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SYNOPSIS



Background of the study

Reprogramming of somatic cells to induced pluripotent stem cells (iPSCs) involves
epigenetic resetting of somatic cells to a state similar to that of embryonic stem cells (ESCs).
During the process, somatic cells transverse through multiple stages that include changes in the
cell cycle profile, shut down of the somatic cell specific program, mesenchymal to epithelial
transition, the activation of the endogenous pluripotency network and exogenous reprogramming
factor independence. The progression through these stages is hindered by multiple molecular
barriers, which result in lower efficiency and slower pace of the process. Overexpression (OE)
and knockdown (KD) studies have identified several factors capable of influencing
reprogramming process and the subsequent functional validation studies have revealed their
specific roles at different stages of reprograming. These factors include genes involved in
epigenetic regulation, mesenchymal to epithelial transition (MET), epithelial to mesenchymal
transition (EMT), signaling pathways, cell cycle kinetics and DNA repair pathways. Even though
regulation of the expression of these identified factors improved pluripotency induction, majority
of the cells still remain refractory to reprogramming, indicating the presence of several
unidentified key regulators of pluripotency and reprogramming.

To identify new factors playing important roles in pluripotency and reprogramming,
candidate genes associated with specific molecular events or pathways that were less explored
were selected and their role in reprogramming and pluripotency were assessed by regulating
their expression in reprogramming cells by adopting different approaches. Mesenchymal to
epithelial transition is one of the important initial events in reprogramming and inhibition of MET-
and overexpression of EMT- associated genes and pathways were found to adversely affect the
reprogramming process. Even though Grainy Head Like 2 (GRHL2) is a major transcription
factor involved in regulation of epithelial genes and a partner in OCT4 interactome, their role in
hiPSC reprogramming has not been investigated so far. Despite epigenetic changes being the

most prominent event through out the reprogramming process, the involvement of many
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epigenetic factors in reprogramming is still unknown. Signaling pathways critical for maintaining
pluripotency and self renewal properties of embryonic stem cells are well studied. But, the
signaling pathways involved in pluripotency induction and reprogramming process have not
been explored. It has been reported that somatic cells defective of Fanconi Anemia pathway is
refractory to reprogramming unless the defective gene is corrected. The significance of this DNA

damage repair pathway in pluripotency induction and reprogramming has not been investigated.

Objectives of the study

1. Establishment of reprogramming strategies for the generation of induced pluripotent
stem cells (iPSCs) from human somatic cells.

2. Understanding the expression Kinetics of molecular markers during the reprogramming
process and assessment of their ability to identify reprogramming intermediates and
hiPSCs.

3. Derivation of Fanconi anaemia (FA) patient-specific hiPSCs for elucidating the role of
Fanconi anemia pathway in reprogramming and for disease modeling.

4. Identification of promoters that show robust activity in different stages of reprogramming.

5. Identification of novel factors involved in somatic cell reprogramming by gene RNA

interference (RNAI).

Experimental methods used in the study
1. Generation of hiPSCs from human dermal fibroblasts by delivering OSKM using retroviral,
lentiviral, sendai viral and episomal vectors.
2. Characterization of established hiPSC lines to confirm their pluripotency by using the
following methods:
a) Immunofluorescence and real time PCRs for analyzing the expression of pluripotency

markers
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b) Bisulfite sequencing for analyzing methylation status of pluripotency gene promoters
c) Evaluation of in-vitro and in-vivo differentiation of hiPSCs by embryoid body (EB)
mediated differentiation and teratoma formation.

3. ldentification of promoters of the lentiviral vectors suitable for reprogramming studies by
transducing fibroblasts with lentiviral vectors with CBA, UbC, SFFV, mCMV, hCMV, mELF1a
and hELF1a promoters and evaluating transgene silencing during reprogramming.

4. Generation of lentiviral overexpression and knockdown vectors for regulation of target gene
expression during reprogramming.

5. Estimation of reprogramming kinetics and efficiency by FACS and immunofluorescence
analysis of pluripotency markers.

6. Isolation of cells at different stage of reprogramming by FACS based on coexpression pattern
of fibroblast and pluripotency markers.

7. RNAI screen of signaling pathway genes using a shRNA library and identification of enriched
and depleted shRNAs in partially and fully reprogrammed states by next generation
sequencing.

8. Functional evaluation of Fanconi Anemia pathway in reprogramming and patient specific

iPSC lines.

Major findings

1. The first goal of the project was to standardize the efficient methods for generation of
hiPSCs. OCT4, SOX2, KLF4 AND c-MYC mediated reprogramming of fibroblasts by different
gene delivery methods using retroviruses, lentiviruses, episomal plasmids and sendai viruses
could be achieved. All the methods for the generation, identification, isolation and
characterization of hiPSCs could be successfully established in the laboratory. HiPSC lines
were fully characterized for their expression of pluripotency markers, acquisition of

hypomethylated OCT4 and NANOG promoters, in vitro differentiation potential by EB

Xiv



formation and in vivo differentiation potential by teratoma formation. The difference in the
reprogramming efficiencies achieved with different methods were estimated to assess their
suitability in the subsequent experiments. This was the first study for establishing successful
reprogramming methods in India.

. During reprogramming of fibroblasts, it was observed that the initial culture conditions and the
culture media of the somatic cells influence the reprogramming efficiency. Fibroblasts
maintained in the medium that favoured higher proliferation rate, infection efficiency and
transgene expression levels exhibited faster kinetics and higher efficiency of reprogramming.
Based on these observations, it was confirmed that preconditioning of somatic cells is an
important factor for that determine efficient reprogramming.

. Even though hiPSC identification based on morphology, pluripotency marker expression and
retroviral transgene silencing are widely employed; a comparison on the suitability of these
three markers in identifying true hiPSCs has not been well established. By systematic
monitoring of morphology, pluripotency marker expression and retroviral RFP silencing in the
colonies generated during reprogramming, significant correlation was found between the
hESC-like morphology of the hiPSC clones and retroviral transgene silencing which was
measured by a retrovirally expressed fluorescence protein. These clones expressed all the
pluripotency markers. A few colonies that lacked hESC-like morphology showed RFP
silencing and/or pluripotency marker expression. Through the routine observation of
reprogramming cells, it was found that emerging hiPSC colonies can be easily identified
based on their morphological changes during the course of reprogramming. They emerge
dislodging feeder cells around them radially forming flat colonies with defined boundaries and
symmetric shape. It was observed that inclusion of retrovirally expressed RFP as a marker
could greatly aid in the identification of such hiPSC colonies as they appeared as patches of
RFP" colonies surrounded by RFP* non-iPSCs. Thus by describing the kinetics of acquisition

of hESC like morphology, pluripotency marker expression and retroviral RFP silencing by the
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reprogramming cells, it was shown that morphology of hiPSCs serves as a more reliable
marker in the identification of hiPSC clones. Through this study it was shown that retroviral
transgene silencing is a highly reliable marker for isolation of pluripotent cells on
reprogramming dish although morphology is the best criterion for the isolation of pluripotent
clones.

. Sorting of reprogramming cells based on a fibroblast marker, CD13, and pluripotency
markers, SSEA-4 and TRA-1-60, could facilitate isolation of the cells at different stages of
reprogramming. Gene expression analysis and shRNA library screening assays performed
on these sorted cells confirmed the suitability of these markers in defining the stages of
reprogramming.

. In search for promoters of viral vectors that do not get silenced during the entire course of
reprogramming, lentiviral vectors with different promoters that drive the expression of GFP
were evaluated. It was found that mouse EF1a. and human EF1a promoters did not exhibit
transgene silencing and they are the most suitable promoters for consistent knockdown and
overexpression experiments in reprogramming.

. The role of GRHL1, GRHL2 and GRHL3 was evaluated based on the effect of their
knockdown on reprogramming efficiency and kinetics. Analysis of the cells sorted from
different stages of reprogramming revealed that GRHL2 show a constant increase in
expression as the cells underwent reprogramming, and this expression pattern was similar to
that of pluripotency markers. The reprogramming efficiency was found to be reduced on
GRHL2 knockdown.

. The role of the epigenetic factors was evaluated based on the effect of their knockdown on
reprogramming efficiency and kinetics. The epigenetic factors which showed variations in
their expression levels during reprogramming were selected after bioinformatics analysis of
the gene expression data available from previous publications. The expression levels of the

selected epigenetic factors were validated in the flow sorted cells from different stages of
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reprogramming. By knocking down the genes individually with shRNAs, their involvement in
reprogramming could be assessed.

8. For elucidating the role of various signaling pathways in the reprogramming process, human
dermal fibroblasts were infected with lentiviral vectors to express shRNAs against 5000
human signaling pathway genes and then they were reprogrammed with OSKM. The partially
(SSEA-4"TRA-1-60) and fully (SSEA-4"TRA-1-60") reprogrammed cells were sorted from the
reprogramming cells and were analyzed for incorporation of shRNAs by massive parallel
sequencing. Based on the specific sShRNAs enriched or depleted in the sorted fractions of
cells, specific signaling pathways involved in reprogramming were identified.

9. The role of Fanconi Anemia pathway genes in pluripotency and reprogramming was
investigated using an inducible gene expression system for complementing defective FANCA
gene in patient derived cells. HIPSC lines were derived from FANCA deficient fibroblast
complemented with functional FANCA gene under an inducible promoter and the lines were
characterized for their pluripotency. The formation of teratoma by the hiPSC line, without
FANCA induction during its in vivo growth in SCID mice, confirmed their pluripotency. By
conditional complementation of FANCA in these hiPSC lines, the functional significance of
Fanconi Anemia pathway could be assed in these cells. In the complete absence of FANCA
gene and functional fanconi anemia pathway, hiPSCs failed to survive, there by mimicking
the disease phenotype. These hiPSC lines can serve as an excellent tool for elucidating the

role of FA pathway in pluripotency and disease pathogenesis.

Significance and implications of the findings

Reprogramming of somatic cells to hiPSCs is a dynamic process with a low efficiency
and slow kinetics of pluripotency induction wherein cells transverse through different stages by
overcoming multiple molecular barriers. Even though several factors that regulate

reprogramming and play significant roles in the process have been identified, majority of the
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cells fail to achieve pluripotent state indicating the presence of additional regulators of
pluripotency induction. In this study, the potential role of factors in regulating molecular events
associated with reprogramming was assessed. The findings from this study could improve our
understanding about the molecular mechanism of reprogramming and the knowledge gained will
be helpful in developing reprogramming strategies to achieve higher efficiency. In addition,
Fanconi Anemia patient specific hiPSC line derived in the lab showed disease phenotypes and
hence can serve as an excellent tool to study the role of FA pathway in pluripotency and disease

pathogenesis.
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Chapter 1

INTRODUCTION



1.1. Background of the study

Induced pluripotent stem cells (iPSCs) are generated by inducing pluripotency in
somatic cells by manipulating the epigenetic state of the cells through overexpression and
knockdown of specific factors (Takahashi et al, 2007; Bayart and Cohen-Haguenauer,
2013). iPSCs can serve as an unlimited source of pluripotent cells, as well as specialized
cells that are derived from them, for basic science research, clinical translational research
and regenerative medicine (Robinton and Daley, 2012). They are potential replacements for
embryonic stem cells with least ethical issues associated with their generation. iPSCs have
been derived from multiple cell types and organisms with the aid of different factor
combinations that are delivered employing either integrative or non-integrative factor delivery
modes (Gonzalez et al., 2011).

One of the major limitations in the reprogramming of somatic cells to iPSCs is the
slow pace and low efficiency of the process, with an average success rate of >1% and
period of 3-4 weeks for generation of iPSCs (Bayart and Cohen-Haguenauer, 2013). Also,
the reprogramming cells and colonies exhibit huge heterogeneity at the molecular level and,
therefore, identification of true iPSC clones that have achieved all features of pluripotent
cells is technically challenging. The currently used human induced pluripotent stem cell
(hiPSC) identification methods based on pluripotency marker expression and morphology
have met with varying degree of success (Chan et al., 2009). This makes it inevitable to
subject isolated iPSC colonies to extensive molecular and functional characterisation for
deriving iPSC lines suitable for downstream applications (Stadtfeld et al., 2010). Thus, due
to the low efficiency and high cellular heterogeneity associated with the reprogramming
process, generation of individual specific iPSC lines from somatic cells is tedious, expensive
and time-consuming. Refining the current reprogramming strategies may help in improving
the efficiency of pluripotency induction with respect to the number of colonies formed as well
as their quality. To achieve this, it is critical to understand the molecular mechanism of
pluripotency induction during reprogramming.

Under the influence of reprogramming factors and their downstream targets, the



somatic cells subjected to reprogramming undergo continuous transitions in their molecular
states (Gonzalez and Huangfu, 2015). Based on the analysis on reprogramming
intermediates, it was reported that the cells are driven through multiple routes that culminate
in an aborted, a partially or a bona fide reprogrammed state (Buganim et al., 2013; David
and Polo 2014; Gonzalez and Huangfu, 2015). The major events identified in successful
reprogramming process include inactivation of somatic cell specific gene network,
mesenchymal to epithelial transition (MET), activation of endogenous pluripotency network
and silencing of exogenous factors (Ho et al., 2011; Liang and Zhang, 2012; David and Polo
2014; Gonzalez and Huangfu, 2015). To understand the molecular mechanism of successful
reprogramming, the pathways that favour and inhibit reprogramming need to be identified
and their complex interplay need to be dissected. The role of several novel factors in
reprogramming could be identified by the molecular interventions of the pathways by
overexpression, knockdown or chemical inhibition of specific genes (Mancarci et al., 2012;
Zhang et al., 2012). By manipulating the expression of these genes, their role in pluripotency
induction could be identified. The stage-specific role of such factors was identified by
subsequent validation studies, and reprogramming efficiency could be improved by
appropriate gene regulation. The factors that could favour reprogramming included the
genes that are part of the pathways maintaining pluripotency and self-renewal of pluripotent
stem cells. The factors that inhibited reprogramming included those involved in
differentiation, genomic integrity surveillance and cell cycle arrest (Kawamura et al., 2009; Li
et al., 2009). Despite additional manipulations, the majority of the cells still failed to form
hiPSCs, which clearly indicated the involvement of still unknown regulators of
reprogramming. The complexity of the reprogramming process and limitations with the
sensitivity of gene regulation studies are the major challenges in the Identification of novel
factors involved in reprogramming.

Gene knockdown studies involving downregulation of specific gene of interest or
RNAi screen have been particularly useful in the identification of novel factors in
reprogramming (Mancarci et al., 2012; Qin et al., 2014; Sakurai et al., 2014; Yang et al.,

2014). Since reprogramming is a multi-step process wherein the cells continuously change



their identity, the study design can influence the outcome of such studies. The effect of
knockdown of genes is often evaluated based on its effect on reprogramming efficiency,
which is estimated based on the number of cell or colonies expressing pluripotency markers
like alkaline phosphatase, TRA-1-60, TRA-1-81 or NANOG. Since cells expressing these
markers are known to vary in their level of pluripotency (Chan et al., 2009; Valamehr et al.,
2012; Abujarour et al., 2013), employing them individually to assess the effect on the
reprogramming outcome will compromise the accuracy of screening tests. A more accurate
assessment of the effect of gene regulation on reprogramming outcome would be possible
by estimating the percentage of cells expressing a combination of markers, that specific
stages in reprogramming. Moreover, most of the knockdown studies employ constitutive
promoters in transfer vectors, and it is known that the efficiency of promoters to drive the
expression of the genes of interest or small hairpin RNAs (shRNAs) is influenced by the type
of target cells. Depending on the stages to which the reprogramming cells belong, the
promoter activity and strength will differ, and this can interfere with the assessment of the
role of genes tested. So it is important to choose appropriate promoters to achieve the gene
regulation at reprogramming stages of interest.

Apart from the gene knockdown, an alternative to studying the role of specific factors
in reprogramming and pluripotency is to derive iPSCs from patient cells with a genetic defect
in the gene, which have led to impairment in associated molecular pathway. The somatic
cells from patients can be stably transduced to carry inducible overexpression system with
the functional gene. Through conditional complementation of genes at specific stages of
reprogramming and in hiPSCs, the role of the gene and the associated pathway in
pluripotency induction and maintenance, can be identified. Such patient-specific hiPSC lines
would also be useful for elucidating the molecular basis of disease pathogenesis.

