1TDI1 protein was produced by cloning the open reading frame of L1TDI,
including the stop codon, into pET-20b(+) vector (Novagen) using Ncol and Xhol restriction
sites.  Cloning primers: 5-CGCGCGCCATGGATTCTGATGTATCTACTAGTGT-3"
5"-CGCGCGCTCGAGAGGTATATTATTCCCCAGTAA-3". [His]s-tagged protein was used
for L1TD1 specific antibody immunization.

L1TD1-Enhanced Green Fluorescent Protein (EGFP) over expression vector was produced
for localization studies, by cloning L1TD1 sequence into pCAGG-EGFP vector (gift
from Dr. Peter Andrews, University of Sheffield, UK) with Agel and Xhol restriction
sites with primers: 5’-CGCGCGCTCGAGATGTCTGATGTATCTACTAG-3",
5’-CGCGCGACCGGTTGAGGTATATTATTCCCCAGT-3".

4.4  Gene expression analyses

4.4.1 Analysis of the Stem Cell Matrix Data (1)

The Stem Cell Matrix Data was used to analyze the expression of LITDI
(http://www.ncbi.nlm.nih.gov/geo/)(GSE11508). Sample preprocessing was done with lumi-
package of R using quantile normalization algorithm and probe values were linked to the
Ensembl genes (NCBI 36). If several probes were detected within the region of the same gene
the probe values were mean centered.

4.4.2 DNA Microarrays (LII)

In project I the gene expression profiles of undifferentiated hES cells and differentiated cell
types were analyzed using Affymetrix UI33AB and U133plus2 microarrays. Published
datasets used in the analysis are listed in Table 3, in addition, unpublished datasets produced
in the group were used in the analysis. GeneSpring data analysis software (Agilent) was used
and RMA algorithm was used for normalization. Percentile cut-off 20 was used to filter out
the samples with low a expression level throughout the samples. Unpaired t-test and cut-off
p=<0.05 were used to identify statistically differentially expressed genes from the studies with
3 or more available replicates. A fold change cut-off was set at 1.5 between all the replicated
condition pairs within the experiment.
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Table 3. Published datasets used in the genome wide microarray analysis to identify stem cell
enriched genes.

Author Reference Array type
Enver et al. Hum Mol Genet. 2005 1;14(21):3129 U133A
Barberi et al. PLoS Med. 2005 2(6):e161 U133A
Hirst et al. Dev Biol. 2006 1;293(1):90 Ul133AB
Sato et al. Dev Biol. 2003 15;260(2):404 Ul33A
Golan-Mashiach et al. FASEB J. 2005 19(1):147 UI33A
Armstrong et al. Hum Mol Genet. 2006 1;15(11):1894 U133plus2
Skottman et al. Stem Cells. 2005 23(9):1343 UI33AB
Lu et al. Genome Biol 2007 8(11):R240 U133plus2

In project II the stable L1TD1 knockdown clones were analyzed by using Illumina BeadChips.
L1TD1 shRNAs were induced with 1 pg/ml doxycyline (Sigma) for six days. Three different
clones expressing two different sSiRNA sequences and their non-induced controls were used for
the analysis and hybridized on Illumina Human HT-12 v.3 Expression Bead Chip. The data
was normalized by using quantile normalization, and R-package Limma was used for statistical
analysis. Filtering criteria >1.3 for fold change and <0.05 for p-value were used to identify
statistically significant differences in gene expression. The raw data is available in the Gene
Expression Omnibus (www.ncbi.nlm.nih.gov/geo) with the accession code GSE21275.

4.4.3 Next-Next-Generation RNA Sequencing with Heliscope (I)

The gene expression profiles of undifferentiated hES cells and differentiated EBs were
analyzed with Single Molecule RNA Sequencing (Heliscope instrument, Helicos
Biosciences). One microgram of total RNA per sample was processed according to the
Helicos™ RNA Sequencing Protocol. Filtering and aligning the sequencing reads was done
with Helicos Helisphere software version 1.1.498.63. The pipeline was run using default
parameters and the reads were aligned against UCSC gene annotations for the hgl8 human
reference genome assembly. The gene expression values are presented as reads per kilo base
of exon model per million mapped reads. RPS13 and RPL27 were used as reference genes for
comparison of normalized expression reads of hES and EB samples.

4.4.4 Next-Generation Sequencing with HiSeq2000 (1)

POLR3G siRNA treated knockdown samples and control samples transfected with non-
targeted siRNA were analyzed with next-generation mRNA sequencing (HiSeq2000,
[llumina). The sample libraries were prepared from 1ug or 0.3 pg of total RNA with TrueSeq
RNA Sample Preparation Kit v3 (Illumina) according to manufacturer's protocol. The cluster
generation was performed automatically with the c-Bot instrument (Illumina). The samples
were multiplexed into a single lane and sequencing was carried out with 2x100bp chemistry
and HiSeq2000 platform (Illumina). The reads were aligned against UCSC gene annotations
for the hg19 human reference genome assembly using TopHat (Trapnell et al., 2009). RPKM
values were computed and genes having less than 0.3 RPKM in more than three of six
samples were excluded to filter the data (Ramskold et al., 2009). edgeR (McCarthy et al.,
2012) was used to determine differential expression to account for the paired design of the
input data. Adjusted p-values were computed with Benjamini-Hochberg method and FDR of
0.05 was used as a threshold for significance. Cut-off of 1.5 for fold change was used to
extract the differentially expressed genes between the sample groups.
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4.4.5 Ingenuity Pathway Analysis (III)

Ingenuity Pathway Analysis tool (Ingenuity systems) was used to determine and characterize
the functional pathways and signaling networks affected by the silencing of POLR3G and
L1TDL1.

4.4.6  Quantitative RT-PCT analyses (L,1I)

mRNA expression levels were analyzed using Tagman reverse transcriptase quantitative
polymerase chain reaction (RT-qPCR) 7900HT Fast Real Time System (Applied
Biosystems). RNA was isolated using RNeasy Kit and DNase I digestion in the column was
included (Qiagen). The concentration of the samples was measured with a Nanodrop detector
(Thermo Scientific). A second round of DNAse treatment was carried out for 500 ng or 1 pg
of total RNA with DNase I Amplification Grade (Invitrogen). A negative RT-qPCR control
run was performed by measuring levels of the reference gene EFla to verify that no genomic
DNA was present in the sample. Complementary DNA (cDNA) was synthesized using
Superscript II kit (GIBCO). The cycle of threshold values (CT) were compared to reference
gene (EFla or actin beta) to obtain normalized expression levels for the transcripts (ACt).
The primers and probes were designed using Universal ProbeLibrary Assay Design Center
(Roche). The sequences are listed in table 4. The probe sequence for EFla is 5'-(FAM)-
AGCGCCGGCTATGCCCCTG-(TAMRA)-3".

Table 4. Primers and probes used in the RT-qPCR analyses.

Target Primer Forward Primer Reverse Probe
ACTIN B ccaaccgcgagaagatga ccagaggcgtacagggatag 64
DNMT3B ggaaattagaatcaaggaaatacga aatttgtcttgaggcgcettg 83
EFla ctgaaccatccaggccaaat geegtgtggcaatccaat

LITDI1 tcccacaaaaggaagaaataaatc gctctatgcetttgagtctattaggg 69
LIN28 aagcgcagatcaaaaggaga ctgatgctctggcagaagtg 23
NANOG cctgaacctcagctacaaacag getattcttcggecagttgt 87
OCT4 agcaaaacccggaggagt ccacatcggectgtgtatatce 35
OCT4? agcaaaacccggaggagt ccacatcggcctgtgtatate 69
OCT4°® cttcgcaagccctcattte gagaaggcgaaatccgaag 60
0oCT4* cctgtetecgtcaccactct ggcacaaactccaggttttc 52
0CT4’ ctttgaggctctgecagettag ctgctttgcatatctcctgaag 69
OCT4°¢ ccgecgtatgagttetgtg caggctgagaggtctccaa 57
PAX6 tcaccatggcaaataacctg cagcatgcaggagtatgagg 20
POLR3G cgcagaacaggaggaatatga cactgtctgcgecaaaatc 35
POLR3GL | gcccagtacatttcaagttgg gggcctgggtattcagagat 62
SOX2 atgggttcggtggtcaagt ggaggaagaggtaaccacagg 19
TUBB3 gcaactacgtgggcgact cgaggcacgtacttgtgaga 78

4.5  Protein expression analyses (LII)

To analyze protein expression levels, samples were lysed in a cell lysis buffer (50 mM Tris-
HCI pH 7.5, 150 mM NaCl, 0.5% TX-100, 5% glycerol, 1% sodium dodecyl sulfate (SDS), 1
mM Na3;VO4, 10 mM NaF, and 1 mM phenylmethanesulfonyl fluoride). Protein
concentrations were determined with DC Protein Assay (Bio Rad), and boiled with 6xSDS
sample buffer (0.5 M Tris-HCl pH 6.8, 28% glycerol, 9% SDS, 5% 2-mercaptoethanol,
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0.01% bromphenol blue). Samples were run on 10% SDS polyacrylamide gel and transferred
to a nitrocellulose membrane. Membranes were incubated with primary antibodies over night
at +4°C and after 3x5 min washes with Tris-Buffered Saline and Tween (TBST, Biotop)
horseradish peroxidase conjugated secondary antibodies were incubated for 1 hour at room
temperature. Enhanced chemiluminescence reagent (Amersham Biosciences) or developing
solution (Pierce) was used for detection.

4.6  Antibodies (III)

L1TD1-[His]s -protein produced from pET20b vector was over expressed in Escherichia coli
strain BL21(DE3)CE4 (Avidis) using 0.4 mM isopropyl-B-D-thiogalactopyranoside
(AppliChem) for induction. L1TD1 protein was isolated from inclusion bodies, solubilized,
and purified using His-tag Talon metal affinity resin (Clontech). 10% SDS gel was used to
size separate protein antigen. LITDI1 protein was extracted from the gel and its identity was
verified by liquid chromatography-tandem mass spectrometry. Rabbit polyclonal antibody
against this purified L1TD]1 protein antigen was produced by BioGenes (Germany). Custom
designed peptide ISKERQRDIEERSR was used to produce another polyclonal rabbit
antibody with peptide immunization (BioGenes). Commercial and other antibodies used in
the studies are listed in table 5.

Table 5. Antibodies used in the studies. Abbreviations: WB, western blotting; FC, flow cytometry;
ChIP, chromatin immunoprecipitation; I, immunohistochemistry; IP, protein immunoprecipitation

Target protein Cat No Company Purpose
A2BS5 Gift from P.W.Andrews FC
A488 anti-mouse A11001 Invitrogen I

A488 anti-rabbit A21441 Invitrogen I

AS555 anti-mouse IgG (H+L) A21424 Invitrogen I

A594 anti-rabbit A11037 Invitrogen I
ACTIN B A5441 Sigma WB
AGO2 011-22033 Wako WB, I
Anti-Goat-HRP 554021 BD Pharmingen WB
Anti-Mouse-HRP Sc-2005 SantaCruz Biotechnology WB
Anti-Rabbit-HRP Sc-2020 SantaCruz Biotechnology WB
CASP3 96625 Cell Signaling WB
DCP1A Ab57654 Abcam I
DNMT3B Ab13604 Abcam WB
EEALI Ab70521 Abcam I

FITC anti-mouse IgG+IgM M30801 Caltag Laboratories FC
GAPDH 5G4 HyTest WB
Goat IgG Sc-2028 SantaCruz Biotechnology ChIP
GW182 Ab70522 Abcam I
LITDI HPA028501 | Sigma WB,IP,I
LIN28 Ab46020 Abcam WB
LIN28 ADb75483 Abcam I
NANOG Sc-33759 SantaCruz Biotechnology WB
NANOG AF1997 R&D Systems WB,ChIP
OCT4 Sc-9081 SantaCruz Biotechnology WB
OCT4 Sc-8628x SantaCruz Biotechnology ChIP
P21 sc-817 SantaCruz Biotechnology WB
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Target protein Cat No Company Purpose
P3X Gift from P.W.Andrews FC
PABP Sc-32318 SantaCruz Biotechnology WB
PAX6 DSHB WB
POLR3G Sc-21754 SantaCruz Biotechnology WB
POLR3GL HPA027288 Sigma WB
pSMADI1/5/8 9511L Cell Signaling WB
Rabbit IgG #2729s Cell Signaling ChIP,IP
RHA Ab54593 Abcam WB
SOX2 AF2018 R&D Systems WB
SOX2 #5024s Cell Signaling ChIP
SSEA-1 Gift from P.W.Andrews FC
SSEA-3 Gift from P.W.Andrews FC
TIAL ADb2712 Abcam I
TRA-1-60 Gift from P.W.Andrews FC
TRA-1-60 MAB4360 Millipore I
TRA-1-81 Gift from P.W.Andrews FC
V5 P/N46-0705 Invitrogen I

4.7 Immunofluorescence (II)

Immunofluorescence analysis of protein localizations was performed with cells plated on
microscopy cover slips. Mitotically inactivated fibroblasts were plated 24 hours prior to
hESC plating. Cell transfections were performed using Lipofectamine 2000 (Invitrogen)
according to the manufacturer's protocol and immunocytochemistry was done 48 hours after
transfections. The cells were fixed with 4% paraformaldehyde for 10-20 minutes at room
temperature. Cell surface proteins were stained 30 minutes at room temperature.
Permeabilization for intracellular protein staining was done with 0.1%-1% Triton-X 100 for
20 minutes at room temperature. Incubation of antibodies against intracellular proteins was
30 minutes at room temperature. Last, incubation of 4',6-diamindino-2-phenylindole (1pg/ml)
(Invitrogen) for one minute was done to stain nuclear DNA. Fluorescence images were
captured with Zeiss AxioVert 200M or with Leica TCS Sp2 confocal microscope. Colocation
of proteins was analyzed with Leica TCS confocal software. Antibodies used are listed in
table 5.