Thus, the novel factors influencing pluripotency induction and reprogramming can be
identified by systematically following the reprogramming cells for the formation of
intermediated cells and iPSCs under the influence of a robust gene knockdown or gene

complementation system.



1.2. Objectives of the study
The principal objective of this thesis work is to identify the factors that determine
pluripotency induction during reprogramming of human somatic cells to human induced
pluripotent stem cells (hiPSCs). The study is described in the chapters 4 to 6, with each
chapter dealing with specific sub-objectives.
Chapter 4: Establishment of reprogramming strategies for the generation of induced
pluripotent stem cells (iPSCs) from human somatic cells
The chapter describes the establishment of reprogramming strategies for the
generation of induced pluripotent stem cells from human adult dermal fibroblasts in the
laboratory. The main objectives are as follows:
1. Understanding the expression kinetics of molecular markers during the
reprogramming process.
2. Assessment of the ability of the molecular markers to identify reprogramming
intermediates and hiPSCs.
3. Derivation of hiPSC lines from human adult dermal fibroblasts by viral and non-viral
vector mediated reprogramming and their characterization.
Chapter 5: Derivation of Fanconi anaemia (FA) patient-specific hiPSC lines for
elucidating the role of Fanconi anemia pathway in reprogramming and for disease
modeling
The chapter describes the generation of Fanconi anaemia patient-specific hiPSCs,
capable of the conditional restoration of functional FA pathway, for studying the role of this
pathway in reprogramming and disease pathogenesis.
1. Conditional complementation of FANCA gene in the fibroblasts derived from patients
with defective FANCA genes (FA-A complementation group).
2. Evaluation of the effect of conditional complementation of FANCA on reprogramming
of FA fibroblasts of FA-A complementation group.
3. Derivation and characterization of FA-A-hiPSC lines.

4. Evaluation of FA disease phenotype recapitulation in FA-A-hiPSC lines.



Chapter 6: Identification of novel factors involved in somatic cell reprogramming by
RNA interference (RNAI)
The aim of this chapter is to identify novel regulators that play a critical role in the
reprogramming process. The main objectives are as follows.
1. Identification of promoters that show robust activity in different stages of
reprogramming.
2. Selection of potential genes that can influence pluripotency induction during hiPSC
generation.
3. To study the effect of candidate gene knockdown on OSKM mediated
reprogramming.
4. To identify the signaling pathways active in the intermediate and the late stages of

reprogramming.



Chapter 2

REVIEW OF LITERATURE



2.1. Pluripotent Stem Cells (PSCs)

Pluripotency refers to the developmental potential of cells to give rise to cells of all
three embryonic germ layers (Weinberger et al., 2016). Unlike totipotent cells, pluripotent
stem cells (PSCs) cannot give rise to extra-embryonic tissues. Even though pluripotency
represents a highly dynamic and transient state in vivo, the pluripotent cells derived from
multiple sources can be maintained indefinitely in an induced self-renewal state under
specific culture conditions in vitro.

Multiple types of PSCs are isolated from rodents and humans, and they are
designated based on their donor cell of origin (Figure 1). Embryonic stem cells (ESCs) are
derived from the inner cell mass (ICM) of developing pre-implantation mouse or human
blastocysts. Epiblast stem cells (EpiSCs) are isolated from mouse post-implantation
epiblasts. Due to ethical concerns, pluripotent cells are not derived from human post-
implantation embryos. Embryonic germ cells are generated by reverting early migrating
rodent primordial germ cells (PGCs) in vitro into pluripotent ESC-like cells. Similarly, male
germ stem cells (GSCs) are obtained by converting mouse neonatal and adult
spermatogonial stem cells to a pluripotent state. The GSCs retain only the male imprint
signature, thereby increasing their tumorigenic potential. From primates, no validated GSCs
have been derived yet.

PSCs exhibit characteristic cellular and molecular features that complement their
pluripotency and self-renewal ability. These cells exist in a naive and primed pluripotent
state depending on the developmental stage of the source tissue. At the cellular level, PSCs
exhibit specific features on their cell cycle kinetics, morphology, and energy metabolism
(Gonzalez and Huangfu, 2015). PSCs show a cell cycle profile with a reduced G0/G1 phase
and a prominent S phase. This pattern of cell cycle kinetic give the pluripotent cells the
advantage of shortening the exposure window to external cues that induce differentiation,
which is likely to happen in prolonged G0/G1 phase. The pluripotent cells derived from inner
cell mass of mouse and human embryos, like mouse ESCs (MESCs), mouse EpiESCs

(mEpiSCs) and human ESCs (hESCs), show characteristic morphological features. mESCs
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form dome shaped colonies with tightly packed cells. hESCs form flat colonies with defined
boundary and closely packed cells. The individual cells in these colonies show prominent
nuclei and high nuclei to cytoplasmic ratio. mEpi-ESCs resemble hESCs in their morphology.
Pluripotent stem cells are dependent predominantly on glycolysis for their energy
requirements and they exhibit reduced mitochondrial activity and elevated lactate production.
This might be an adaptive feature of pluripotent cells to survive in low oxygen concentration
ranging between 0.7-7% in the tissue in vivo.

At the molecular level, ESCs display distinctive chromatin features to support their
special properties. In ESCs, the chromatin is in an “open” state, with the majority of the
region existing in a euchromatin state. This is in contrast with differentiated cells were
heterochromatin is highly prevalent. Consistent with this, repressive histone modifications
are less prevalent, and active histone modifications are abundant genome-wide in ESCs
compared to differentiated cells. The chromatin state of the cells dictates the transcription
network and signaling pathways in cells to support the pluripotent state. Such a permissive

chromatin supports the pluripotency of cells making them receptive to differentiation cues.

2.2. Applications of hESCs and their disadvantages

Even though mouse, rat and non-human primate models have enabled the
dissection of disease mechanism in various cell types at different developmental stages in
vivo, due to the genetic, developmental and physiological difference between these animal
models and humans, the exact recapitulation of human disease phenotype was not achieved
in some cases (Jucker 2010). Consistent with this, drugs that have been found to be
effective in alleviating disease phenotype in animal models have sometimes failed to serve
the purpose in humans. So it is preferable to conduct such studies on the human cells, which
is limited to in vitro systems. Culturing patient-derived cells has been useful for studying the
molecular and cellular features and helped in developing therapies for diseases like cancers.
However, often disease-affected cells are in an inaccessible location in vivo and isolated

cells cannot be maintained in culture for long. hESCs can serve as an unlimited source of



pluripotent and specialized cells and have found potential applications in disease modeling,
drug screening and regenerative therapy as the discrepancies in the experimental outcome
of studies involving animal models could be overcome by using hESCs. Also, hESCs offer
the possibility of disease correction by gene editing techniques, which was difficult to
achieve in patient-specific adult stem cells and affected cell types. Since multiple cell types
can be derived from hESCs, the effect of cell autonomous and non-autonomous nature of
disease can be explored. hESCs are the best suited for modeling monogenic disorder with
an early onset, clear cellular phenotype and high penetrance. hESC-based monogenic
disease models could be generated by mutagenesis of disease associated genes
(Nakayama 2010; Ding et al., 2013) in normal hESC lines or by deriving ESCs from affected
blastocyst after PGD (Eiges et al., 2007). Lesch-Nyhan syndrome disease model was
developed by mutating the HPRT gene in normal hESCs (Urbach et al., 2004). Early onset
and developmental disorders like Turner and Down syndromes could be modeled using
ESCs. Specialized cells derived from hESC are entering clinical trials for a few diseases that
do not have any conventional treatment options around the globe (Trounson and Dewitt
2016). Before taking to the clinics, the therapeutic potential and safety of these cells are
tested in mice and rat models. Once the cells clear this test, they are taken for clinical trials
progressively from phase | to phase IV. Phase | clinical trial for Parkinson disease using
human parthenogenetic embryonic stem cell-derived neural stem cells has been approved
by Australian Therapeutic Goods Administration. hESC-derived retinal epithelial cells (RPE)
will be soon used for the clinical trial of age-related macular degeneration (AMD) in UK and
USA. In the phase I-ll clinical trial of type | diabetes, B cell progenitor enclosed in a flat
capsule is transplanted subcutaneously into patients. These cells on maturation release
insulin and other islet cell hormones, thereby alleviating the disease phenotype.

Due to the ethical concerns regarding the use of human embryos as a source of
hESC, derivation of new hESC lines are restricted. Only a limited number of these lines are
approved for research, and they lacked the diversity needed for downstream applications
including disease modeling and drug screening. Moreover, their use in regenerative therapy

is also limited by the fact that these cells may not match with patients immunologically. Even



though normal hESCs can be subjected to gene editing, generating an hESC model for
complex disorders is nearly impossible since many unknown genes are involved in disease
pathogenesis. Thus, there is a need for an alternative source of pluripotent stem cells that

lacks at least some of the disadvantages of hESCs

2.3. Somatic cell reprogramming

Somatic cell reprogramming refers to the techniques used for the generation of
PSCs by directing a somatic nucleus to an early embryonic state. The three approaches
used for somatic cell reprogramming are somatic cell nuclear transfer (SCNT), somatic cell
nuclear fusion with embryonic stem cells and direct reprogramming with ectopic factor
expression (Yamanaka and Blau 2010) (Figure 2). In SCNT, somatic nuclei are transferred
into enucleated oocytes and upon oocyte activation, somatic genome gets rapidly remodeled
to a pluripotent state by maternal factors. Zygotes generated by SCNT were found to be
totipotent, and ES cells could be derived from ICM of the blastocyst stage of these embryos.
In the second approach, somatic cells are fused with PSCs resulting in the formation of
heterokaryons with two intact nuclei. In the heterokaryon, a certain pluripotency loci on
somatic cell nucleus get activated in a replication-dependent manner. Following cell division,
the two nuclei fuse and additional gene loci are reprogrammed to achieve a pluripotent state.
Direct reprogramming of somatic cells by ectopic factor expression results in the formation of
pluripotent cells called induced PSCs (iPSCs). The cells subjected to direct reprogramming
go through multiple rounds of cell division in the presence of factor expression to become
iPSCs. The slow kinetic and low efficiency is a major limitation of direct reprogramming
method. The three approaches of somatic cells reprogramming differ in their pace and
efficiency. The pace and efficiency of reprogramming is higher with cell fusion, whereas it is
slow with SCNT and transcription factor mediated reprogramming. For disease modeling,
drug screening and regenerative therapy, iPSCs have been found to be more advantageous

over pluripotent cells derived by cell fusion and SCNT.
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Figure 2: Somatic cell reprogramming approaches

(A) Somatic cell nuclear transfer (SCNT) — The diploid somatic cell nuclei (2n),
transplanted into an enucleated oocyte, get reprogrammed to a pluripotent state on
exposure to oocyte cytoplasmic contents. Blastocysts are generated from these
oocytes from which diploid ESCs are derived. (B) Cell fusion — On fusing a somatic
cell with an ESC, a heterokaryon or a hybrid is formed. If the fused cells fail to
replicate, a short lived multinucleated heterokaryon is formed. If the fused cells
udergo cell division, the nuclei fuse to form a tetraploid (4n) hybrid. Hybrids from the
same species will be euploid and those from different species’ will be aneuploid. (C)
Direct reprogramming with ectopic expression of specific reprogramming factors like
OCT4, SOX2, KLF4 and c-MY C that induce pluripotency in somatic cells resulting in
the formation of induced pluripotent stem cells (iPSCs). (Adapted from Blau et al.,
2010.)
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2.4. Induced Pluripotent Stem Cells (iPSCs)

Induced pluripotent stem cells are generated by inducing pluripotency in specialized
somatic cells by resetting their epigenetic state with the aid of exogenous factors. In 2006,
Takahashi et al., first reported the generation of iPSCs from mouse embryonic fibroblasts
(MEFs) and tail tip fibroblasts (TTF) by retroviral-mediated expression of four transcription
factors, OCT4, SOX2, KLF4 and cMYC (OSKM) (Takahashi and Yamanaka 2006) (Figure
3). They identified the potential of these four factors, Yamanaka factors, to drive iPSC
formation by systematically screening 24 factors that are associated with pluripotency in
embryonic stem cells. Their factor screening reprogramming experiments were based on the
hypothesis that factors that help in maintaining pluripotency might also be capable of
inducing pluripotency in differentiated cells. The colonies generated were subjected to
antibiotic selection facilitated by the puromycin resistance gene inserted into Fbxo15 locus.
The pluripotency of the miPSC lines generated was confirmed by their molecular and
functional characterization. Subsequently in 2007, the same group reported the generation
of hiPSCs from human dermal fibroblast using Yamanaka factors (Takahashi et al., 2007).
During the same time, Yu et al also succeeded in the generation of hiPSCs from fetal
fibroblasts, newborn foreskin fibroblasts (BJ fibroblast), and primary synoviocytes (HFLS) by
reprogramming with a different combination of factors, OCT4, SOX2, NANOG and LIN28

(OSNL) (Yu et al., 2011).

2.5. Strategies for generation of iPSCs:

Derivation of iPSC lines is technically challenging, and the whole procedure is
expensive and time-consuming. In the chronological order, the major steps associated with
this process are isolation and expansion of donor cells, preparation of reprogramming factor
delivery vectors, introduction of reprogramming factors into donor cells, expansion of these
cells on feeder based or feeder-free culture system for generating iPSC clones,

identification, isolation and expansion of iPSC clones, molecular and functional
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Figure 3: Discovery of direct reprogramming with ectopic factor expression in
somatic cells

For identifying factors that can induce pluripotency in mouse embryonic fibroblasts
(MEFs), 24 factors candidate factors were selected based on their role in
maintaining pluripotency in ESCs. Various combinations of 23 factors, omitting one
of the 24 factors in each set, were overexpressed in MEFs to identify the factors
that can induce the formation of mESC-like colonies. The absence of ten factors
adversely affected colony formation and they were further tested in the same way in
combinations of 9 factors, omitting one of the 10 factors in each set. Among these
ten factors, in the absence of four factors, namely, Oct4 (O), Sox2 (S), Kif4 (K) and
cMyc (M), colony formation was adversely affected. The overexpression of OSKM
was found to be enough to induce pluripotency in MEFs resulting in the formation of
clones with characteristic features of mESCs, which is termed as mouse induced
pluripotent stem cells (miPSCs). (Adapted from Takahashi et al., 2006.)
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characterization to confirm their pluripotency and preparation of cryopreserved stocks
(Stadtfeld et al., 2010a; Gonzalez et al., 2011) (Figure 4).
2.5.1. Types of donor cells

Following the derivation of iPSCs from mouse and human, iPSC lines have been
generated from a wide variety of organisms like a rodent, canine, equine, avian and bovine
species (Stadtfeld et al., 2010a). Almost all cell types could be reprogrammed to iPSCs
(Figure 4). The efficiency of reprogramming a specific cell type has been found to be
dependent on multiple factors like passage number, the extent of genetic aberration they
carry, reprogramming cocktail and type of factor delivery mode employed.

Fibroblasts are the most frequently used cell type for reprogramming. Keratinocytes,
the keratin dense epithelial cells, have shown relatively higher reprogramming efficiency
compared to fibroblasts (Aasen et al., 2008). The heterogeneous multipotent adipose stem
cells (ASCs), which can be isolated in large quantities from lipoaspirated adult adipose
tissue, could be reprogrammed to iPSCs (Sun et al., 2009). Due to the high endogenous
levels of SOX2 and cMYC, the human dermal papilla (DP) cells could be reprogrammed
more efficiently than embryonic and dermal fibroblasts (Tsai et al., 2010). Human urine-
derived cells (HUCs) which include the cells drained out of the urinary system alone with
urine have been reprogrammed successfully with a higher efficiency compared to any other
cell type (Zhou et al., 2012; Wang et al., 2013) and these cells showed a very high efficiency
of reprogramming, ranging from 0.2% to 4%, depending the methods used for
reprogramming. Due to the non-invasive mode of isolation, reduced susceptibility to
accumulate somatic mutation and high reprogramming efficiency, these cells are considered
to be promising cell source for iPSC derivation.

Blood cells are the most favored source for iPSC induction as they can be obtained
from multiple sources like peripheral blood (PB), cord blood (CB) and bone marrow (BM).
These cells include hematopoietic stem cells (HSCs), progenitor cells and terminally
differentiated cells. A major advantage of using blood cells is that even the frozen blood
stored in blood banks could be reprogrammed, thereby providing the opportunity to

investigate rare diseases retrospectively. PB is an easily accessible source of cells for
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Figure 4: Strategies for the generation of iPSCs

iPSCs have been generated from almost all types of somatic cells using various
combinations of reprogramming factors and small molecules. The factor delivery is
carried out using integrating or non-integrating vectors. The iPSCs are identified
and isolated based on morphology, pluripotency marker expression and reporter
transgene silencing by microscopy, FACS and MACS. The pluripotency of the iPSC
lines generated are confirmed by molecular and functional characterization tests.
M-mouse, H-human. *not used for testing human iPSCs.
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reprogramming and imposes a minimum risk to donors while harvesting. The major
disadvantage associated with using PB is that reprogramming efficiency is extremely low at
0.001%. Moreover, mature T cells are found to get reprogrammed preferentially, and since
they have undergone T cell receptor (TCR) rearrangement, such hiPSC lines might not be
suitable for application in regenerative therapy (Loh et al., 2010; Staerk et al., 2010). Since
HSCs and progenitor cells are in an early developmental stage, they are immunologically
immature and carry minimum somatic mutations, unlike adult donor cells like fibroblasts and
keratinocytes. These cells are rare in PB, but rich in CB, placenta and BM. Isolation of
CD34" from BM is invasive and those mobilized into PB by (granulocyte colony stimulating
factor) G-CSF administration is time-consuming and cumbersome (Loh et al., 2009; Okabe
et al, 2009). As an alternate source, placenta and CB, rich in cells with multilineage
differentiation potential, is promising (Haase et al., 2009). Their use as a routine source of
donor cells is limited by the availability.

Cancer cell lines and cells from patients with hematological malignancies and solid
tumors were used as a source material for generating cancer-specific hiPSC lines
(Fernandez et al., 2013). Certain human cell types are rarely used as donor cells for
reprogramming due to the inaccessibility in vivo location. These include neural stem cells
(NSCs), pancreatic B cells, melanocytes, hepatocytes, meningiocytes and gastric epithelial
cells.

2.5.2. Reprogramming factors

For iPSC induction, the combination of OCT4, SOX2, KLF4 and cMYC (OSKM) is
the most widely used reprogramming factor combination and has been used in viral and non-
viral mediated reprogramming of variety of cells from different organisms. OCT4, SOX2,
NANOG and LIN28 (OSNL) is the second combination of factors that was initially employed
to drive human cells to pluripotency (Yu et al., 2007a). Individual factors in OSKM or OSNL
combination could be omitted, replaced or complemented with other factors or small
molecules to induce pluripotency (Figure 4). However, excluding one or more of the factors
from OSKM or OSNL group without any additional manipulation, often resulted in a reduction

in reprogramming efficiency. In the absence of cMYC in OSKM, MEFs showed a drastic
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reduction in iPSC colonies formed. Also, a striking decrease in the rapidly proliferating cell
was formed, thereby reducing the heterogeneity within the culture. The cells that show the
high endogenous level of reprogramming factors has been found to require fewer factors to
drive them to a pluripotent state. Adult mouse neural stem cells that express SOX2 and c-
MYC at levels higher than ESCs could be reprogrammed with only O or OK or OM (Kim et
al., 2008; Kim et al., 2009b). At the same time, some terminally differentiated cells required
additional manipulation to achieve pluripotency. Mature murine B cells required C/EBPa
overexpression or Pax5 knockdown along with OSKM overexpression to generate miPSCs
(Hanna et al., 2008).

The individual factors in the reprogramming cocktail could be replaced with other
factors which are either homologs, regulators or effectors of the replaced factor (Ho et al.,
2011). NR5A1 and NR5A2 that regulate the expression of OCT4 by binding to its enhancer
and promoter, and have been found to replace OCT4 in reprogramming. The homologs of
KLF4 (KLF1, KLF2 or KLF5), SOX2 (SOX1, SOX3, SOX15 or SOX18) and c-MYC (n-MYC
or L-MYC) were also found to be capable of inducing pluripotency. cMYC, being a target of
WNT signaling, could be replaced by WNT3A for reprogramming mouse fibroblasts. The
reprogramming efficiency was 20 fold more than with OSK alone. cMYC could also be
substituted by its target, the miR90 cluster. ESSRB, capable of forming a protein complex
with OCT4 and regulate KLF4 expression, could replace KLF4 and reprogram mouse
fibroblasts with OSM. SV40 Large T antigen was found to reprogram human fibroblast with
OS with 9 fold higher efficiency than OSKM. Together with hTERT and SLV40T, OSKM
mediated reprogramming of human fibroblasts could be improved by three folds. UTF1
improved the reprogramming efficiency of human fibroblast with OSKM and OSK by 100
folds in the presence of p53 knockdown.

Small molecules additives in reprogramming culture medium were found to improve
reprogramming efficiency or replace individual reprogramming factors, raising the possibility
of deriving iPSCs using only small molecule cocktails (Feng et al., 2009b; Ma et al., 2013).
Most of these molecules are associated with epigenetic modifiers and signaling pathways.

DNA methyltransferase inhibitor, 5-aza-cytidine (AZA), promoted the conversion of partially
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reprogrammed miPSCs to a fully reprogrammed state, thereby increasing the number of
bonafide miPSCs derived from MEFs with OSKM by four folds. The histone deacetylase
inhibitors like valproic acid (VPA), trichostatin A (TSA) and suberoylanilide hydroxamic acid
(SAHA) improved the efficiency of OSKM mediated reprogramming of MEFs by 100, 15 and
2 folds, respectively. VPA could replace KM in human fibroblast reprogramming. The G9a
methyltransferase inhibitor, BIX, could improve the OK mediated reprogramming of neural
precursor cells that express high levels of endogenous SOX2, by 8 folds. The 2i inhibitors of
MEK and GSK3 pathways, along with LIF, facilitated the transition of pre-iPSCs to fully
reprogrammed miPSCs during OK mediated reprogramming of mouse neural stem cells.
2.5.3. Strategies for delivering reprogramming factors

For introducing reprogramming factors to the target cells, viral and non-viral
approaches are used (Gonzalez et al., 2011; Burridge and Zambidis 2013) (Figure 4). Either
a pool of vectors carrying individual factors or a single cassette reprogramming vector with
each of the factors separated by a self-cleaving peptide signal is introduced into cells that
are to be reprogrammed. Single cassette reprogramming vector ensures the delivery of all
the factors in each of the infected cells at similar stoichiometry.

Viral vectors used for reprogramming include integrative, excisable or non-
integrative vectors. Integrative retroviral and lentiviral vectors are highly efficient in bringing
about the stable expression of reprogramming factors in the infected cells. Retroviral vectors
offer the advantage that they get silenced once pluripotency is achieved whereas the
lentiviral vectors continue to show variegated expression even after iPSC clones are formed
(Hotta and Ellis 2008). Since lentiviruses can infect non-dividing cells efficiently, unlike
retroviruses, they are preferred vehicles for expressing reprogramming factors in a wide
variety of somatic cells. To address the safety concerns associated with integration of viral
vectors on host genome, excisable lentiviral vectors carrying loxP site have been developed
and these vectors can be excised out of host genome of iPSC clones by overexpression of
Cre-recombinase (Chang et al., 2009; Soldner et al., 2009; Sommer et al., 2009). The
excisable lentiviral vector termed STEMCCA is widely used and ensures a reprogramming

efficiency of 0.1-1.5% in human somatic cells (Somers et al., 2010). The non-integrative viral
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vectors employed for factor delivery are based on adenoviruses and sendai viruses. Using
adenoviral vectors, only a low reprogramming efficiency of 0.001-0.0001% in mouse
(Stadtfeld et al., 2008b) and 0.0002% in human cells (Zhou and Freed 2009) could be
achieved. Sendai viruses, being an RNA virus, remain in the cytoplasm without entering the
nucleus, ensure a high level of expression of the protein and get diluted out of the cells in 10
passages after infection. Sendai-virus mediated reprogramming take about 25 days to
generate iPSC colonies at an efficiency of 0.1% from blood and 1% from fibroblasts (Fusaki
et al., 2009; Seki et al., 2010; Ban et al., 2011). Unlike with retroviruses and lentiviruses,
preparation of sendai viruses is tedious, but the availability of ready to use sendai viral
preparation for Yamanaka factors from commercial sources have promoted usage of this
factor delivery mode.

In non-viral approaches, the reprogramming factors are introduced as expression
plasmids, mRNAs or proteins. These methods allow the generation of footprint-free iPSCs,
overcoming the safety concerns associated with integrating vectors. By transient transfection
with expression plasmids like episomal plasmids, minicircle vector, and PiggyBac vector, the
reprogramming factors could be expressed in somatic cells for iPSC generation (Gonzalez et
al., 2011). Episomal plasmids remain as an episome inside the cell without integrating into
the host genome and will be lost as cells go through multiple rounds of replication. However,
standard episomal plasmid vectors cannot ensure reprogramming factor expression long
enough to bring about pluripotency induction and required repeated transfection even to
achieve reprogramming with low efficiency (Okita et al., 2009). Due to their ability to driving
stable expression of factors for a prolonged period, OriP/EBNA based plasmids could be
successful used for iPSC generation by single transfection. With a pool of three OriP/EBNA
plasmid containing OCT4, SOX2, KLF4, NANOG; OCT4, SOX2, SV40 T antigen; and c-
MYC and LIN28, human foreskin fibroblasts could be reprogrammed with a low efficiency of
0.0003-0.0006% by about day 20 (Yu et al., 2009). The efficiency of OriP/EBNA plasmid
vector-mediated reprogramming could be increased by ten fold by the addition of thiazovivin
to cord blood cells and by passage 15, all iPSC clones lost the plasmid (Hu et al., 2011). The

efficiency could be further increased to 0.006-0.1% by co-expressing EBNA mRNA along
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with reprogramming factors in fibroblasts under hypoxic condition in E8 medium. A new
combination of oriP/EBNA vectors with OSKML in one vector and SV40T antigen on another
could reprogram CD34" CB cells, and PB and BW mononuclear cells in the presence of
sodium butyrate at an efficiency of 0.02%, 0.009% and 0.005% in about 2 weeks (Chou et
al., 2011). The bone marrow-derived iPSCs were found to have lost the episomal plasmid by
passage 12 after colony isolation (Cheng et al., 2012). Even though episomal plasmids
mediated reprogramming is promising for the generation of footprint-free iPSCs, the need for
modifying cell culture medium by addition of small molecules for achieving acceptable
reprogramming efficiency has been a major limitation. Minicircle vector that contains only
cDNAs and eukaryotic promoter to drive them has been used in reprogramming. The human
adipose stromal cell could be reprogrammed with an efficiency of 0.005% in about 28 days
using a minicircle vector expressing OCT4, SOX2, NANOG, LIN28 and GFP (Narsinh et al.,
2011). Even though minicircle vector could also be used for reprogramming neonatal
fibroblasts, the suitability of this vector in delivering reprogramming factors to other cell types
is yet to be validated. Like the piggyBac transposons, the reprogramming vectors based on
the transposon get the integrated into the host genome at the TTAA sites in the presence of
transposase and get excised from there on re-expression of the enzyme, facilitating the
generation of footprint-free iPSCs. The piggyBac vector containing Yamanaka factor could
reprogram MEF with an efficiency of 0.02-0.05% in 2-4 weeks (Kaji et al., 2009; Woltjen et
al., 2009) and vector could be excised the iPSC clones derived. A reprogramming efficiency
of 0.02% could be achieved with piggyBac vector in human mesenchymal stromal cells
(hMSCs) in the presence of sodium butyrate (Mali et al., 2010). It is yet to be shown whether
piggyBac vector can be excised from human iPSCs and can reprogramme other human cell
types. mRNA and protein-based reprogramming factor delivery modes have also been
employed in the generation of iPSCs from fibroblasts. Warren et al., could achieve a
reprogramming efficiency of 4.4% by transfecting mRNAs of LIN28 and Yamanaka factors
into human fibroblasts in the presence of valproic acid at 5% O, (Warren et al., 2010). The
need for daily transfection for 7 days to achieve reprogramming is a major limitation

associated with this process. Using bioactive proteins synthesized in E.coli, mouse (Zhou et
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al., 2009) and human (Kim et al,, 2009a) fibroblasts could be reprogrammed with a low
efficiency of 0.006% and 0.001% respectively. The low reprogramming efficiency and
technical difficulties associated with synthesizing large quantities of bioactive proteins
capable of penetrating plasma membrane are the major challenges in using proteins
mediated reprogramming methods.

An ideal factor delivery approach would include vectors that can be easily prepared
in the lab, omit the need for multiple rounds of factor delivery, ensure expression of
reprogramming factors at the optimal stoichiometry and facilitate the formation of footprint-
free iPSC. Such factor delivery methods will contribute immensely to the generation of
clinical-grade iPSCs for translational research.

2.5.4. Identification and isolation of iPSCs

Due to the low efficiency of reprogramming and high heterogeneity in
reprogramming cells, identification of iPSC colonies that attained all attributes of fully
reprogrammed state has been technically challenging. For the identification and isolation of
iPSCs from reprogramming cells, various methods based on microscopy, fluorescence
activated cell sorting (FACS) and magnetic activated cell sorting (MACS) are being used
(Chan et al., 2009; Dick et al., 2011; Abujarour et al., 2013) (Figure 4). These methods are
based on the acquisition of features similar to ESCs in morphology, activation of
endogenous pluripotency genes and transgene silencing.

The most reliable method for the identification of hiPSCs is based on the
morphology. The emerging hiPSC colonies attain hESC-like morphology, and the change
becomes evident as the colonies increase in their cellularity. The colonies with hESC colony
morphological features are identified by observing under the microscope and isolated
manually or using automated systems. Even though this method has been widely used in
established iPSC labs for deriving hiPSC lines, the correlation between morphology and
pluripotency acquisition is yet to be explored. The need for having technical expertise in
identifying the colonies exclusively based on microscopic observation is a major limitation in
employing this technique in labs venturing into hiPSC research. Unlike with hiPSCs, the

miPSCs in pre-iPSC and fully reprogrammed state possess morphology similar to mESCs
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and hence morphology based isolation might not be right choice for deriving stable miPSC
lines.

For mouse iPSCs, fluorescent reporter genes knocked into the endogenous loci of
the Nanog or Oct-4 pluripotency genes have been found to aid in the identification of
reprogrammed colonies (Takahashi and Yamanaka 2006; Okita et al., 2007; Wernig et al.,
2007). This identification strategy is based on the assumption that, when the reprogramming
cells achieve a molecular state that activates endogenous Oct or Nanog, they express
reporter proteins, thereby facilitating their identification. Similar strategies have also been
used for identifying true human iPSC clones (Yu et al., 2007b). Lentiviral constructs, which
express a fluorescent protein under the control of early transposon promoter and OCT-4 and
SOX2 (EOS) enhancers, aided in the identification and the isolation of both miPSCs and
hiPSCs (Hotta et al., 2009). The ability of PSCs to silence retroviral transgene expression
were also used as an indicator of pluripotency acquisition (Nakagawa et al., 2008; Chan et
al., 2009; Hotta et al., 2009). However, this method has not been used extensively as a
marker for identification and isolation of clones undergoing successful reprogramming.
Though these methods aided in the derivation of pluripotency marker expressing iPSC
clones, they required additional genetic manipulation of the donor cells and the ability of all
the clones isolated by these methods to undergo in-vitro and in-vivo differentiation has not
been investigated.

FACS or MACS of cells based on the expression of pluripotency-related surface
markers is also being used for enriching the pluripotent cell population (Dick et al., 2011;
Valamehr et al., 2012; Abujarour et al., 2013; Kahler et al., 2013; Quintanilla et al., 2014).
This omits the need for any additional genetic modifications of donor cells to express the
reporter genes. Combining positive and negative surface markers also allows the selection
and enrichment of iPSCs that can relatively reduce the efforts in culturing partially
reprogrammed iPSC clones (Kahler et al., 2013; Quintanilla et al., 2014). A recent study
showed that there is a high correlation between the expression of a surface marker, CD30,
and endogenous NANOG in the reprogramming cells, and combining CD30 to SSEA-4 and

TRA-1-81 in FACS significantly improved the specificity and efficiency of hiPSC selection
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and derivation (Abujarour et al., 2013). However, such enrichment methods generate
heterogeneous colonies that lack clonal identity as they consist of cells originated from
different donor cells. Additionally, these protocols involve single cell culture of hiPSCs that
require modified culture conditions, and the clones generated from single cells often have
increased the risk of karyotypic abnormalities (Valamehr et al., 2012).