4.8 Immunoprecipitations

4.8.1 Chromatin immunoprecipitations (II)

Chromatin immunoprecipitation studies were used to determine the core pluripotency
transcription factor binging to L1TD1 promoter region using protocol from Li et al. (Li et al.,
2003). 500 pg of sonicated chromatin and 10 pg of antibodies were used per reaction.
Antibodies used are listed in table 5. Anti rabbit (#112.04) or protein G (#112.02) magnetic
beads (Dynal Biotech, Life Technologies) were used for precipitation. Reverse cross linking
was done at 65°C for 12 hours and DNA was treated with Proteinase K and RNase A and
purified with QIAquick PCR purification kit (Qiagen). Binding of transcription factors was
confirmed with PCR using primers upstream of L/TD] transcription start site. Primers:
Sense: 5'-AGGTGACCTTGGGGTTCAG-3', antisense: 5'-TCCCCGGAAATCGCATTC-3".
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4.8.2  Protein-protein immunoprecipitations (II)

Cells were washed twice with cold Phosphate-Buffered Saline (PBS) and lysed into NP40
cell lysis buffer (20-50 mM Tris, 150 mM NaCl, 0.5% sodium deoxylate, 0.5% NP40)
supplemented with PhosSTOP and complete EDTA-free protease inhibitors (both from
Roche). Cell lysates were incubated in the presence or absence of 10-1000 pg RNase A
(Qiagen) to identify direct protein-protein interactions and RNA-dependent interactions. For
precipitations Bio-Adembeads (Ademtech) or proteinG Dynabeads (Invitrogen) were used
according to manufacturers' protocol.

4.8.3  Protein-RNA binding assays (II)

The protocol of Hafner ef al. (Hafner et al., 2010) was used to analyze L1TD1 bound RNA
molecules. The cells were cultured to be around 50% confluency when 100-500 pM 4-
thiouridine containing medium was added, followed by 16-20 hours incubation at 37°C.
Protein-RNA complexes were UV (365 nm) cross linked and harvested. Cells were lysed in
NP-40 buffer (chapter 4.8.2) followed by immunoprecipitation with L1TD1 antibody and
cross linking to magnetic proteinG Dynabeads (Invitrogen) according to manufacturer's
protocol. LITD1 bound RNA molecules were run on SDS-PAGE gel and extracted. From
purified RNA sample cDNA was synthesized using first strand cDNA synthesis kit (Roche)
with random hexamer primers. RT-qPCR analysis of target genes was performed as described
in 4.4.6.

4.9  Flow cytometry (II)

For flow cytometry analyses cells were collected from Matrigel plates with trypsin and
washed with surface staining buffer (D-PBS, 2% FCS, 0.01% azide). Primary antibodies were
incubated for 30 minutes at 4 °C followed by two washes with surface staining buffer.
Secondary antibody incubation was 30 minutes at 4 °C. Antibodies are listed in table 5. Cells
were run with FACS Calibur (BD) and analyzed with Cell Quest FACS Diva.

4.10 Proliferation and colony forming assays (1)

The cell growth was analyzed using CellTiter 96 Nonradioactive Cell Proliferation Assay
(Promega) according to manufacturer's protocol with 1 hour solubilization step. Colony
forming assays were performed with L1TD1 and non-targeted siRNA treated cells cultured
for 12 days and stained with crystal violet.

4.11 Validation of KaryoliteTM BoBS™ for detecting genetic changes (I1I)

KaryoLite™ BoBs™ BACs-on-Beads™ assay (Perkin Elmer) was tested in collaboration
with Perkin Elmer for analysis of genomic stability of hES cells. Sample preparation was
done according to the manufacturer's protocol. BACs (bacterial artificial chromosomes) are
large cloned sequences of human DNA, which in this case are targeted to all human
chromosomes, at least two probes targeted to each chromosome arm. BACs are immobilized
onto encoded microspheres (Luminex) distinguishable by the Luminex instrument system.
Genomic DNA was extracted with the PureLink PCR Purification Kit (Invitrogen) according
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to manufacturer's protocols. Purified sample and reference DNAs were labeled with biotin
and purified. Labeled DNA was hybridized onto BACs bead mix. Hybridized beads were
washed and incubated with the streptavidin-phycoerrythrin reporter dye. BoBsoft' ™ analysis
software (Perkin Elmer) was used for analysis and data interpretation to analyze the relative
amount of fluorescent DNA bound to the beads. The BoBsoft™™ presents the karyotypes as a
ratio plots against female and male references. The KaryoLite™ BoBs™ method was
compared to previously published genomic analyses made with Affymetrix SNP6.0 arrays by
reanalyzing DNA samples (Narva et al., 2010) in addition to new samples. To analyze the
detection threshold of KaryoLite"™ BoBs™ for mosaic cell populations, a dilution series of
karyotypically abnormal cells was prepared. H9 cells with normal genome were mixed with a
HO line that had trisomy of chromosome 12. Cells were mixed in 0%, 20%, 30%, 50%, and
100% proportions.

4.12 Ethical consideration

Ethics Committee of South-West Finland Hospital District has given the permission for the
culture of human embryonic stem cell lines. The research was carried out following good
scientific practice and guidelines of the National Advisory Board on Research Ethics.
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5 RESULTS

5.1 Identification of novel factors regulating hESC pluripotency (I, IT)

Pluripotent stem cells offer a valuable resource for developmental studies, disease modeling,
and new possibilities for medical applications and regenerative medicine. Before pluripotent
cells can be used in any therapeutic applications in humans, the detailed properties of the
cells need to be understood. Identification of new factors involved in the regulation of
stemness and understanding the basic properties of the cells are important considerations in
these applications.

We have used genome wide Affymetrix microarrays to analyze the transcriptomes of a large
set of pluripotent hES and differentiated cells in order to identify novel factors expressed
specifically in pluripotent cells. The sample set consisted of 9 different studies of 18 hESC
lines, hESC derivatives, and somatic tissues. This analysis resulted in the identification of a
list of stem cell specific genes, that included already known stem cell markers and two novel
factors, L1ITD1 and POLR3G (I: Figure 1). Based on their very specific expression profiles in
pluripotent cells, LITD1 and POLR3G were selected for further studies on their roles in
pluripotent cells. POLR3G is a polypeptide of DNA directed RNA polymerase III
multisubunit complex, whereas L1TDI1 was an expressed sequence tag with no known
protein or function at the time of identification in the transcriptome analysis.