Live cell staining of reprogramming cells with surface markers like TRA-1-60 and
TRA-1-81 could be used for isolation of intact hiPSC clones (Lowry et al., 2008; Chan et al.,
2009; Polak et al., 2012). Since it has been found that even the transgene-dependent
partially reprogrammed cells express these markers (Chan et al, 2009; Abujarour et al.,
2013; Tanaka et al, 2015b), combining live cell imaging with morphology-based
identification would be more reliable identification criterion.

2.5.5. Characterization of iPSCs

For the derivation of iPSC lines, the isolated clones are expanded and subjected to a
series of characterization test to confirm their pluripotency (Stadtfeld et al., 2010a) (Figure
4).

As an initial step, iPSC clones are subjected to molecular characterization by
analyzing the expression of key pluripotency genes at levels comparable with hESC lines.
The mRNA transcript levels of pluripotency markers like NANOG, OCT4, SOX2, DNMT3A,
ABCG2 and REX1 are assessed by real-time PCR in hiPSCs. Also, by immunofluorescence
assay, the expression of pluripotency markers like SSEA4, TRA-1-60, TRA-1-81, NANOG,
OCT4, SOX2 and LIN28 at the protein level is also confirmed. The transcriptionally active
state of endogenous pluripotency genes like NANOG, OCT4 and REX is indicated by the
hypomethylated state of corresponding promoters, and this is confirmed by sequencing
PCR-based assessment of genomic DNA that is subjected to bisulfite conversion.

After confirming the transcriptionally active state of key endogenous pluripotency
genes, the iPSCs are subjected to functional characterization. The developmental potential
of iPSCs in terms of their ability to undergo ftrilineage differentiation and contribute to
embryonic development are tested. The trilineage differentiation potential is tested in vitro by

embryoid body (EB) mediated or directed differentiation and in vivo by teratoma assay. For
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EB-mediated differentiation, the iPSC colonies are grown as suspension culture till they form
cystic bodies that resemble gastrulating embryo termed as embryoid bodies. The EBs are
subsequently grown on attachment culture with or without specialized matrix or feeder layer
to support their further differentiation. Using specialized media containing growth factors and
other nutrient supplements, iPSC or EBs can be directed to differentiate into cells belonging
to specific lineages. With this regard, much progress has been made in the generation of
neuronal and hematopoietic cells from iPSCs in vitro. The expression of lineage specific
markers in the differentiated cells is confirmed by immunofluorescence, real-time PCR
and/or Western blotting. In teratoma assay, the iPSC cells are injected into an
immunocompromised mouse and monitored for the formation of teratoma, a benign growth
that consists of cells belonging to three lineages. The teratoma is dissected and processed
for histologic analysis. In addition to the pluripotency of iPSC clone, other technical factors
like route and site of administration of cells and strain of mouse models used, have been
found to influence the outcome of this assay. Nevertheless, teratoma assay is the gold
standard test for confirming pluripotency of hiPSC lines. In the case of miPSCs, the cells are
further characterized by their ability to contribute to normal development of an embryo in vivo
by chimera formation, germline transmission, and tetraploid complementation. For chimera
formation, the iPSC cells are injected into the blastocyst, and as the embryo develops, they
differentiate into different cell types and get incorporated into the host system. If these iPSC
chimeric mice are capable of given rise to all-iPSC cell offsprings, the potential of these
iPSCs for germline transmission is confirmed. Tetraploid complementation assay is the most
stringent pluripotency test for miPSCs. Here the iPSCs are injected into a tetraploid
blastocyst and allowed to develop in vivo. Since tetraploid cells are incapable of contributing
to developing embryo, the offspring borne will be entirely from iPSC introduced into a

blastocyst.
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2.6. Comparison between hESCs and hiPSCs

Although hESCs and hiPSCs are similar in their morphology and pluripotency
properties, several studies have reported the substantial difference in epigenetic profile,
gene expression, differentiation potential in vitro and teratoma-forming propensity (Bilic and
Belmonte 2012). It is not clear whether these differences reflect inherent differences
between hESCs and hiPSCs or a mere consequence of the reprogramming process. It has
also been suggested the differences between ESCs and iPSCs is similar to the difference
between multiple ESC lines or iPSC lines. Several factors like passage number, genetic
background and reprogramming strategy, have been found to have a significant effect on
gene expression and function of hiPSCs. Also, hiPSC are also found to carry copy number
variations and point mutations, some of which pre-existed in somatic donor cells, whereas
some were acquired during reprogramming or prolonged culture (Mayshar et al., 2010).
Differentiation bias is prominent in hiPSCs which preferentially take up the lineage of the

donor cells from which they were derived (Kim et al., 2011).

2.7. Applications of iPSCs

As a functional equivalent of ESCs, iPSCs are a potential replacement of ESCs and
have tremendous applications in basic science, disease modeling, drug screening and
regenerative medicine (Robinton and Daley 2012; Avior et al., 2016; Trounson and Dewitt
2016) (Figure 5). iPSC has the advantage over ESC that it can be generated from live or
frozen tissue sample of almost any individual, healthy or with disease and live or dead.
Using disease corrected iPSC line as an isogenic control can nullify the effect in
experimental outcome brought about by line to line specific variations.

2.7.1. Applications in basic research

The discovery of iPSCs by Yamanaka gave the ultimate proof for plasticity of cell
identity. The ability of key pluripotency genes and associated factors in reverting cell fate
from a differentiated state to pluripotent state confirmed their critical role in maintaining

pluripotency (Gonzalez and Huangfu 2015). Molecular dissection of reprogramming process
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and iPSCs has provided valuable insights into the relationship between epigenetic
modification and cellular identity (Ho et al., 2011; Liang and Zhang 2012; Smith et al., 2016).
It has been found that reprogramming shares common molecular events with cancer
development, and hence iPSC technique can be used to understand transcriptional and
epigenetic changes in cancer progression (Fernandez et al, 2013). iPSC generation
essentially involves rewinding the developmental clock and hence it is a promising tool for in
vitro studies on aging.
2.7.2. Disease modeling and drug screening

Disease-specific iPSC lines have been generated from patients with neurological,
cardiac, hepatic, and hematological disorders (Park et al., 2008; Sterneckert et al., 2014).
Many of these iPSC lines could be to recapitulate certain aspects of disease pathogenesis in
vitro. They could also be used for high throughput screening of drugs for developing
therapeutics to alleviate or treat the disease. One of the first iPSC-based disease models
was generated for spinal muscular atrophy (SMA) caused by loss of function of SMN1 gene
leading to motor neuron degeneration (Ebert et al., 2009). The motor neurons derived from
the SMA-IPSC line showed SMA characteristic nuclear germ formation and this phenotype
could be alleviated by treatment with tobramycin and valproic acid. Similarly, long QT
syndrome — iPSC-derived cardiomyocytes could mimic disease phenotype with longer action
potential and identify novel drugs, B-adrenergic receptor inhibitors, nifedipine (a calcium
channel blocker) and pinacidil (a Katp channel opener) that can potentially be used for
treating the disease (ltzhaki et al., 2011). iPSC-based disease modeling and drug discovery
could also be achieved for some diseases like Wilson’s disease, Adrenoleukodystrophy,
Alzheimer disease, Parkinson’s disease, Familial Dysautonomia, Niemann-Pick disease,
bipolar disorders, Schizophrenia and Rett syndrome (Avior et al., 2016).

iPSC-based disease modeling has several advantages over other hESC-derived
disease models. iPSC lines derived from multiple patients will enable the analysis of the
similar mutation in diverse genetic backgrounds. For studying the mechanism of complex
disorders, individual specific iPSC disease model is the best choice, as there are several

unknown genes involved. Drug screening on patient-specific iPSC lines would be helpful in
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developing personalized medicine. There are a few limitations associated with hiPSC based
disease models. As in the case with Fanconi anemia, disease-associated defects make the
patient-derived cells refractory to reprogramming (Raya et al., 2009). The differentiated cells
derived from hiPSC are found to exhibit fetal features, and this may interfere with modeling
diseases like B-Thalassaemia in which adult proteins are involved (Chang et al., 2011). For
modeling late on set diseases like Alzheimer disease and Parkinson disease, addition
manipulations in culture are required to promote cellular aging in vitro and accelerate
disease pathogenesis (Avior et al., 2016).
2.7.3. Regenerative Medicine

iPSC lines generated from healthy donors can provide an unlimited supply of cells
for replacement therapy. Specialized cells derived from iPSCs have been tested in vitro and
in vivo in animal models to check their suitability for disease treatment. In one of the first
proof of principle experiment, iPSC derived from tail tip fibroblast of humanized mice with
sickle cell anemia was gene corrected by homologous recombination and differentiated to
hematopoietic progenitor cells in vitro (Hanna et al., 2007). On transplantation of these cells
to the affected donor mice, the production of functional haemoglobin was restored leading to
recovery from the disease. Retinal epithelial cells (RPE) derived from hiPSCs has been
approved for a clinical trial of age-related macular degeneration (Trounson and Dewitt,

2016).

2.8. Major molecular events in successful reprogramming

Reprogramming is a gradual multi-step process that involves the loss of specialized
function of somatic cells and gain of pluripotency and self-renewal properties, similar to
ESCs. In the chronological order, the major molecular events associated with successful
reprogramming process are down-regulation of somatic-specific programme, mesenchymal
to epithelial transition (MET), activation of endogenous pluripotency network, X chromosome

reactivation, erasure of epigenetic memory and exogenous reprogramming factor (or
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transgene) independence (Ho et al., 2011; Liang and Zhang 2012; David and Polo 2014;

Gonzalez and Huangfu 2015) (Figure 6).

2.8.1. Downregulation of somatic cell specific programme and mesenchymal to
epithelial transition (MET)

Soon after the overexpression of reprogramming factors, downregulation of somatic
cell specific genes is observed in the majority of the cells during miPSC and hiPSC
generation (Mikkelsen et al., 2008a; Stadtfeld ef al., 2008a; Chan et al., 2009). This process
is closely associated with mesenchymal to epithelial transition, which is one of the initial
events in the successful reprogramming process. MET related events are observed before
the expression of pluripotency markers like SSEA-1, Nanog, Sall4 and Oct3/4 (David and
Polo 2014). MET associated gene expression changes include suppression of key
mesenchymal genes, such as Snail, Slug, Zeb1, Zeb2, Twist1, Twist2, N-cad and Fn and the
upregulation of key epithelial genes, such as E-cadherin, Ocln, Cldn3, Dsp, Pkp1, Pkp3, Ep-
CAM, Krt8 and Krt19 (David and Polo 2014). The promoting the epithelial state, such as
TGF-B inhibitors, BMPs, microRNAs, miR200s and miR302/367, and Cdh1 enhance iPSC
generation, and in some cases, they can substitute for reprogramming factors (Ichida et al,,
2009; Samavarchi-tehrani et al., 2010; Liao et al., 2011; Liang and Zhang 2012). In contrast,
factors that suppress the epithelial state (e.g., TGF-B) or depletion of key epithelial adhesion
molecules (e.g., Cdh1, Epcam) are able to inhibit iPSC generation (Chen et al., 2010; Li et
al., 2010; Samavarchi-tehrani et al., 2010; Redmer et al, 2011). Morphologically,
reprograming cells that gain epithelial properties show reduced cell size and compact cell-
cell interaction (Li et al., 2010; Samavarchi-tehrani et al., 2010; Smith et al., 2010). They
have been shown to escape cell cycle arrest and secure a faster division rate (Smith et al.,
2010; Ruiz et al., 2011). Along with altered proliferation rate, a shift in energy metabolism
from oxidative phosphorylation to glycolysis is initiated during this stage (Panopoulos et al.,
2012).

2.8.2. Activation of endogenous pluripotency circuitry
Activation of endogenous pluripotency circuitry is the central event in acquiring and

establishing a pluripotent state in somatic cells subjected to reprogramming. This occurs
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Figure 6: Molecular events in successful reprogramming to iPSCs
Reprogramming cells transit through multiple stages to achieve pluripotency. In the
chronologic order, they achieve downregulation of somatic cell specific genes,
mesenchymal to epithelial transition, activation of endogenous pluripotency
network, X chromosome reactivation, telomere elongation, exogenous factor
independence and erasure of epigenetic memory. During each stage of
reprogramming, cells undergo multiple barriers and as a result only a subset of cells
enter the subsequent step towards pluripotency acquisition. As majority of cells fail
to overcome these barriers, the reprogramming efficiency is extremely low.
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gradually with initial activation of certain pluripotency-related genes and the rest, over the
course of time, to finally establish the endogenous pluripotency circuitry, thereby suggesting
an activation hierarchy of pluripotency factors (Buganim et al, 2012). The hierarchical
activation of pluripotency genes suggests that pluripotency can be induced and established
through alternative pathways, and this supports the ability of novel combinations of
reprogramming factors in inducing pluripotency (Feng et al., 2009b).

The pluripotency genes that are initially activated may serve as pioneer factors in
establishing pluripotency network (Ichida et al., 2009; Samavarchi-tehrani et al., 2010; Liang
et al., 2012; Onder et al., 2012). These include pluripotency genes like Sox2, Esrrb, Utf1,
Lin28, Dppa2, Fbxo15, Fgf4 and Oct4. The most upstream event in this hierarchy is the
activation of Sox2 gene which is suggested to be due to permissive chromatin at the
corresponding locus (Buganim et al., 2012). The strong correlation of Esrrb, Utf1, Lin28 and
DppaZ2 upregulation, even before the activation of pluripotency circuitry, with successful
reprogramming outcome, suggests that they are actively involved in some rate limiting steps
in reprogramming process (Samavarchi-tehrani et al., 2010; Buganim et al., 2012). However,
activation of Fbxo15, Fgf4 and Oct4 does not guarantee the derivation of stable iPSCs and
are found to be expressed by even partially reprogrammed colonies. Certain studies
reported the activation of Nanog soon after MET gene activation. In line with this, NANOG,
even though is not an inevitable factor in reprogramming cocktail, has been found to be
indispensable for entry to pluripotency (Mitsui ef al, 2003; Silva et al., 2009), increase
reprogramming efficiency on overexpression and convert partially reprogrammed cells to a
pluripotent state. Unlike Sox2, activation of Nanog occurs after chromatin reorganization
induced by reprogramming factors. After the pioneer gene activation and subsequent
activation of other pluripotency genes, the activation of pluripotency circuitry occurs at the
later stages of iPSC formation. The exact sequence of events in this process is not clearly
understood. The activation of pioneer, pluripotency genes is so critical to reprogramming that
the presence of non-permissive chromatin at their loci poses a major epigenetic barrier for
the subsequent activation of pluripotency circuitry. Upon activation of pluripotency circuitry,

reprogramming cells achieve self-renewal ability.
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2.8.3. X chromosome reactivation

The somatic cells from females show random inactivation of one of the X
chromosomes (XCIl) and as a result, only single X chromosome remains active. During
reprogramming of mouse somatic cells, silenced X chromosome get reactivated so that
miPSCs possess two active X chromosomes like mESCs (Maherali et al., 2007). This event
occurs in late stages of reprogramming alongside with the activation of endogenous Nanog
and Oct4 (Stadtfeld et al, 2008a). On the contrary, hiPSCs retain the inactive X
chromosome from the somatic state (Tchieu et al,, 2010) and on extended culture, some
hiPSCs clones had been found to show dosage erosion wherein the inactive X chromosome
get derepressed (Mekhoubad et al., 2012). This is consistent with XCI observed in different
female hESC lines, wherein many lines show complete XCI in an undifferentiated state and
a few lines partially carry two active X chromosomes (Silva et al., 2008b).
2.8.4. Exogenous factor independence

On successful reprogramming, the iPSCs retain their pluripotent state with the aid of
established endogenous pluripotency network independently of exogenous reprogramming
factors, confirming stable conversion of cell fate (Brambrink et al., 2008; Stadtfeld et al.,
2008a). Exogenous factor independence is achieved in the late stages of reprogramming,
and premature depletion of the exogenous factors revert the reprogramming cells to their
initial differentiated phenotype or partially reprogrammed state. This need not necessarily be
associated with transgene silencing. In retroviral mediated reprogramming, transgene
silencing is very efficient (Maherali et al., 2007) probably through the actions of Trim28,
Zfp806, and histone and DNA methyltransferases (Lei et al., 1996; Wolf and Goff, 2009;
Matsui et al., 2010; Rowe et al, 2010), whereas constitutively active lentiviral vectors,
continued to express transgenes in established iPSC lines. Even though transgene silencing
is not an absolute requirement for establishing a self-renewing pluripotent ESC-like state,
persistent expression of exogenous factors after establishing endogenous pluripotency
network in iPSCs impairs the differential potential of these cells (Brambrink et al., 2008;

Sommer et al., 2010).
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2.8.5. Erasure of epigenetic memory

Despite being pluripotent, the isolated iPSC in the initial passages have been found
to retain certain epigenetic traits characteristic of the donor cells, and this epigenetic memory
has been found to influence their differentiation potential. These clones display an increased
propensity to differentiate into their original lineage compared to other lineages, and this
trend might be favoured by the gene expression profile and chromatin state resembling that
of starting cells (Kim et al., 2010; Ohi et al., 2011; Kim ef al., 2012). The epigenetic memory
in the iPSCs also contributes to their molecular identity distinct from ESCs (Ghosh et al.,
2010). Upon expansion in culture over several passages, the epigenetic memory is gradually
lost thereby diminishing the disparities between ESCs and iPSCs in molecular and functional
properties (Chin et al., 2010; Polo et al., 2010). The erasure of epigenetic memory could be
accelerated by exposure to drugs that modulate the activity of epigenetic factors (Kim et al.,

2010).