5.1.1 POLR3G and LITDI are specifically expressed in pluripotent cells

After observing that POLR3G and L1TD1 were highly and specifically expressed in hESCs
in the genome wide transcriptome analysis, the results were validated using various methods.
First, the high expression of both genes in pluripotent cells and decline in expression in
response to differentiation was confirmed experimentally both at the protein and mRNA
levels using undifferentiated, RA induced, and spontaneous EB differentiation of hESCs (I:
Figure 2B,C and II: Figure 1A-D). Also, Helicos next-next-generation RNA sequencing was
able to verify the expression of both factors in pluripotent cells and down regulation in
response to differentiation (I: Figure 2A). The expression levels and down regulation kinetics
of POLR3G and L1TD1 were comparable to known pluripotency factors, indicating role in
the regulation of stem cell fate.

5.1.1.1 POLR3G and POLR3GL have inverse expression profiles

POLR3G has been reported to have an isoform named POLR3GL, and the isoforms have
partially different expression profiles in human cell lines (Haurie et al., 2010). We studied the
expression profiles of these two isoforms in pluripotent and differentiated hESCs and were
able to show reciprocal protein level expression of the isoforms in the undifferentiated state
and in response to induced and spontaneous cell differentiation (I: Figure 6B,C). As already
mentioned in chapter 5.1.1, the mRNA levels of POLR3G decrease during differentiation. In
contrast, mRNA levels of POLR3GL are not significantly changed during differentiation (I:
Figure 6A) indicating POLR3GL to be regulated in post-transcriptional manner.
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5.1.2 POLR3G and LITD1 are regulated by core stem cell factors

Because of the stem cell specific expression profiles of POLR3G and L1TDI1, we were
interested to study whether core transcription factors are responsible for the expression of
POLR3G and LITD! in hESCs. ChIP-on-chip studies indicate that SOX2 and NANOG are
binding to L/TDI/ promoter and OCT4, SOX2, and NANOG are binding to POLR3G
promoter (Boyer et al., 2005). Moreover, L1TD1 and POLR3G both appear to have
activating H3K4me3 epigenetic histone mark on their promoters in undifferentiated hESCs
(Zhao et al., 2007).

The occupancy of core stem cell factors on L/7D1 promoter was analyzed using chromatin
immunoprecipitation with OCT4, NANOG, and SOX2 antibodies. The results showed
amplification of L/TD] transcriptional start site with all factors, demonstrating all the three
transcription factors binding to the L/7D1 promoter (II: Figure 2B). Furthermore, the effects
of core stem cell factors on L1TD1 were analyzed by measuring the levels of L/7D/ mRNA
transcripts in response to siRNA mediated silencing of OCT4, NANOG, and SOX2. The
results illustrated clear down regulation of L/7D1, indicating reduced transcription (I1I: Figure
2A).

When analyzing the regulation of POLR3G by the core stem cell factors, siRNA silencing
and western blotting was used. POLR3G protein levels were always negatively regulated in
response to OCT4 siRNA treatment. The effects of NANOG, SOX2, and L1TDI silencing on
POLR3G decrease were not consistent between the replicates, indicating that OCT4 has the
master role in the regulation of POLR3G, and the effects of other factors might be indirect. (I:
Figure 3)

5.1.3 POLR3G and LITDI are required for the pluripotency maintenance and self-
renewal

Because of their specific expression profiles in pluripotent cells, we expected both POLR3G
and L1TDI1 to have an important role in the regulation of stemness and self-renewal. The
importance of these factors was studied by using RNAi with siRNA oligonucleotides targeted
to POLR3G and L1TDI, and also inducible stable expression of L1TD1 shRNA in clonal
NT2D1 cell lines. The effects of POLR3G and L1TD1 silencing were measured with a wide
range of experiments.

5.1.3.1 L1TD1

Efficient silencing of L1TD1 was confirmed by analyzing L1TD1 expression levels by
western blotting and RT-qPCR (II: Figure 1E,G). Silencing of L1TD1 showed significant
effect on known pluripotency markers, OCT4, NANOG, SOX2, and LIN28, suggesting an
important role for LITD1 in the regulation of pluripotency and self-renewal (II: Figure 1E,
1G, 51). When analyzing cell surface markers with flow cytometry from siL1TD1 treated
cells, a decrease of pluripotency associated markers (SSEA-3, TRA-1-60) was detected,
whereas the differentiation associated cell surface markers (SSEA-1, A2B5) were induced (II:
Figure 1F).

Inducible and stable knockdown of L1TD1 in NT2D1 cell line resulted in similar conclusions
as stated above. The down regulation of core pluripotency regulators OCT4, NANOG, and
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SOX2 was detected with western blotting. The samples were also analyzed with Illumina
BeadChips to identify the genome wide effects of L1TDI silencing. The array analysis
showed the reduction of SOX2 and PRDM14, indicating loss of self-renewal. In addition,
pathway analysis revealed up regulation of trophectodermal marker GATA2, and CEBPB,
and CDH1, suggesting cell differentiation in response to LITD1 reduction (data not shown).

Taken together, the data indicated loss of pluripotency and induction of differentiation in
response to reduced levels of L1TDI1. Our results suggest a vital role for L1TD1 in the
pluripotency maintenance of hESCs.

5.1.3.2 POLR3G

The efficient knockdown of POLR3G in response to siRNA treatment was confirmed at the
protein and mRNA levels (I: Figure 4C,D). siRNA mediated knockdown of POLR3G led to a
significant change in the cell morphology and decreased cell numbers, and that was observed
already 24 hours after siRNA introduction (I: Figure 4A,B). Importantly, the effects of
POLR3G silencing on known pluripotency regulators demonstrated POLR3G to be required
for self-renewal. Decreased expression of POUSFI, NANOG, and LITDI mRNA and OCT4
and NANOG protein levels was observed (I: Figure 5). Interestingly, analysis of SOX2 levels
gave inconsistent results. The mRNA level of SOX2 was found to increase, whereas the
measured protein level was decreased (I: Figure 5A,B). In addition to SOX2 induction, we
also identified neuroectodermal differentiation markers PAX6 and TUBB3 mRNAs to be
induced in response to POLR3G silencing (I: Figure 5A). Induction of mesoderm markers
GATA2, SOX17, T, and aMHC were observed in some of the replicates of siRNA cultures,
although not consistently. We did not detect up regulation of endo- or trophoblast markers
(data not shown). Taken together, silencing of POLR3G resulted in reduced self-renewal and
increased expression of neuroectodermal differentiation markers, indicating POLR3G to be
vital for pluripotency maintenance of hESCs.

5.2  Functional characterization of POLR3G in hESC (I)

5.2.1 Silencing of POLR3G leads to decreased cell proliferation

We detected a significant effect on cell growth and proliferation in siRNA mediated silencing
of POLR3G. Depletion of POLR3G in hESCs resulted in at least 50 % decrease in cell
numbers compared to non-targeted siRNA treatment, and the effect correlated with
knockdown efficiency (I: Figure 4B-D). However, the number of dead cells was not observed
to be increased in response to knockdown, as was calculated with Cedex XS system and
trypan blue staining. We analyzed apoptosis and cell cycle arrest proteins from the
siPOLR3G samples to see if the decreased proliferation was due to induction of these factors.
Proliferation inhibitor protein 21 (p21, CDKN1A) was not detected to be induced in response
to siPOLR3G treatment, suggesting that the proliferation block was independent of p21 (I:
Figure 5B). Also, we measured the levels of apoptosis related executioner caspase, CASP3,
and found the active form of the protein to be down regulated in response to siPOLR3G,
supporting the observation that cells were not apoptotic (I: Figure 5B).
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5.2.2 POLR3G target genes are involved in vital intracellular programs and early
development

We analyzed the possible target genes of POLR3G by performing RNA-seq deep sequencing
analysis from the samples where POLR3G was silenced. The goal was to identify transcripts
regulated by POLR3G and to identify the pathways regulated in response to loss of POLR3G.
The analysis resulted in identification of 1180 of significantly down regulated genes and 369
of up regulated genes, with a cutoff of <0.05 for the p-value and >1.5 for the logFC. The
higher number of significantly down regulated genes suggests that POLR3G mostly
positively regulates genes.

The cellular functions that were most strongly affected by POLR3G suppression included
intracellular programs vital for cellular maintenance and early development (Ingenuity
Pathway analysis) (I: Figure 7). Interestingly, CDKN2A, a negative regulator of cell cycle,
was strongly induced (logFC 3.9) in the dataset, indicating that it might be a factor
responsible for the detected proliferation block. The pathway analysis revealed that potential
upstream regulators of affected target genes could be for instance TP53 and FGF1, both of
which have important roles in stem cell functions. Importantly, the developmental programs
affected included development of organismal, nervous system, and tissue development, as
well as morphology of tissue and organs, supporting our findings and showing a crucial role
for POLR3G in the regulation of early development.

5.3  The function of L1TD1 in hESC (II)

5.3.1 LITDI1 has the ability to bind RNA molecules

LITDI belongs to the same family of proteins than mammalian LINE-1 element, ORFI
protein. ORF1p is required for retro transposition and able to bind nucleic acids (Martin,
2006). The amino acid sequence of LITD1 and alignment analysis with ORF1 revealed that
L1TD1 is composed of three different domains, including an RNA recognition motif (RRM),
coiled-coil domain and c-terminal domain (CTD) (II: Figure 4A). Also the gene expression
profile analysis showed that L/7TDI] expression is highly correlated with RNA binding
proteins (RBSs), including LIN28 and ESRPI (II: Figure 4C). Based on this information we
wanted to test whether L1TD1 is an RBP.

To test if LITD1 can bind RNA, an immunoprecipitation study was performed. L1TDI1
bound molecules were analyzed on SDS-PAGE gel, extracted, and purified. From the
purified RNA fraction we were able to amplify L/7D/ mRNA transcript (II: Figure 4B),
which was expected based on the fact that ORF proteins tend to bind their own transcripts
(Martin, 1991; Martin, 2006). We also examined if sequences of POUSF1, NANOG, LIN2S,
or EFla were present in the RNA fraction, to test if L1TD1 has role in the regulation of their
mRNA stability. However the results were negative, at least with the primer pairs used for the
analysis (data not shown). POUSFI was analyzed with six different primers designed to
cover different parts of the amplicon, but the result was still negative. POUSF[ was carefully
tested, since LIN28 has been shown to regulate its stability and translation (Qiu et al., 2010).
Nevertheless, we concluded L1TDI1 to be an RBP.
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5.3.2 LITDI is localized to RNA-protein-complexes and translational machinery with
LIN28 and RHA

After identifying LITDI as an RBP, we were interested to identify its interaction partners.
Previously, we had identified L1TD1 to localize in the cells in cytoplasm as spherical
structures. We were able to identify these structures as processing bodies (P-body) and co-
location of L1TD1 with a P-body marker AGO2 (Sen and Blau, 2005) and LIN28. Further,
immunoprecipitation analyses showed positive signal demonstrating L1TD1 and LIN28
proteins to interact. The immunoprecipitation with AGO2 was negative (II: Figure 5C,D).
Because P-bodies are not membrane enclosed structures, but dynamic structures composed of
protein and RNA molecules, we tested if the L1TD1-LIN28 interaction is direct protein-
protein interaction. Immunoprecipitation reaction was treated with RNase A to eliminate the
RNA molecules. As a result, the LIN28 interaction with L1TD1 was lost, indicating the
interaction to be RNA dependent. Furthermore, immunostainings performed in the presence
of RNaseA showed spherical L1ITD1-AGO2 structures to vanish (II: Figure 5B). Similar
results were obtained with siL1TDI treated cells analyzed by immunofluorescence, where
both AGO2 and LIN28 expression were lost, indicating reduction of P-bodies in response to
L1TD1 silencing (II: Figure 5F,G). The results suggest a crucial role for LITD1 in the RNA
protein complexes.

LIN28 has been shown to bind RNA helicase A (RHA) and to be involved in the translational
machinery (Jin et al., 2011). We were interested to test if also L1TDI is part of translational
machinery. Indeed, we detected direct protein-protein interaction with RHA, and RNA
dependent interaction with poly A binding protein (PABP), that is also part of the
translational machinery (II: Figure 5H). Moreover, we tested if a decrease in L1TDI1
expression has any effect on its interaction partners, and showed these proteins to be down
regulated in response to L1TDI1 silencing (II: Figure 5I). We concluded that, L1TD1 is an
RBP that mediates its functions by operating in the cytocolic RNA protein complexes and
translational machinery. The schematic illustration of L1TD1 with its interaction partners is
presented in Figure 6.