2.9. Expression kinetics markers used for defining stages of

reprogramming

For the identification of markers that can define stages of reprogramming, the
reprogramming cells were monitored by time-lapse fluorescent imaging and FACS analysis.
In miPSC reprogramming, Thy1, CD44, ICAM, SSEA-1, retroviral fluorescent reporter and
endogenous NANOG, SOX2 or OCT4 coupled with a fluorescent reporter have been used to
define stages of reprogramming (Stadtfeld et al., 2008a; O’'Malley et al., 2013). In hiPSC
reprogramming, to serve the same purpose, the fibroblast marker CD13, pluripotency
markers SSEA-4, TRA-1-60, TRA-1-81 and CD30 and retroviral fluorescent reporter have
been used (Takahashi et al., 2014; Tanaka et al., 2015a).

In one of the first studies on expression kinetics of markers during reprogramming, a
doxycycline (DOX)-inducible secondary reprogramming system in MEF was used (Stadtfeld
et al., 2008a) (Figure 7). When the expression kinetics of Thy1 and SSEA-1 was followed, it

was found that 30%, 50% and 70% of cells achieved Thy1 state by day 3, day 5 and day 7
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Figure 7: Expression kinetics of markers used for defining stages of
reprogramming

Schematics of the expression kinetics of markers during (A) miPSC reprogramming
and (B-C) hiPSC reprogramming. (Adapted from (A) Stadtfeld et al., 2008, (B) Chan
etal., 2009 and (C) Tanaka et al., 2015).
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following DOX addition, respectively. About 1-5% of Thy1™ cells were found to initiate SSEA-
1 expression by day 5, and by day 7, 5%— 10% of total cells showed an SSEA-1"Thy1
phenotype. A week after DOX withdrawal, SSEA-1"Thy1” miPSC colonies were formed.
Thus, it was found that Thy1 down-regulation is an early event during the reprogramming
process that occurs in the majority of cells, and SSEA-1 expression is initiated in a small
fraction of Thy1 cells, first at low and eventually at high levels. On reprogramming mTert-
GFP, X-GFP and Sox2-GFP, it was found that in a small fraction of SSEA-1" cells, the
reactivation of the pluripotency transcription factor, Sox2, the silenced X chromosome, and
telomerase occurs. The occurrence of these late events correlated with the period when
cells start to become independent of DOX, and thus exogenous factor expression. Using
Sox-GFP MEF labelled with retroviral tdTomato, it was identified that retroviral transgene
silencing is a gradual process that gets completed in established clone. In a similar study on
MEF reprogramming with the DOX-inducible secondary system, it was found that SSEA-1
cannot accurately delineate reprogramming process Nanog-eGFP+ cells were found to
originate from both SSEA-1" and SSEA-1" fractions (O’Malley et al., 2013). It was found that
the appearance of CD44 and ICAM1" cells at later time points closely correlated with
Nanog—eGFP expression. By coupling the markers, CD44 and ICAM1, with NANOG-GFP,
the intermediate reprogramming subpopulations could be isolated successfully.

By serial live cell imaging of human fibroblast subjected to reprogramming, three
distinct types of expandable hESC-like colonies formed during reprogramming were
identified via expression patterns of virus-derived GFP, fibroblast marker CD13 (ANPEP),
and two pluripotent markers SSEA-4 and TRA-1-60 (Chan et al., 2009) (Figure 7). Type |
cells are defined by continuous expression reprogramming genes (CD13 GFP'SSEA-4 TRA-
1-607). Type Il cells express pluripotency marker SSEA-4 and continue expressing
reprogramming factors (CD13'GFP'SSEA-4"TRA-1-60). Type lll cells show expression of
TRA160 as well as SSEA4 (CD13'GFP'SSEA-4"TRA-1-60"). Among these types of colonies,
only type lll has similar molecular phenotypes with hESCs and become bona fide hiPSCs.
Type | and type Il cells are partially reprogrammed cells and display negative nuclear

NANOG staining, low expression of several pluripotency related proteins (e.g., DNMT3B and
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REX1), and a distinct epigenetic state from type Il cells and hESCs. Type | cells remain in
their incomplete reprogramed state while a small population of type Il cells may still convert
to type Il cells and complete hiPSC reprogramming. Using the same marker combinations,
the primary human fibroblasts undergoing reprogramming with pMSCV-IRES-GFP-based
retroviral vectors expressing OSKM were analyzed by FACS to follow the expression
kinetics of markers (Tanaka et al., 2015a) (Figure 7). Based on the expression profile of
pluripotency genes in the different cell fractions analysed, it was found that CD13 GFP"

SSEA-4"TRA-1-60" represents the type Ill cells.

2.10. Methods used to dissect the molecular mechanism of reprogramming

For unraveling the molecular mechanism of reprogramming, different approaches
are currently being used. The study methods used, their advantages and limitations are
described below.
2.10.1. Analysis of molecular changes in reprogramming cells on factor

overexpression

In the most straight forward approach, transcriptional and epigenetic changes in total
cell populations at different time points after factor induction have been analyzed (Koche et
al., 2010). Such studies have helped to understand the global effect of reprogramming factor
overexpression in somatic cells. By following the reprogramming cells using time-lapse
imaging, insights into the morphological changes and surface marker expression kinetics
during reprogramming could be obtained (Chan et al., 2009; Smith et al, 2010). The
information gained from such studies have been very useful in identification and isolation of
reprogramming intermediates and iPSC colonies. Molecular dissection of partially
reprogrammed colonies, which have achieved only a few features of pluripotent cells, has
served in the identification of molecular barriers in reprogramming (Mikkelsen et al., 20083;
Silva et al., 2008a). By testing the ability to convert partially reprogrammed colonies to a fully
reprogrammed state, the role of novel factors in reprogramming was identified.

A more precise understanding of the transcriptional changes that occur at the
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different stages of reprogramming could be achieved by analyzing the intermediate cell
populations isolated based on specific surface marker expression (Hansson et al., 2012;
O’Malley et al., 2013; Takahashi et al., 2014; Tanaka et al., 2015a). For molecular analysis,
cells expressing different combinations of these markers or a specific pluripotency marker at
a specific time point or different time points during the course of reprogramming are used
(Stadtfeld et al., 2008a; Polo et al., 2012; O’'Malley et al., 2013; Tanabe et al., 2013;
Takahashi et al., 2014; Tanaka et al., 2015a).

Since reprogramming is an extremely inefficient process, the cells undergoing
successful reprogramming constitute less than 1% of the total population. In an attempt to
overcome the problem of cell heterogeneity interfering the dissection of the molecular basis
of reprogramming, the reprogramming process has also been studied at single-cell
resolution. Two single-cell techniques, Fluidigm BioMark and a single-molecule-mRNA
fluorescent in situ hybridization (sm-mRNA-FISH), have been used to quantify gene
expression in the rare cells that undergo reprogramming (Raj et al., 2008; Polo et al., 2012;
O’Malley et al., 2013).

2.10.2. Manipulation of specific factors by molecular intervention

Molecular interventions of pathways associated with reprogramming events, by
overexpression or knockdown of specific genes, or activation or inhibition of specific
proteins, have identified several novel factors involved in reprogramming (Li and Rana 2012;
Mancarci et al., 2012; Zhang et al., 2012; Qin et al., 2014). By manipulating the expression
of these genes or activity of proteins, their stage-specific role in pluripotency induction could
be identified and reprogramming efficiency could be improved.

One of the major considerations in gene regulation studies is the extent of
exogenous transgene expression or endogenous gene knockdown achieved in the target
cells. This, in turn, is found to be mainly dependent on several functional elements in the
transfer vectors. One of the major factors that determine the efficiency is the type of the
promoters used. However, it has been reported that these promoters varying in their strength
and susceptibility to silencing in somatic cells, ESCs and ESC-derived cells. The high, stable

and persistent transcriptional activity of EF1a promoters during propagation and
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differentiation of mammalian ESCs have been reported by multiple studies (Kim et al., 2007;
Wang et al., 2008). EF1a showed high level of transgene expression in mouse tail fibroblasts
(129TF), MEF, mouse myoblasts (C2C12), rat mesenchymal stem cells (MSC), human
fibroblasts (MRCS5), human fibrosarcoma cells (HT1080), human embryonic kidney cells
(293T), and rhesus macaque mammary tumor cells (CMMT) and this was comparable with
CAGG and higher than SV40, PGK and UbC (Qin et al., 2010). In this study, it was observed
that UbC was consistently the weakest promoter in all the cell types while PGK was also
consistently weak, though typically stronger than UBC. CMV promoter is the most variable,
being very strong in some cell types (e.g., 293T and CMMT) and rather weak in others (e.g.,
MRCS5). When multiple promoters with single copy integration to ROSA locus in mESCs
were compared, CAG was found to yield the highest levels of expression at approximately
9-10 fold the level of the endogenous ROSA26 promoter (Chen et al., 2011). This was
followed by EF1a (4.5 fold), UbC (3-5 fold), CBA, PGK, MC1 (1 fold) and CMV (0.1 - 0.3
fold). Even though CMV promoter strongly drives transgene expression in several
mammalian cells, CMV promoter drove GFP expression at very low levels in mouse, human
and monkey ESCs (Kim et al., 2007). In human CD34" hematopoietic stem/progenitor cells,

the highest level of GFP expression was driven from the MSCV LTR promoter, followed by
the PGK, GALV LTR, EF1a, CMV promoter, and CAG promoters (Ramezani et al., 2000).

Since reprogramming involves the continuous transition of cell states to reach
pluripotency, depending on the type of promoters and the reprogramming stage to which the
cells belong, the extent of gene regulation brought about by these vectors is likely to vary.
This alteration in promoter activity during reprogramming will potentially influence the
reprogramming outcome and interfere with the assessment of the role of novel factors in
reprogramming. Thus, it is important to choose the promoter in overexpression and
knockdown vectors used for elucidating the molecular mechanism of reprogramming.
However, so far, there are no studies on evaluating the promoter activity in cells undergoing

reprogramming.
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2.10.3 RNAi screening

A few studies have reported RNAI screening using shRNA libraries to identify novel
factors in reprogramming (Qin et al., 2014; Sakurai et al., 2014; Yang et al., 2014). This
method involves transducing the somatic cells with shRNA libraries and then subjecting the
cells to factor mediated reprogramming. The reprogramming cells are isolated based on the
expression of specific cell surface markers at multiple time points. From the sorted cell
fraction, DNA is isolated and subjected to high throughput analysis to identify the shRNAs
that are enriched or depleted in isolated cell fractions. The enrichment of a specific sShRNA in
the pluripotent fraction indicates that the target gene of that particular shRNA act as a barrier
to reprogramming. By a kinome-wide RNAI based analysis, 59 kinases that act as barriers in
MEF reprogramming were identified (Sakurai et al, 2014). Using a genome-wide RNAI
screen, specific genes that are associated with transcription, chromatin regulation,
ubiquitination, dephosphorylation, vesicular transport, and cell adhesion were identified as
barriers in hiPSC reprogramming (Qin et al., 2014). The potential of RNAi screen is yet to

explored to identify stage specific role of novel factors in reprogramming.

2.11. Mechanistic models of reprogramming

The stochastic and deterministic models have been proposed to explain the
mechanism of reprogramming (Yamanaka 2009) (Figure 8). In the “stochastic” mode, iPSCs
appear with variable latencies, and it cannot be predicted whether or when a given cell
would become an iPSC. The stochastic model is strongly supported by the single-cell
cloning experiments which demonstrated that sister cells from an early colony generate
iPSCs with variable latency and with some sister cells never giving rise to iPSCs (Hanna et
al., 2009a). This stochasticity may reflect differences in cell cycle stage, cell-intrinsic
fluctuation in gene expression and epigenetic status. Acceleration of reprogramming kinetics
in a cell division rate-dependent manner further supports the stochastic nature of
reprogramming. In “deterministic’ mode, the reprogrammed cells would be generated with a

fixed latency. This mode of reprogramming is displayed by granulocyte monocyte progenitor
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Figure 8: Mechanistic models of reprogramming

(A) In deterministic model, reprogramming cells follow a same route to pluripotency
and become iPSCs with a fixed latency. In stochastic model, reprogramming cells
take alternate routes to pluripotency and achieve iPSC state with different latencies.
(B) In elite model, only a small number of cells present within the starting cell
population (shown in magenta) has the potential to become iPSCs under the
influence of reprogramming factors. An alternate model suggests that
reprogramming is initiated in many cells, but majority of the cells fail to transverse
through the multi-step process, and only a few cells become iPSCs. (Adapted from
Takahashi et al., 2016.)

40



(GMP) cells with an ultrafast cell cycle of 8 hours, giving rise to iPSC colonies almost
synchronously in only four to five cell divisions upon OSKM expression (Guo et al., 2014).
Similarly, chromatin derepression through Mbd3 depletion allows rapid, deterministic
reprogramming of MEFs (Rais et al., 2013).

Both of these models are further divided into subcategories where ‘all’ or only a
subset of ‘elite’ cells are permissive to reprogramming (Figure 8). The evidence for all cells
permissive for reprogramming comes from the observation that >92% of the pre-B cell can
give rise to reprogrammed colonies if the reprogramming factors are expressed for enough
time (Hanna et al., 2009a). The extremely low reprogramming efficiency led to the
suggestion that only the elite cells in donor population were capable of reprogramming. The
elite cells may be either predetermined or induced upon viral delivery. The existence of
predetermined elite cells capable of reprogramming comes from the fact that hematopoietic
stem and progenitor cells generate up to 300 times more iPSC colonies than terminally
differentiated B and T cells (Eminli et al., 2009). The idea of elite cells getting induced upon
viral delivery is based on the fact that random transgene integration cause heterogenous
transgene expression and only the rare cells that achieve optimal expression, and
stoichiometry of the reprogramming factors get reprogrammed. However, about >90% of the
secondary reprogrammable MEFs (Wernig et al., 2008) or transgenic reprogrammable MEFs
with a doxycycline (dox)-inducible polycistronic OSKM expression cassette integrated into
the Collagen (Col1a1) locus (Carey et al., 2010; Stadtfeld et al., 2010b), failing to reprogram

argue against the concept of an elite model of reprogramming.