Figure 6. L1TDI1 is associated with translational machinery and P-bodies. A) Schematic illustration
of the interactions of L1TD1with RHA, PABP, and LIN28 in the translational polyribosome. elF
represents eukaryotic initiation factors. B) Schematic illustration of L1TD1, LIN28, and AGO2
locations to P-body, a dynamic protein-RNA aggregate.
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5.3.3 LITDI is expressed in certain cancers and affects cell proliferation

In addition to pluripotent stem cells, LITD1 was identified to be expressed in certain cancers,
like many other stem cell specific genes. In Silico Transcriptomics database (Kilpinen et al.,
2008) showed L1TDI1 to be expressed in colorectal carcinoma, seminoma and non-seminoma
of testis, ovarian germ cell tumors and Ewing's sarcoma (II: Figure 3A). We used seminoma
cell line TCam2 and nonseminomatous cell line 2102Ep to study the expression of L1TDI
and effect of its knockdown in these cell lines. We detected high L1TD1 expression in both
of the cell lines and reduction of self-renewal in response to LITDI silencing, as OCT4 and
NANOG were down regulated (II: Figure 3B). Moreover, the pathway analysis of NT2D1 EC
cells with stable L1TD1 silencing indicated that genes affected by L1TDI1 are involved in
cancer and cell proliferation. Consistent with this notion we measured reduced colony
formation capacity and reduced proliferation in the cells where L1TD1 expression was
silenced (II: Figure 3C). Based on our results, L1TD1 is needed also for the self-renewal and
proliferation of certain cancer cell lines and could provide a new diagnostic marker for these
cancers. However, confirming this hypothesis need further investigation.

5.4  Karyotyping of hESC with KaryoLite™ BoBs™ (III)

Since the genomic stability of pluripotent cell lines in long term culture is shown to associate
with karyotypic abnormalities, the cell cultures need to be routinely checked. Previous studies
have identified that the most common genomic change occurring during hESC cultures
involve gains of partial or whole chromosomes. (Lund et al., 2012). In collaboration with
Perkin Elmer, KaryoLite™ BoBs™ was tested for its suitability to be used as method for
hESC karyotyping. We compared KaryoLite™ BoBs™, conventional G-banding, and array
based methods by reanalyzing samples from previous studies (Narva et al., 2010) in addition
to new samples from karyotypically normal and abnormal hESCs. We tested KaryoLite™
BoBs™ for its capacity to detect known abnormalities in sample set that included seven
different hESC lines (12 samples), most of which had been previously analyzed with both G-
banding and Affymetrix high resolution SNP6.0 arrays. The panel of samples represented
normal karyotypes as well as chromosomal aberrations, both losses and amplifications.

KaryoLite™ BoBs™ analysis did not detect genomic abnormalities in samples with normal
karyotypes, as predicted. The abnormal samples used in the study and characterized with G-
banding and/or SNP6.0 array, were detected to be abnormal also by KaryoLite™ BoBs™
(III: Figure 1). In addition, KaryoLite™ BoBs"™ and Affymetrix SNP6.0 detected gain in a
particular sample that surprisingly was not detected in conventional G-banding karyotyping
analysis. Equally to Affymetrix SNP6.0 array results, balanced translocations that were
identified in G-banding were not detected with KaryoLiteTM BoBs™. Taken together,
KaryoLite™ BoBs™ was able to detect the majority of the karyotypic abnormalities detected
using other methods, and concurred with the results obtained from G-banding and Affymetrix
SNP6.0 array. KaryoLite™ BoBs'", however, is not appropriate for detecting balanced
translocations. We concluded KaryoLite™ BoBs™ to be suitable for routine based high-
throughput karyotyping of pluripotent cell lines in a cost-efficient manner.

5.4.1 Detection threshold of KaryoLite™ BoBs™

Cell cultures frequently consist of mosaic populations that contain cells with more than one
genotype. We tested the sensitivity of KaryoLite™ BoBs™ to detect karyotypic changes in



42 Results

heterogenic cell populations. For this purpose, karyotypically normal H9 cells were mixed
with cells from the same H9 cell line that had trisomy of the chromosome 12. The
proportions analyzed were 0%, 20%, 30%, 50%, and 100%. When the proportion of
karyotypically abnormal cells was >30%, the amplification was detected with KaryoLite™
BoBs™ (III: Figure 2). However, mosaicism of FES29p37 cell line previously detected with
G-banding, was not detected with KaryoLite™ BoBs™ or Affymetrix SNP6.0 (Narva et al.,
2010). Taken together, KaryoLite™ BoBs™ enables analysis of whole cell populations and
the sensitivity of the assay can detect mosaic cell populations when the percentage of
abnormal cells is at least 30%.
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6 DISCUSSION

6.1 POLR3G is required for pluripotent hES cells (I)

POLR3G was identified as a hESC specific transcript in our genome-wide transcriptome
analysis. The stem cell specific expression profile of POLR3G was also listed in previous
studies, emphasizing its universal expression in pluripotent cells and supporting our
observation (Armstrong et al., 2006; Assou et al., 2007; Enver et al., 2005). Interestingly,
data from Enver ef al. showed POLR3G to be most highly expressed in the most pluripotent
fraction of stem cells, sorted based on SSEA-3 marker, highlighting its role in pluripotent
cells.

While our study was in progress, Haurie ef al. and Wong et al. also reported hESC specific
expression profile of POLR3G (Haurie et al., 2010; Wong et al., 2011). Wong et al. further
showed that POLR3G regulates pluripotency of hESCs. Our results are in keeping with those
of Wong et al. concluding POLR3G to be vital for pluripotency maintenance.

We detected a significant effect on hESC proliferation in response to POLR3G silencing.
Enver at al. also detected reduced numbers of NTERA2 EC cells as a result of POLR3G
depletion, supporting the idea that POLR3G has role in cell growth. Pol III transcription
products are reported to be essential for cellular processes, including transcriptional
regulation, as well as translation and RNA processing, thus important for cell growth
(Teichmann et al., 2010; White, 2011). Pol III complex is composed of 17 subunits, of which
POLR3G (RPC32/RPC7) is the only pol III specific subunit with no sequence/structure
homology with pol I or pol II transcriptional machineries (Teichmann et al., 2010). The
ternary complex of RPC32(POLR3G)/RPC39/RPC62 has been shown to be needed for
accurate transcriptional initiation of pol III (Wang and Roeder, 1997). RNA pol III occupies
three different types of promoters, two gene internal promoters and one upstream promoter.
The ternary complex is involved in all of these three promoter types, while the composition
of general transcription factors is different between the promoters (Figure 7). These results
further support our findings of the importance of POLR3G to cell proliferation. Loss of
POLR3G is likely to influence the whole pol III complex at all promoter types and all pol III
transcripts, which further results in the reduced expression of structural molecules vital for
cell function and protein synthesis.