2.12. Molecular mechanism of reprogramming somatic cells to iPSCs
Reprogramming of somatic cells to iPSCs is a complex process that involves
multiple genetic-epigenetic signaling pathways to induce pluripotency, self-renewal and loss
of specialized cellular functions. This involves the activity of a large set of transcription
factors, chromatin- and DNA-modifying enzymes, non-coding RNAs, and signal transduction

pathways (Figure 9).
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2.12.1. Role of transcription factors

OCT4, SOX2 and NANOG form core transcriptional regulatory network in ESCs and
they co-occupy promoters of key pluripotency genes that are up-regulated in ESCs and also
the developmental genes that are silenced in pluripotent cells (Jaenisch and Young 2008).
They also form an autoregulatory network binding to each other’s and their own promoters to
maintain transcription regulatory activities. cMYC is associated with cell cycle regulation and
it promotes cell cycle progression by downregulating cell cycle checkpoint genes by
inhibiting cyclin-dependent kinase inhibitors and promoting DNA synthesis by associating
with prereplication complexes (Meyer and Penn 2008). During reprogramming, a drastic
change in the promoters occupied by OSK occurs with changes in the expression profile of
the respective genes (Sridharan et al., 2009; Koche et al., 2010; Soufi et al., 2012). In the
initiation phase, OSK bind to promoters and enhancers of active and repressed genes, of
which half of the enhancers are specific for PSCs (PSCs), suggesting the critical role of OSK
in opening chromatin at the pluripotency loci. Through the interaction with Mediator, Cohesin
complexes or RNA Pol Il elongation factor ELL3, OSK might be recruiting these factors to
non-canonical enhancers and promoters bringing about chromatin opening (Kagey et al.,
2010; Buganim et al., 2013; Lin et al., 2013). During the stabilization phase, gene promoter
occupancy of OSK in reprogramming cells looks similar to that in PSCs, confirming their role
in establishing pluripotency in iPSCs. KLF4 is involved in somatic gene repression initially
and in pluripotency gene activation in later stages (Polo et al., 2012). The role of cMYC in
favouring reprogramming is thought to be mainly through regulating cell proliferation. cMYC
activity has been found to be restricted to initiation phase of reprogramming and all cMYC
binding sites get occupied during this phase. The increase in proliferation rate brought about
by cMYC may help the cells to reset the genome with the help of OSKM. It has also been
found that cMYC brings about global amplification of gene expression at all active
promoters, and they may be enhancing transcription of genes activated by OSK (Lin ef al.,
2012; Nie et al., 2012; Soufi et al., 2012).

In addition to OSKM, several other pluripotency-related genes have been found to

be capable of inducing reprogramming. Nanog, Lin28, Glis1, Sall4, and the orphan nuclear
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receptor Esrrb are some of such factors (Yu et al., 2007b; Tsubooka et al., 2009; Maekawa
et al., 2011). NANOG homeodomain transcription factor is part of the core pluripotency
transcriptional network and is required for the maintenance of pluripotency in epiblasts and
ESCs (Pan and Thomson 2007). NANOG is involved in the transition from maturation phase
to stabilization phase during reprogramming of human mesenchymal cells by OCT4, SOX2,
NANOG and LIN28 (OSNL) (Yu et al., 2007b) and mouse neural stem cells (NSCs) by OSK
(Silva et al., 2009). NANOG accelerates OSKM-mediated reprogramming of mouse B cells
in a cell-division-rate-independent manner (Hanna et al., 2009a). LIN28 blocks maturation of
let-7 miRNAs, which are negative regulators of cycle-regulating miRNAs associated with
ESC self-renewal. LIN28 has been shown to mediate post-transcriptional regulation of Oct4
in hESCs and cell-cycle regulators in mESCs (Shyh-Chang and Daley 2013). So LIN28 in
the OSNL set may be a functional analogous to that of cMYC in OSKM. Lin28 is not
inevitable in OSNL combination, and its removal brings about a five-fold reduction in the
number of ESC-like colonies formed, might be improving reprogramming through both
miRNA- dependent and -independent mechanisms (Yu et al, 2007b; Viswanathan and
Daley 2010). GLIS1, a transcription factor enriched in unfertilized oocytes and one-cell stage
embryos, was found to promote OSK and OSKM mediated reprogramming of mouse and
human fibroblasts (Maekawa et al, 2011). The ability of GLIS1 to activate pluripotency
genes like Foxa2, Essrb, Lin28a and Nanog, and Myc family genes like MycN and Mycl1 but
downregulation of cMyc expression might be responsible for its effect on reprogramming.
SALL4, with overlapping binding sites with OSN, is required for pluripotency maintenance in
ESCs and its knockdown lead to differentiation of ESCs to trophectoderm related cells.
Sall4 overexpression gave two-fold more NANOG" iPSC colonies on OSK mediated
reprogramming of MEFs and Sall4 knockdown gave twofold reduction (Tsubooka et al.,
2009). ESRRB targets in ESCs include self-renewal and pluripotency genes (lvanova et al,,
2006; Loh et al., 2006), and it localizes with KLF4 (Feng et al., 2009a). It was found to be
capable of replacing KLF4 in OSKM mediated reprogramming of MEF though OSEM
exhibited a twofold decrease in efficiency (Feng et al., 2009a).

To maintain pluripotency, in addition to repressing key developmental regulators
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(Young 2011), the pluripotency factors may act as early lineage specifiers and the balance of
their antagonistic activities results in the maintenance of the undifferentiated state (Loh and
Lim 2011). Supporting this observation, overexpression of GATA3 (a mesendoderm-lineage
specifier) and GMNN (an ectoderm-lineage specifier) could replace Oct4 and Sox2 in OSKM
mediated reprogramming of MEF (Shu et al.,, 2013). A similar mode of action has been
identified for other lineage transcription factors in miPSC and hiPSC reprogramming
indicating a more complex mechanism of pluripotency induction.
2.12.2. Role of epigenetic remodeling factors

Reprogramming aims at switching the molecular, cellular and functional identity of
somatic cells to a pluripotent state by global epigenetic resetting (Figure 10). Epigenetic
modifications associated with reprogramming involve chromatin remodeling, post-
translational modification of histones and DNA methylation/ demethylation. These changes
are essential for gaining access to the host genome for altering its transcriptional activity
thereby inducing pluripotency. The major epigenetic events in reprogramming include
silencing of somatic cell specific gene expression profile, activation of endogenous
pluripotency network, maintenance of imprinting status, reactivation of X chromosome and
silencing of exogenous factors. Coordinated action of the following epigenetic modifiers
brings about these changes resulting in induction of pluripotency in terminally differentiated
cells.
Histone modifiers

Histone modifiers like histone methyltransferases, demethylases and
acetyltransferases have been found to be associated with reprogramming events. Through
addition and removal of methyl or acetyl groups on specific amino acid residues like H3K4,
H3K9, H3K27 and H3K79, these histone modifiers regulate gene expressions associated
with reprogramming.

Knockdown of Wdr4, an H3K4me3 methyl transferases in Trithorax group (TrxG)
complexes, brought about a decrease in occupancy of WDR5 on chromatin, the global
reduction of H3K4me3, a locus-specific decrease of H3K4me3 at pluripotency-associated

gene promoters including those of Oct4 and Nanog, and a decrease in the efficiency of
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reprogramming in MEFs. During reprogramming Wrd5 is upregulated through direct binding
of OCT4 to its promoter and OCT4 facilitate binding of Wdr5 at pluripotency loci to
reestablish H3K4me3 active marks leading to robust transcriptional activation (Ang et al.,
2011).

The addition of H3K9me3 mark which is usually associated with repressed
heterochromatin, bring about gene repression. Depletion of H3K9 methyltransferases,
Ehmt1, Ehmt2 or Setdb1 and the H3K9me3 binding heterochromatin protein, CBX3 has
been found to increase miPSC formation (Sridharan et al., 2013). This is in line with the fact
that H3K9me3-containing regions prevent OSKM binding in human fibroblasts during
reprogramming (Soufi et al., 2012), and their presence at pluripotency loci represents a
major roadblock in the transition from pre- to fully reprogrammed mouse iPSCs (Chen et al.,
2012; Sridharan et al., 2013). H3K9 methyltransferases seem to act downstream of bone
morphogenetic proteins (BMPs), and together with their corresponding demethylases, they
constitute a switch controlling the transition from pre-iPSC to iPSC by regulating H3K9
methylation levels at core pluripotency loci (Chen et al., 2012).

Knockdown of H3K27 methyltransferases belonging to the PRC1 (BMI1 and RING1)
and PRC2 (EZH2, EED, and SUZ12) PcG complexes substantially reduces the number of
iPSC colonies obtained from human fibroblasts (Onder et al., 2012). This is consistent with
the role of PcG complex in transcription repression of the developmental genes regulated by
OSN in the pluripotent stem cell. Further studies have shown that EZH2 negatively regulates
transforming growth factor - B (TGF-B) signaling components and pro-EMT miRNAs such as
the miR-23a cluster through association with cMyc during the initiation phase of
reprogramming in human fibroblasts (Rao et al., 2015). Inhibition of the H3K27 demethylase
UTX (also known as KDM6A) and the H3K36 demethylases JHDM1A and JHDM1B (also
known as KDM2A and KDM2B) also decreases reprogramming efficiency. Utx has been
shown to promote reprogramming through physically interacting with OSK and removing
H3K27me3 from early pluripotency genes such as Fgf4, Sall4, or Sall1 (Mansour et al.,
2012). JHDM1B plays a prominent role during the initiation phase of reprogramming when it

enhances the activation of early responsive genes through binding and demethylating their
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promoters (Liang et al., 2012). Moreover, JHDM1A and JHDM1B were also shown to
mediate the enhancing effect of vitamin C on reprogramming, by repressing the Ink4/Arf
locus, increasing proliferation, and suppressing senescence (Wang et al., 2011).

Inhibition of the H3K79me2 methyltransferase DOT1L promotes reprogramming and
can replace the reprogramming factors KLF4 and cMYC in OKSM (Onder et al., 2012).
These effects are likely mediated through early upregulation of NANOG and LIN28 and loss
of H3K79me2 at EMT genes (SNAI1, SNAI2, ZEB1, and TGFB?2).

Histone variants

Manipulation of expression levels of histone variants associated with DNA damage
response (H2A.X) and heterochromatin (MacroH2A) and enriched in oocytes (TH2A, and
TH2B) has been found to influence reprogramming efficiency.

It has been shown that H2A.X depletion leads to decreased reprogramming
efficiency, and that aberrant accumulation of H2A.X marks poor-quality iPSCs (Buganim et
al., 2014; Wu et al., 2014). This effect on reprogramming outcome might be due to their role
in DNA damage response brought about by ectopic expression of the reprogramming
factors, wherein an increase in H2A.X phosphorylation (y-H2A.X) is observed during the
initiation phase of reprogramming (Strati et al., 2009; Miiller et al., 2012a; Gonzalez et al.,
2013).

More efficient reprogramming has been observed in macroH2A1- and macroH2A2-
depleted mouse NSCs (Pasque et al, 2012) and double knockout mouse fibroblasts
(Gaspar-Maia et al., 2013). This is consistent with the observation in mouse fibroblasts that
macroH2A1 and macroH2A2, together with H3K27me3, co-occupy repressed pluripotency
genes (Pasque et al., 2012; Gaspar-Maia et al., 2013) and are highly enriched at UTX target
genes, which are reactivated early during reprogramming (Gaspar-Maia et al., 2013). In
human keratinocytes, macroH2A1 occupies pluripotency and bivalent genes and in line with
this, macroH2A1 knockdown leads to increased reprogramming efficiency, while macroH2A1
overexpression inhibits reprogramming (Barrero et al., 2013).

TH2A and TH2B, involved in activation of the paternal genome after fertilization in

oocytes, stimulate iPSC generation when overexpressed with OSKM in MEFs (Shinagawa et
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al., 2014). Similarly, knockdown and overexpression studies of SF1A, a histone-remodeling
chaperone enriched in human oocytes, showed that this histone chaperone promotes
reprogramming of HDFs (Gonzalez-Munoz et al., 2014).

Nucleosome remodelers

BRG1 and BAF 155, two components of the BAF (SWI/SNF) chromatin remodeling
complex, increase OSKM-mediated reprogramming of MEFs by promoting DNA
demethylation of the promoters of pluripotency genes such as Oct4, Nanog, and Rex1
(Singhal et al., 2010). This is consistent with the role of components of this complex in
maintaining ESC self-renewal and differentiation (Ho and Crabtree 2010).

Other chromatin-remodeling proteins including CHD1 and INO80 have been shown
to be required for pluripotency and reprogramming. CHD1 associates with euchromatin in
ESCs and preferentially targets genes involved in chromatin organization and transcription
(Gaspar-Maia et al., 2009). INO80 co-occupies pluripotency gene promoters in an OCT4-
and WDR5-dependent manner, maintaining open chromatin and facilitating the recruitment
of Mediator and RNA Pol Il for gene activation (Wang et al., 2014). Both CHD1 and INO80
are required for efficient reprogramming (Gaspar-Maia et al., 2009; Wang et al., 2014).

MBD3, a core member of the nucleosome remodeling and deacetylation (NuRD)
repressor complex, is found to have a contradictory effect on reprogramming. In MEFs,
Mbd3 overexpression significantly reduces reprogramming and its knockdown using shRNAs
leads to a 10-fold increase in reprogramming efficiency (Luo et al., 2013). Using optimized
OSKM transgene delivery and 2i/LIF (leukemia inhibitory factor) ground-state pluripotency
culture conditions, Mbd3-/- MEFs can be reprogrammed with close to 95% efficiency (Rais et
al., 2013). During OSKM-mediated reprogramming of MEFs, the genes bound by MBDD3
and CHD4 (another NuRD component) are enriched for Kif4, Oct4, Sox2, and Esrrb targets.
In contrast to these observations, Mbd3 ablation in NSCs reduces iPSC formation (Dos
Santos et al., 2014), and its knockdown in human fibroblasts differentiated from hESCs has
a negative effect on iPSC induction (Mancarci et al., 2012).

DNA methyltransferases / demethylases

Silencing of somatic genes and activation of pluripotent genes during
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reprogramming involve DNA methylation and demethylation, respectively. DNA methyl
transferases (DNMT1, DNMT3a, and DNMT3b), methylcytosine dioxygenases (TET1 and
TET2), PARP1 and AID, have been found to be associated with these process (Liang and
Zhang 2012; Gonzalez and Huangfu 2015).

Knockdown of maintenance methyl transferase, Dnmt1, brought about replication-
dependent passive DNA demethylation and promoted the transition of reprogramming cells
from maturation phase to stabilization phase (Mikkelsen et al., 2008b). Downregulation of
DNMT3a and Dnmt3b in human and mouse fibroblasts did not have a significant effect on
reprogramming (Pawlak et al., 2011).

TET1 and TET2 methylcytosine dioxygenases bring about active DNA demethylation
by hydroxylation of 5-methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC) and the
subsequent replacement of 5hmC with an unmethylated cytosine through TDG-mediated
base excision repair (Kohli and Zhang 2013). The inability of Triple Tet1, 2, 3-null and TDG-
null MEFs to get reprogrammed, confirmed that oxidative demethylation in an indispensable
for reprogramming of mesenchymal cells (Hu et al., 2014). However, keratinocytes and
neural progenitor cells (NPCs) can be successfully reprogrammed without any Tet genes. In
miPSC reprogramming, Oct4 can be replaced by Tet?7 and the overexpression of latter
increased reprogramming efficiency (Chen et al., 2013; Gao et al., 2013). The close
association of Tet1 and Tet2 with Nanog is evident from observations that NANOG targets
Tet1 and Tet2 to many pluripotency loci (Costa et al., 2013), overexpression of Tet? or Tet2
with Nanog enhance reprogramming, and inhibition of Nanog or Tet2 compromises iPSC
formation (Silva et al., 2009; Costa et al., 2013). During hiPSC reprogramming, an elevation
in the levels of 5hmC in correlation with TET1 activation observed might be associated with
active DNA demethylation events.

PARP1 has been found to regulate 5mC modification to bring about the
establishment of early epigenetic marks during somatic cell reprogramming (Doege et al,,
2012). PARP1 is also involved in relieving the inhibitory effect of excessive SOX2 on FGF4
expression both in PSCs and during reprogramming by PARP1-mediated poly(ADP-

ribosyl)ation of SOX2 leading to the dissociation of SOX2 from the Fgf4 enhancer (Gao et
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al., 2009; Weber et al., 2013).