Development and differentiation depends on spatially and temporally accurate execution of
gene expression. The transcriptional machinery of active pol I gene promoters in pluripotent
hESC has a more distinct composition of transcriptional components than the differentiated
derivatives (Maston et al., 2012). Apparently, the same applies to pol III transcription. For
instance, two paralog subunits (BRF1 and BRF2) of pol III transcription factor IIIB (TFIIIB)
occupy different types of gene promoters (Moqtaderi et al., 2010). Cell type specific
components of the transcriptional machinery enable complex tissue specific transcriptional
programs, and pol III transcription has been associated with stage and tissue specific gene
expression (Dieci et al., 2007; Hochheimer and Tjian, 2003). In vertebrates, one pol III
transcribed gene (BC1 RNA) has been shown to have a neuron specific expression
(Martignetti and Brosius, 1995; Teichmann et al., 2010). Our results on the hESC specific
expression profile of POLR3G and the inverse expression with POLR3GL isoform may
provide a new pair of factors regulating cell type specific transcription. We propose that
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POLR3G is the key component of the pol III complex in pluripotent cells, and during the
early differentiation is replaced by an alternative isoform POLR3GL. Comparison of the
genome-wide ChIP profiles of the isoforms would provide novel information on the specific
transcriptional profiles. Also, whether there are other changes in the pol III complex during
hESC differentiation remains to be determined.
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Figure 7. Schematic illustration of POLR3G(RPC32a) and POLR3GL(RPC32f) in the multisubunit
complex of pol III together with general transcription factors on the gene promoter areas. A) An
example of a gene internal promoter B) An example of an upstream gene promoter. Different
promoter types have different compositions of transcription factors. POLR3G containing ternary
complex (dark red) of pol III complex (light red) is involved in all types of transcribed promoters.
Abbreviations: PSE: proximal sequence element, TBP: TATA box binding protein, SNAPc: small
nuclear RNA activating protein complex, TSS: transcription start site, TFIIIC: transcription factor III
C. Modified from (Dumay-Odelot et al., 2010; Teichmann et al., 2010; White, 2011).

Silencing of POLR3G led to reduced self-renewal and induced differentiation, indicating that
POLR3G containing pol III regulates pluripotency associated transcripts. We used genome-
wide RNA sequencing to identify the genes affected by depletion of POLR3G in hESCs. The
RNA-seq analysis was made for RNAs extracted to represent long, >200nt, RNA molecules.
As a result of Ingenuity Pathway Analysis, we concluded that POLR3G regulates global
intracellular programs vital for cellular maintenance and early development. This was
consistent with our previous observations from siRNA studies. Based on the pathway
analysis, TP53 was among the top candidates of upstream regulators of the genes
significantly regulated in response to POLR3G depletion. TP53 and RB have been shown to
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regulate pol III transcription by binding to and inactivating TFIIIB (Felton-Edkins et al.,
2003). This supports our results indicating that the affected genes represent genes transcribed
by pol III. Interestingly, c-Myc has been shown to regulate and activate pol III transcription
(Felton-Edkins et al., 2003). Deregulation, and accumulation, of pol III transcripts is
frequently associated to cancers, which can be explained by the regulation of these known
cancer related proteins. This further links pol III transcription to accelerated cell growth and
proliferation (White, 2008).

Pol III is considered to transcribe mostly ncRNAs. However, the study from Oler et al. in
Hela cells also identified protein coding mRNAs as pol III transcripts (Oler et al., 2010). We
identified several mRNAs to be significantly regulated in response to POLR3G silencing. To
identify which of the affected genes in our RNA-seq data are direct targets of POLR3G
would require ChIP studies (in progress). Comparison of the existing RNA-seq data with
ChIP dataset would indicate which RNAs are transcribed by POLR3G containing pol III. In
addition, small RNAs, the majority of known targets of pol III transcription, are not included
in our analysis. We are in the process of analyzing the small RNA fraction of pluripotent
hESCs and in response to POLR3G silencing, with a goal to identify different types of RNA
populations and potential pluripotency specific transcripts. Moreover, these sequencing
measurements have been performed in great depth, thus also providing information on
alternatively spliced pol III genes. The results are expected to offer novel valuable
information on pol III function in pluripotent cells.

To conclude, the POLR3G subunit is a crucial component of the pol III complex in the
regulation of hESC specific transcriptional programs required for maintenance of hESC self-
renewal and pluripotency. The schematic representation of pol III promoters and
POLR3G/POLR3GL are presented in Figure 7.

6.2 L1TDI1 is required for pluripotent hES cells (II)

L1TD1 was also identified in our genome-wide transcriptome analysis as a hESC specific
transcript. L1TD1 has been listed in previous studies to be a pluripotent cell specific gene
(Armstrong et al., 2006; Assou et al., 2007; Meshorer et al., 2006; Sperger et al., 2003).
L1TD1 was first identified as an ES cell associated transcript (ECAT11) in mouse ES cells
based on in silico digital differential display by Mitsui et a/. (Mitsui et al., 2003). During the
time of our studies, LITD1 (FLJ10884) was only recognized as an expressed sequence tag
with no known protein or function.

We concluded L1TDI1 to be hESC specific gene vital for the pluripotency maintenance.
While our study was in progress, Wong et al. reported L1TD1 to be a marker for pluripotent
hESCs (Wong et al., 2011). Our results correlate well with the results from Wong et al.
concerning the hESC specific expression profile. Almost at the same time as Wong et al.,
Iwabuchi ef al. (Iwabuchi et al., 2011) reported a mouse ortholog L1td1 to have stem cell
specific expression profile in mouse ES cells, but being dispensable for pluripotency
maintenance.

The differences between our results and Iwabuchi ef al. could possibly be explained by the
species specific differences. These orthologous proteins share only 45% identity in their total
amino acid sequences, and 71% and 57% identity in RRM and CTD functional domains of
the protein, respectively. Based on Iwabuchi er al., there are number of L1 sequences
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scattered in the mouse genome and these L1TDI related proteins might compensate L1TD1
function in the knock-out mice model studied by them. There are many differences reported
in the regulation of pluripotency in mouse and human ES cells. For instance, the main
pathways regulating hESC pluripotency include TGFB and FGF signaling, whereas in mESCs
the BMP and LIF pathways have the main function in the maintenance of self-renewal (Ng
and Surani, 2011; Ying et al., 2003). Cross-species clustering analysis identified differences
in signaling pathways and regulatory modules (Cai et al., 2010), hence the pluripotency
circuitry is completely different between mice and men. In addition to transcriptional
networks, the protein networks have been found to be significantly different between mouse
and human ES cells; hESCs sharing approximately only 30% similarity in the protein
expression profile with mESCs (Van Hoof et al., 2006).

Moreover, individual factors have been determined to behave differentially in mESCs and
hESCs. For instance, PRDM14 has been identified as a key transcription factor required for
the hESC pluripotency maintenance, whereas the mouse homologue of Prdml4 is not
essential for mESC or EpiSC maintenance (Chia et al., 2010). Also, silencing of LIN28 in
hESCs causes reduction of OCT4, whereas in mESCs Oct4 levels stay unchanged in response
to siLin28 treatment (Qiu et al., 2010; Xu et al., 2009). Thus, many aspects suggest that there
are species and cell type specific differences between mESCs and hESCs, and such
differences may apply in the role of LITDI as well. However, an interesting and important
aspect would be to analyze the role and expression of L1tdl in EpiSCs to see whether it
resembles more mESCs or hESCs.