The role of activation-induced cytidine deaminase (AID) in pluripotency and
reprogramming is yet to be understood thoroughly. A four to five-fold decrease in iPSC
colony formation was observed on transient knockdown of AID within 2 days of
reprogramming. Consistent with this, AID overexpression lead to a two-fold increase in
OSKM-mediated reprogramming (Bhutani et al., 2013), but no effects have been observed in
subsequent studies (Kumar et al, 2013; Habib et al, 2014; Shimamoto ef al., 2014).
Contradictory to this observation, AID-null MEFs, which were initially hypersensitive to
OSKM-mediated reprogramming, gave rise to NANOG" iPSC colonies with six-fold higher
efficiency compared to control MEF and majority of AID-null iPSC colonies failed underwent
differentiation by 4 weeks.

2.12.3. Role of signal transduction pathways

The reprogramming process involves changes in activities of signal transduction
pathways linked to development, stress, and metabolism (Figure 11). Some of these
pathways support, whereas the others inhibit the transition of cellular identity. The pathways
favoring the reprogramming involve the ones that play a central role in maintaining
pluripotent state of cells. The main pathway that has an inhibitory effect of reprogramming is
stress induced signaling pathways. Specific inhibitors and stimulators of signaling pathways
had been able to improve reprogramming efficiency and even been able to replace key
reprogramming factors.

Developmental signaling pathways

Pathways associated with pluripotency and MET/EMT play important in
reprogramming. The addition of cytokines and inhibitors associated these pathways like Wnt,
Activin/Nodal, bFGF, LIF, and 2i have been found to influence the pluripotent induction and
pluripotent state of cells (Zhang et al., 2012). The effect of signaling molecules was found to
be dependent on cell type and the stage of reprogramming. BMP promotes MET in the early
initiation phase (Samavarchi-tehrani et al., 2010) but blocks the late transition of pre-iPSC to
iPSCs (Chen et al., 2012). MEK inhibition limits the growth of non-iPSC colonies and

promotes the growth of reprogrammed iPSCs from NPCs (Shi et al., 2008), and GSK3
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Figure 11: Role of signal transduction pathways in reprogramming

Several molecular pathways get activated or inhibited during the reprogramming
process. Developmental signaling pathways get switched from those active in
somatic cell to those associated with pluripotency, and the failure to do so adversely
affect the reprogramming efficiency. The genotoxic stress brought about by the
integration or/and overexpression of re programming factors activates DNA damage
response pathways, leading to cell cycle arrest and senescence, thereby reducing
the reprogramming efficiency. Similar to their in vivo counterparts, iPSCs are
dependent more on glycolytic pathway for energy metabolism and a gradual switch
from oxidative phosphorylation to glycolysis is observed as somatic cells attain
iPSC state.

52



inhibition facilitates reprogramming with OS alone. Even though Wnt3a conditioning in early
days of reprogramming had an inhibitory effect on MEF reprogramming, it had a stimulatory
role late in reprogramming (Hou et al., 2013). Wnt3a addition could improve OSK mediated
MEF reprogramming (Marson et al., 2008) through repression of Tcf3, which is involved in
repressing Oct4, Nanog, and Sox2 in mouse ESCs (Cole et al., 2008). B-Catenin is indirectly
regulated by Nanog and is necessary for the conversion of pre-iPSCs into iPSCs (Marucci et
al., 2014). Combining 2i and LIF promotes the transition of partially reprogrammed cells
toward bona fide iPSCs (Silva et al., 2008a). Similarly, activation of the Jak-Stat3 pathway
by LIF promotes reprogramming by facilitating the transition from partially reprogrammed
cells toward fully reprogrammed iPSCs (Yang et al., 2010). Inhibition of TGF-$ signaling
allowed reprogramming with OK, probably through promoting MET (Li et al., 2010; Zhang et
al., 2012). Cell type specific influence of reprogramming pathway on reprogramming came
from the observation that 80% of MEFs reprogram through OSKM expression, TGF-3
inhibition, Wnt activation, and ascorbic acid treatment, whereas hepatoblast or blood
progenitors only require TGF-B inhibition or Wnt activation alone, respectively, to achieve
similar reprogramming efficiencies with OSKM.

The conventional hESCs which share similarities with primed mouse EpiSCs than
the naive mESCs, could be taken to the naive state by treating with different combinations of
chemical compounds and cytokines (Silva et al., 2008a; Hanna et al., 2010; Theunissen et
al., 2014; Ware et al., 2014). Modulation of reprogramming efficiency and replacement of
reprogramming factors could be achieved by the addition of cyclic adenosine
monophosphate (cCAMP) (Wang and Adjaye 2011), phosphoinositide 3-kinase (PI13K) (Liao et
al., 2013), Hippo/Yap (Lian et al., 2010), Src (Lian et al., 2010) and fibroblast growth factor
(FGF) (Weber et al., 2013). Hou et al., performed an extensive small-molecules screen and
identified a combination of seven chemical compounds sufficient to reprogram mouse
somatic cells with up to 0.2% efficiency (Hou et al., 2013).

Stress-Induced Signaling Pathways
Due to genotoxic stress resulting from overexpression of reprogramming factors, the

stress induced signaling pathways get activated to bring about the elimination of genetically
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abnormal cells. The active involvement of DNA damage surveillance machinery in resisting
the transformation of cells by the reprogramming factors is critical for generating iPSC
clones without genetic abnormalities.

The p53 mediated DNA damage response pathway resolve intracellular and
extracellular signals into DNA repair, cell cycle arrest, and cell death. Overexpression of
reprogramming factor in MEFs brings about an increase in p53 activity and upregulation of
p19, p21, and MDM2, leading increase in cell death (Banito et al., 2009; Hong et al., 2009;
Kawamura et al., 2009a). p53 mediated cell death during reprogramming was prominent in
cells with prior DNA damage like short telomere confirming the critical role of p53 in resisting
the formation of genetically abnormal iPSC colonies. This protective role of p53 was
supported by studies that showed a decrease in reprogramming efficiency on knockdown
ataxia-telangiectasia mutated (ATM), which is a key protein involved in cellular response to
double-stranded break that involves elevation of p53 activity. Consistent with the inhibitory
effect of p53 on reprogramming efficiency, downregulation of p53, p19, p21 and Mdm2 in
MEFs was found to bring about an increase in the number of iPSC colonies (Hong et al.,
2009; Kawamura et al., 2009a; Strati et al., 2009; Utikal et al., 2009). The effect p53 deletion
or depletion was found to be proliferation dependent (Hanna et al., 2009b).

The depletion of tumor suppressor proteins, p16™“? and p15™*° coded from Ink/Arf
locus and RB was found to promote reprogramming (Banito et al.,, 2009; Li et al., 2009;
Utikal et al., 2009). Since these three proteins are negative regulators of cell cycle, the
adverse effect of these proteins on reprogramming might be through limiting proliferation in
reprogramming cells. However, it was found that RB acted through repressing pluripotency
network in somatic cells and not in a proliferation-dependent way.

The genes involved in DNA double-strand break (DSB) repair are also associated
with the reprogramming process. These include DNA double-strand break repair genes such
as Brca1, Brca2, and Rad51 (Gonzélez et al., 2013; Soyombo et al., 2013; Navarro et al,,
2014), DNA interstrand cross-link repair genes like Fanconi anemia pathway genes (Rodri et
al., 2009; Mdiller et al., 2012a; Yung et al.,, 2013; Liu et al., 2014; Rio et al., 2014) and

nonhomologous end joining DSB repair genes (Molina-Estevez et al., 2013).
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Metabolic Signaling Pathways

ICM cell exists in a low oxygen niche in vivo (Mohyeldin et al., 2010) and probably
as an adaptation to such condition; pluripotent cells are dependent on glycolysis for energy
metabolism rather than on oxidative phosphorylation. Consistent with this, hypoxic
conditions had been found to enhance reprogramming efficiency of mouse and human
somatic cells (Yoshida et al, 2009). Also, activation of glycolysis or blockade of
mitochondrial OXPHOS using fructose 2,6-bisphosphate (PFK1 activator), 2,4-dinitrophenol
(mitochondria decoupler), quercetin (HIF activator), or PS48 (PDK1 activator) (Zhu et al.,
2010) were shown to enhance reprogramming efficiency.

Oxygen-sensitive transcription factors, hypoxia-inducible factors (HIFs), which
facilitate cellular adaptation to low oxygen concentration, have been found to have addition
role in pluripotent cells. HIF1a bring about activation of Notch signaling and maintain the
undifferentiated state of various stem and progenitor cell populations (Gustafsson et al.,
2005) and HIF2a regulate Oct4 expression by binding to its promoter in PSCs (Covello et al.,
2006). Their role in reprogramming became evident with the reduction in the number of iPSC
colonies formed on knockdown of HIF1a or HIF2a and significant improvement
reprogramming efficiency and acceleration in the switch toward glycolytic metabolism by
overexpression of non-degradable forms of either protein during early phases of
reprogramming (Mathieu et al., 2014).

The addition of antioxidants like ascorbic acid to reprogramming cells altered their
properties that improved the efficiency of OSK- and OSKM- mediated reprogramming. Vc
treatment brought about (i) a significant reduction in p53 and p21 levels leading to decrease
in cell senescence (Esteban et al., 2010) among reprogramming cells, (ii) improvement in
iPSC quality through preventing aberrant silencing of the imprinted DIlk1-Dio3 locus
(Stadtfeld et al., 2012), (iii) promotion of Vc- dependent demethylating dioxygenases
JHDM1A/1B activity and (iv) TET1 mediated 5ShmC formation at loci critical for MET during
reprogramming (Chen et al,, 2013), all of which favoured reprogramming. In addition to
H3K36me2/3 demethylation, Jhdm1b accelerated cell cycle progression, suppressed cell

senescence by repressing the Ink4/Arf locus, and cooperated with OCT4 to activate the miR-
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302-367 cluster (Wang et al., 2011).

2.13. Molecular barriers in reprogramming

The extremely low efficiency in reprogramming is caused by the molecular barriers
that resist the transition of cellular identity from the differentiated state to the pluripotent state
(Figure 12). These barriers are associated with chromatin state, nuclear architecture,
apoptosis and senescence in the reprogramming cells. They either abort the reprogramming
process or result in the formation of partially reprogrammed colonies, the pre-iPSCs that fail
to achieve full features of the pluripotent state. The ability of a fraction of pre-iPSCs to get
fully reprogrammed on exposure to different small molecules confirmed that these cells
represent intermediate cell types that have encountered specific barriers during pluripotency
induction, and they are not mere byproducts of aborted reprogramming process (Zhang et
al., 2012). The requirement for specific additional manipulations to achieve pluripotent state
and the low efficiency of this conversion indicated that pre-iPSCs are highly heterogeneous
and are formed as a result of roadblocks at different stages. At the same time, similarities in
the pre-iPSC state formed from various somatic cell types suggested that reprogramming
cells proceed through similar routes wherein they encounter similar molecular barriers
(Mikkelsen et al., 2008a). Molecular dissection of pre-iPSCs has helped to identify barriers in
reprogramming and develop reprogramming strategies that can increase the kinetics and
efficiency of reprogramming.

Inability to reset the chromatin state to ESC-like state results in the formation of pre-
iPSCs. The major obstacles associated with this step include the inaccessibility to the
binding sites of exogenous reprogramming factors and their inability to bind to the targets in
the absence of their functional partners. This can lead to inappropriate DNA methylation and
histone modifications resulting in aberrant silencing and activation of somatic cell specific
genes and pluripotency genes respectively. Consistent with this, in pre-iPSCs, endogenous
Oct4 and Nanog genes, and somatically silenced X chromosome genes remained inactive

(Maherali et al., 2007; Silva et al., 2008a; Sridharan et al., 2009). They have been found to
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Figure 12: Barriers in reprogramming

Due to the genotoxic stress resulting from the overexpression of reprogramming
factors, DNA damage response pathway get activated and majority of the cells
undergo cell cycle arrest or senescence (barrier 1). As an initial response, cells
acquire a high proliferation rate and fraction of them remain with accelerated
proliferation without entering the next stage of reprogramming (barrier 2).
Downregulation of somatic cell gene expression along with acquisition of epithelial
properties through MET is hindered by epigenetic state of somatic cell (barrier 3).
Epigenetic barriers also result in failure to activate pluripotency network in
intermediate epithelial cells leading to formation of partially reprogrammed clones
(barrier 4). Nascent iPSCs formed have been found to retain somatic cell features
and are yet to achieve pluripotency equivalent to ESCs (barrier 5).
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express genes that are neither active in ESCs nor iPSCs. By manipulating the activities of
epigenetic modifiers that can make the chromatin more permissive, pre-iPSCs could be
converted to iPSCs and reprogramming kinetics could be improved. Treatment with DNA
demethylating agents like 5’-azacytidine or depletion of DNMT1 improved the conversion of
pre-iPSCs to iPSCs (Mikkelsen et al., 2008a). Addition of histone deacetylase inhibitors
including valproic acid (VPA), trichostatin A (TSA), suberoylanilide hydroxamic acid (SAHA)
and butyrate (Huangfu et al., 2008a; Liang et al., 2010; Zhang et al., 2012), and H3K9
methyltransferase inhibitors like BIX (Shi et al, 2008) increased the reprogramming
efficiency. The positive effect of these components was found to be stage specific and was
even found to replace reprogramming factors. NaB promotes the reprogramming only in the
presence of exogenously expressed c-Myc at the early stage of reprogramming (Liang et al.,
2010). VPA can replace KLF4 and c-MYC to induce iPS cells from human neonatal
fibroblasts (Huangfu et al., 2008b). Similarly, overexpression of ESC-specific chromatin
remodelers including SWI/SNF-type BAF complex were found to enhance reprogramming
efficiency and kinetics (Singhal et al., 2010). Nanog expression has been found to lower the
barriers during the final steps in reprogramming. Since NANOG co-binds many of the OCT4,
SOX2 and KLF4 targets in ESCs (Wang et al., 2006) its absence might be hindering the
binding of OCT4, SOX2 and KLF4 on their target sites. In line with this idea, the conversion
of pre-iPSCs to iPSCs by TGF-f inhibition or ERK/GSK inhibition have been associated with
upregulation of Nanog expression (Ichida et al., 2009). In addition to chromatin state, the
inability to reorganize the chromatin in the nucleus also hinders the reprogramming process.
Consistent with this, chromatin organization of pre-iPSCS was found different from ESCs,
and it was somatic cell like with an accumulation of compacted chromatin at the periphery of
the nucleus. In the pre-iPSCs, the Oct4 gene was found to localize in periphery away from
transcriptional factories, thereby remaining transcriptional inactive in these cells.

Overcoming the barrier imposed by senescence and apoptosis triggered by cellular
stress associated with reprogramming is a major efficiency limiting step in reprogramming.
MEFs at late passages with higher senescence rate showed lower reprogramming efficiency

compared to those at early passages (Utikal et al., 2009). It has been found that the
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improvement in reprogramming efficiency achieved by Vitamin C supplementation is through
alleviating p53 induced cell senescence along with modulating epigenetic regulators (Wang
et al., 2011). Inhibition of components of DNA damage surveillance machinery like p53, p21,
p16 and p19 in fibroblasts increased the number of iPSC colonies formed as well as kinetics
of the process (Banito et al., 2009; Hong et al., 2009; Kawamura et al., 2009a; Strati et al,,
2009; Utikal et al., 2009). Even though on the addition of SV40 T antigen iPSC colonies
were formed within 8 days, the majority of them carried chromosomal abnormalities.
However, achieving rapid and highly efficient reprogramming at the cost of genetic and
chromosomal abnormalities is unacceptable. So, while manipulating apoptosis and
senescence pathways for enhancing reprogramming outcomes, care should be taken not to
interfere with their role in safeguarding the genomic integrity of the cells. Inherent defects in
somatic cells that make them incapable of maintaining genomic integrity have also been
found to offer a barrier to reprogramming. Cancer and malignant cells show the low
efficiency of reprogramming due to a high degree of chromosomal abnormalities in these
cells. Similarly, Fanconi anemia patient-derived fibroblasts had been found to be refractory
to reprogramming and give rise to stable iPSC clones only when defective FA gene is
complemented. Valuable insights into the role of DNA damage response pathway in
pluripotency can be obtained by analyzing reprogramming cells and iPSCs derived from the

defective somatic cells from the patients.