The location and function of L1TD1 seems to correlate well with LIN28. Both are localized
to cytoplasmic P-bodies (Balzer and Moss, 2007) and translational machinery (Peng et al.,
2011; Qiu et al., 2010). Interestingly, LIN28 has also been shown to bind its own mRNA as a
mode of auto regulation (Wilbert et al., 2012), which further suggest the proteins to function
in a similar manner. Since LIN28 has been shown to regulate the translation of OCT4 (Qiu et
al., 2010), one intriguing aspect is that if LITD1 participates to this regulation with LIN28.
That would link L1TDI1 directly to the core regulatory network of pluripotency, nevertheless,
we were not able to demonstrate L1TD1 binding to OCT4 in our experimental setting.

Interestingly, LIN28 has been shown to be specific marker for testicular and ovarian germ
cell tumors (Cao et al., 2011; Xue et al, 2011) and associated with several cancers
(Viswanathan et al., 2009). Moreover, LIN28 have been shown to promote cancer cell
proliferation (Feng et al., 2012). We observed that L1TD1 interacts with LIN28 and affects
its expression. Furthermore, L1TD1 and LIN28 are expressed in same cancers. This suggests
that L1TDI can also be a potential marker for these cancers. High expression of L1TDI1
(FLJ10884) in germ cell tumor cell lines was also identified in the data of Sperger et al.
(Sperger et al., 2003), where L1TD1 was listed as one of the most significantly expressed
genes. The role of L1TDI1 in cancer, however, needs further investigation.

The results show a crucial role for LITD1 in the regulation of pluripotency and self-renewal
in hESC. L1TD1 was identified as an RBP likely to be involved in post-transcriptional gene
regulation, based on cellular location and interaction partners. Our ongoing studies aim at
identification of L1TDI1 interactome in hESC to reveal the network important for the
maintenance of stem cell status. We are in a process of analyzing L1TDI interacting proteins
with mass spectrometry and immunoprecipitations. Further, a deep sequencing analysis of
L1TD1 bound RNA molecules is ongoing. The results are expected to reveal the functional
role of LITD1 and to provide novel information on the pluripotency network of hESCs.
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6.3  KaryoLite"” BoBs'™ can be used to detect karyotypes of hESCs (III)

Conventional karyotyping, G-banding, has been the most commonly used method for
screening of cell lines for chromosomal changes. The limitation of this method is the small
cell numbers analyzed (around 50 mitosis), and relatively high cost and laboriousness. Array
based methods provide higher resolution technique for the analysis of chromosomal stability,
but are limited by the cost and complexity of the data analysis. KaryoLite™ BoBs™™ (Perkin
Elmer) was tested as a fast, simple, and low-cost alternative for routine monitoring of cell
cultures.

KaryoLite™ BoBs™ is intended for the detection of gains and losses of DNA in particular
chromosomal regions on the level of chromosome arms. The assay covers all 24
chromosomes, 1-22, X, and Y. KaryoLiteTM BoBs™ is not suitable for detecting small scale
changes or balanced translocations, because the technology of the BACs cover only proximal
and terminal regions of the chromosome arms. Given that the majority of the reported
chromosomal aberrations during prolonged hESC culture represent gains of partial or whole
chromosomes (Lund et al., 2012), the chromosome arm detection level is enough for routine
cell culture monitoring. The BACs are designed from human chromosomes, and thus the
method is applicable for analyzing human cells only.

The BACs product family created by Perkin Elmer also includes the Prenatal BoBs™™ assay
that is targeted to detect 9 common microdeletion syndrome regions and most common
aneuploidies. The assay has been used in prenatal diagnosis where it has been shown to be a
reliable method to identify chromosomal changes (Grati et al., 2012; Kiiski et al., 2012;
Paxton et al., 2012; Vialard et al., 2011). In addition to prenatal diagnosis, BACs technology
has been used for evaluation of products of conception. Two studies used KaryoLite™"
BoBs™ for this purpose, and concluded the method to be beneficial and suitable to be used
for genetic analyses of miscarriage samples (Grati et al., 2012; Paxton et al., 2012). In
conclusion, the BACs-on-beads™ technology can be used in several applications to detect
chromosomal changes.

KaryoLite™ BoBs™ enables analysis of whole cell populations, for which we established
the sensitivity for mosaic detection threshold to be 30%. This is in concordance with Vialard
et al., who used Prenatal BoBs™ assay for detection of trisomy 21, and concluded the
detection threshold to be 30%. Moreover, Paxton ef al. came up with the same 30% threshold
with KaryoLite BoBs™. Grati ef al., however, detected mosaicism starting from at least 50%
of mixed samples.

Taken together, the study validated KaryoLite"™ BoBs'™ as a new method for the analysis of
genetic status of cell cultures, providing an alternative tool for analyzing pluripotent human
cell lines.
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7 CONCLUSIONS

Pluripotent stem cells provide enormous potential for various medical applications. This
study focused on pluripotent human embryonic stem cells with a goal to identify and
characterize factors involved in the maintenance of pluripotency and self-renewal of hESCs.
Several transcriptome studies have been performed and published for this purpose, however,
only few of the identified target transcripts have been further characterized. In this study, two
novel regulators of hESC pluripotency were identified and functionally studied. In addition, a
new improved method for detecting karyotypic abnormalities of hESC cultures was validated.

Using genome-wide analyses, POLR3G and L1TDI1 were identified as interesting stem cell
specific target genes. Functional studies in hESCs showed POLR3G to be vital for the
maintenance of self-renewal and pluripotency. POLR3G is required for the proper function of
polymerase III, and is possibly replaced by an isoform protein during cell differentiation.
Moreover, genome-wide analysis of target genes showed that POLR3G regulates vital
intracellular programs involved in cellular maintenance and early development.

LITDI was demonstrated to be an RNA binding protein with a significant role in the
regulation of hESC pluripotency. L1TD1 was shown to associate to RNA-protein complexes
and translational machinery in the cell cytoplasm. Moreover, an RNA dependent interaction
with LIN28, and direct protein-protein interaction with RHA were discovered. L1TDI1 is also
associated with certain cancers and has an effect on the proliferation of cancer cell lines.

KaryoLite™ BoBs™ assay is based on BACs-on-Beads methodology, targeted to detect
DNA sequences in particular chromosomal regions of each chromosome. The assay was
tested and validated as a new high-throughput analysis method for detecting chromosomal
changes in the long-term hESC cultures. KaryoLite™ BoBs™ is comparable to the other
karyotyping methods used for this purpose.

In conclusion, this study provides valuable new information on the molecular mechanisms of
pluripotency regulation. Importantly, two novel regulators of hESC stem cell status were
identified. Functional analyses revealed the cellular processes affected by these proteins, thus
bringing valuable information to the highly complex network of pluripotency maintenance. A
new method was validated as a rapid, high-throughput, and cost-efficient tool for screening of
human pluripotent cell cultures.
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