2.14. Fanconi anemia pathway in reprogramming and disease pathogenesis
Fanconi anaemia (FA) is a hereditary disorder clinically characterized by
developmental malformations, progressive bone marrow failure (BMF), and increased the
incidence of leukemia and solid tumors (Auerbach, 2009). The genetic defects causing FA
phenotype in patients has been associated with members of FA / BRCA interstrand cross-
link repair (FA/BRCA ICR) pathway (Su and Huang, 2011; Kee and Andrea, 2012;
Kottemann and Smogorzewska, 2013; Walden and Deans, 2014; Ishiai et al., 2016).

Aberrant functioning of this pathway makes the cells highly sensitive to DNA cross-linking
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agents, resulting in accumulation of genetic aberrations and leading to cell cycle arrest (Kee
and Andrea 2012; Garaycoechea and Patel 2013; Walden and Deans 2014; Ishiai et al,,
2016).

Fibroblasts derived from FA patients have been found to be refractory to
reprogramming unless the defective gene is complemented. The increase in reprogramming
efficiency of FA cells with p53 knockdown or under hypoxic condition indicated that the
resistance offered by FA cells is due to their increased sensitivity to DNA damage induced
by the reprogramming factors. Moreover, the colonies generated with such additional
manipulations are mostly found to generate iPSC colonies with karyotypic abnormalities.
This indicates that functional FA pathway is critical for generating genetically stable iPSCs.
Analyzing the FA reprogramming cells, FA-hiPSCs and the differentiated cells from FA-
hiPSCs may provide valuable insights into the role of FA pathway in reprogramming,
pluripotency and differentiation. Even though the molecular interactions between FA / BRCA
ICR pathway genes are well established, the exact mechanism by which they contribute to
highly variable FA disease phenotypes is not known. Due to the inherent limitations of
conventional cellular and animal models of FA, they fail to recapitulate the key phenotypes
that are observed in humans. The iPSC-based disease models have been useful for
modelling several human diseases and is a promising alternative for understanding FA
pathogenesis in humans.

2.14.1. Clinical features of Fanconi anaemia

Bone marrow failure is the major cause of mortality in FA patients. In addition to
BMF, most FA patients develop haematological malignancies, myelodysplastic syndrome
(MDS), acute lymphocytic leukemia (ALL) or acute myelogenous leukemia (AML) (Butturini
et al., 1994). Hypoplastic anaemia due to BMF in these patients is detected at the median
age of seven years. The median age of onset of AML, the common haematological
malignancy observed in FA, was found to be 14 years and the risk of AML is 800-fold higher
than that of the general population (Kee and Andrea, 2012). Specific chromosomal
abnormalities have been reported in FA patients with MDS or AML (e.g. gain of 1923-32,

3926) (Tonnies et al., 2003).

60



The congenital abnormalities characteristic of FA are present in approximately 70%
of the patients, and these include café au lait spots or hypopigmentation, radial ray defects,
microphthalmia, malformations of kidneys, gastrointestinal tract and heart, short stature,
mental retardation and hearing defects (Auerbach, 2009; Kottemann and Smogorzewska,
2013). In addition to hematological malignancies, one-third of FA patients develops
squamous cell cancers (SCCs) of the head and neck and cervical/gynecological cancers, by
the fourth decade of life (Kutler et al., 2003; Rosenberg et al., 2003). Many FA individuals
display endocrine abnormalities, which is indicated by short stature among approximately
half of FA individuals, correlating with insufficient growth hormone production and
hypothyroidism (Sherafat-Kazemzadeh et al., 2007; Eyal et al., 2008). Abnormal glucose or
insulin metabolism is also found to be associated with FA (Elder et al., 2008).

Spontaneous chromosomal instability, hypersensitivity to DNA crosslinking agents,
G2/M cell cycle arrest, and reduced cell survival are major defects in FA cells (Bogliolo and
Surrallés, 2015). FA cells display much higher levels of chromosomal aberrations upon
exposure to the chemotherapeutic drugs such as mitomycin C (MMC) that induce DNA
interstrand cross-links (ICLs) (Sasaki and Tonomura 1973; Deans and West, 2011). This
observation proposed that FA is a DNA repair disorder that is specifically defective in ICL
repair (Sasaki and Tonomura, 1973). Hypersensitivity to ICLs in FA is associated with the
accumulation of G2/M-arrested cells and the cell cycle arrest at G2/M is due to increased
activity of checkpoint kinase CHK1 (Guervilly et al., 2008).

FA patients display similar cellular and clinical phenotypes and the diagnostic tests
for FA are based on cellular phenotypes that FA cells manifest. The most widely used
diagnostic test for FA is the measurement of in vitro hypersensitivity of FA cells to DNA
interstrand crosslinking agents (ICLs), such as diepoxy butane (DEB) and mitomycin C
(MMC) (Talmoudi et al., 2013; Auerbach, 2015). As FA cells display a marked increase of
cells in G2/M phase (4N DNA content), examining the cell cycle profile of FA cells also has
been used for the diagnosis (Seyschab et al., 1995; Schindler et al., 2007). Following the
discovery of the protein complexes involved in FA pathway, analyzing FANCD2

ubiquitination status and complementation test also has been used for the diagnosis of FA
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(Chandra et al., 2005; Casado et al., 2007; Pinto et al., 2009). The complementation test for
FA subtyping involves transducing FA cells with viral vectors to express cDNAs
complementing the different FA subtypes. Transduction with the appropriate
complementation group cDNA corrects the cellular FA phenotypes, such as hypersensitivity
to DNA ICLs and cell cycle arrest.

2.14.2. DNA interstrand cross-links (ICLs)

ICLs are the most toxic lesions incurred during normal metabolism or cancer
chemotherapy. ICLs covalently tether both strands of a DNA duplex, thereby blocking DNA
strand separation and preventing transcription and replication-fork progression (Thompson
et al., 2005; Kee and D’Andrea, 2010). Chemotherapeutic agents like MMC and Cisplatin
and metabolic byproducts like aldehydes are potent DNA interstrand cross-linking agents.
The removal of ICLs is critical for restoring normal DNA metabolism and maintaining
genomic integrity. The mechanism of ICL repair is dependent upon the cell cycle. During S
phase, when a homologous sister chromatid is present, the FA / BRCA interstrand cross-link
repair (FA/BRCA ICR) pathway coordinates ICL excision (Raschle et al., 2008; Knipscheer
et al., 2009; Shen et al., 2009; Long et al., 2011). In the G1 phase of the cell cycle, when a
sister chromatid is not present to act as a template for homologous recombination (HR), the
nucleotide exchange repair (NER) machinery is likely responsible for coordinating ICL repair
(Wang et al., 2001; Enoiu et al., 2012).

The major cause of FA is the inability to repair ICLs in S phase of the cell cycle due
to genetic defects in the members of FA/BRCA ICR pathway that involves the proteins in the
FA pathway, translesion synthesis, homologous recombination and nucleotide exchange
repair (Kottemann and Smogorzewska 2013; Walden and Deans 2014; Ishiai et al., 2016).
2.14.3. Fanconi anaemia pathway

The FA DNA repair pathway is the key pathway that coordinates reactions that
remove ICL damage during S phase to restore genome integrity. DNA damage and stalled
replication forks due to ICLs activate the FA pathway. In addition to their role in ICL repair,
FA proteins provide a surveillance mechanism for monitoring unrepaired DNA during

cytokinesis, and the absence of FA proteins in these fragile sites was associated with
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increased chromosome instability and binucleated cells. FA pathway has also been found to
be associated with alternative lengthening of the telomeres (ALT) pathway that helps in
maintaining normal telomere function (Spardy et al., 2008; Fan et al., 2009; Rhee et al,,
2010).

Nineteen genes have been identified to function in FA pathway. These include
FANCA, FANCB, FANCC, FANCD1, FANCD2, FANCE, FANCF, FANCG, FANCI, FANCJ,
FANCL, FANCM, FANCN, FANCO, FANCP, FANCQ, FANCR, FANCS and FANCT
(Bogliolo and Surrallés, 2015). However, only 15 are classified as bona fide FA genes
(FANCA, B, C, D1, D2, E, F, G, I, J, L, N, P, Q and T) (Bogliolo and Surrallés, 2015).
FANCO, FANCR and FANCS are FA-like genes, as they were found to cause a
chromosome fragility syndrome with FA- related malformations but without BMF (Vaz et al,,
2010; Sawyer et al., 2015; Wang et al., 2015). Since the loss of function variants of FANCM
do not result in any haematological abnormalities, it has been recommended to consider
FANCM as an FA-associated gene (Lim et al., 2014). The majority of FA genes are located
on autosomes, except FANCB that is on the X chromosome.

Depending on the functional role in FA pathway, FA genes can be classified into four
groups namely FA core complex members, ID complex members, endonucleases and
homologous recombination (HR) repair related genes (Figure 13). In addition to DNA repair,
FA proteins are also involved in modulating cytokine response and interactions with REDOX
sensing proteins.

FA core complex: FA core complex consists of eight FA proteins (FANCA, B, C, E, F, G, L,
and M) which interact with each other constitutively. Only FANCL and FANCM in the core
complex have enzymatic domains and all others function to form a scaffold. FANCL has a
PHD-type RING finger domain at the C-terminus (Meetei et al.,, 2003) and FANCM has a
DEAH helicase domain at the N-terminus and inactive ERCC1 nuclease domain in the C-
terminus (Meetei et al., 2005). FANCL possesses intrinsic E3 ubiquitin ligase activity, and
the primary function of the complex is to monoubiquitinate two FA proteins, FANCD2 and
FANCI (Kim and D’Andrea 2012; Kottemann and Smogorzewska, 2013). The PHD-type

RING finger domain of FANCL facilitates its interaction with an E2 ubiquitin—conjugating
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enzyme, UBE2T during this process (Meetei et al., 2003; Machida et al., 2006). The FA core
complex also contains non-FA proteins such as FA-associated proteins (FAAPs), FAAP100,
FAAP24 and FAAP20, and a heterodimeric complex consisting of MHF1 and MHF2 proteins.
They are involved in partnerships with the core complex members, resulting in the
subcomplexes like FANCA-G-FAAP20, FANCL-B-FAAP100 and FANCM-FAAP24-MHF1-
MHF2 (Medhurst et al., 2006), and the mode action of these subcomplexes is still unknown.
FA ID-complex: FANCD2 and FANCI proteins are expressed as a constitutive heterodimer
that is referred to as the ID-complex. Monoubiquitination of FANCD2 and FANCI by FA core
complex results in the activation of ID complex (Smogorzewska et al., 2007). After activation,
ID complex translocates and assembles into DNA repair foci. The exact mechanisms
through which monoubiquitination affects the activity or conformation of the heterodimer is
not yet understood. Monoubiquitinated FANCD2 serves as a signal for recruiting
downstream effector proteins that have an affinity for the ubiquitin. In DNA repair foci, the ID
complex interacts with the FA pathway downstream proteins like FANCD1, FANCN, FANCJ,
FANCP and FANCO (Hussain et al., 2004; Wang et al., 2004; Zhang et al., 2009) and other
DNA repair pathways like RAD51, PCNA and REV1 (Howlett et al., 2009; Geng et al., 2010;
Long et al., 2011).

Endonucleases: FANCP/SLX4, FANCQ/XPF/ERCC4, and FAN1 are involved in the
endonucleolytic activity in FA pathway, and they function to make a nucleolytic incision to
remove the ICLs. FANCP/SLX4 functions as a scaffold DNA repair protein that can interact
with several endonucleases including XPF/ERCC1 complex (Fekairi et al., 2009). FANCP
bind to monoubiquitinated FANCD2, and is thereby delivered to DNA damage sites where it
forms foci. FANCQ/XPF/ERCC4 associates with ERCC1 and ERCC4/ERCC1 endonuclease
is responsible for the incision on the 5’ side of DNA lesions (Bhagwat et al., 2009). The
Fanconi anaemia-associated nuclease 1 (FAN1), a structure- specific nuclease that is
recruited to damaged DNA with monoubiquitinated FANCD2 (Liu et al., 2010; MacKay et al.,
2010).

Homologous recombination (HR) related genes: FA proteins FANCD1/BRCAZ2,

FANCJ/BRIP1 and FANCN/PALB2 and FA-related proteins FANCO/RAD51C,
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FANCR/RAD51 and FANCS/BRCA1 are involved in the homologous recombination repair
(HRR) step of the FA/BRCA ICR pathway (Vaz et al., 2010). These genes are linked to
familial breast and ovarian cancer (FBOC) highlighting the link between FA and FBOC
(Venkitaraman 2004; Wang, 2007).
2.14.4. Mechanism of FA/BRCA DNA Interstrand cross-link repair pathway

The FA/BRCA pathway coordinates ICL excision during S phase when a
homologous sister chromatid is present as a template for genomic correction. The major
events in this pathway are damage recognition, ID complex activation, unhooking,
translesion synthesis, homologous recombination repair and deubiquitination of ID complex
(Figure 14). The FA proteins play a critical role in coordinating all the steps in this pathway.
Damage recognition: When DNA containing an ICL undergoes replication, the leading
strands of 2 converging replication forks stop at the lesion. Upon collision of a replication fork
with an ICL, the FA core is loaded onto single-stranded (ss) DNA at the site of the lesion via
the activity of the FANCM/FAAP24 helicase/translocase subcomplex. The core complex also
stabilizes the localization of the ATR-ATRIP kinase thereby providing linkage between ATR
and ID complex. Proteins involved in ATR signaling are required for the efficient induction of
FANCD2/ FANCI monoubiquitylation (Ho et al., 2006; Friedel et al., 2009).
ID complex activation: DNA damage-activated PI3K-family kinases ATR-ATRIP kinase
trigger FANCI phosphorylation (Ho et al., 2006) which promotes FANCD2-FANCI interaction
that triggers monoubiquitination of FANCD2 and FANCI (Ishiai et al., 2008) by FANCL E3
ubiquitin ligase present in the activated FANC core complex (Kim and D’Andrea 2012;
Kottemann and Smogorzewska, 2013). UBE2T/FANCT supplies the E2 conjugase activity
necessary for this process to occur. Monoubiquitination of the ID complex is the most critical
regulatory step in the activation of the FA pathway. Monoubiquitinated ID complex
accumulates at the damaged chromatin resulting in foci formation and the chromatin-bound
ID complex acts as a scaffold to recruit endonucleases such as FAN1, FANCP and FANCQ
(Bhagwat et al., 2009; Fekairi et al., 2009; Liu et al., 2010).
Nucleolytic incision or Unhooking: FAN1, FANCP and FANCQ are involved in the

nucleolytic cleavage of 3’ and 5’ site of DNA to unhook the ICLs causing a double-stranded
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Figure 14: Mechanism of FA/BRCA DNA interstrand cross-link repair pathway
During the replication of DNA containing an | CL, the leading strands of 2 converging
replication forks stop at the lesion. The FA core complex gets recruited to the
chromatin and brings about monoubiquitination of ID complex. Through dual
incision on either side of the ICL, mediated by SLX4-XPF-ERCC1, the 2 sister
chromatids get uncoupled. The nascent strand gets extended beyond the ICL by a
translesion DNA polymerase (TLS pol). Through the action of nucleotide excision
repair (NER) on the top duplex and homologous recombination (HR) on the bottom
duplex with the help of HR related FA proteins, 2 fully repaired DNA duplexes are
generated . (Adapted from Garaycoechea et al., 2014.)
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break (DSB). DSB is an intermediate lesion during ICL repair, and this eventually leads to
uncoupling of one sister chromatids from another.

DNA Translesion synthesis (TLS): Incision of ICL is followed by TLS, a damage tolerance
mechanism in which specialized low-fidelity polymerases bypass bulky damaged lesions.
The ssDNA gap opposite to the unhooked crosslink are filled by translesion DNA
polymerases such as REV1, polymerase ¢ and polymerase n (Waters et al., 2009; De
Groote et al., 2011). The bypassed, unhooked crosslink resembles single nucleotide lesions
and can be repaired by NER proteins (Evans et al., 1997; Kuraoka et al., 2000) or by the
DNA glycosylase NEIL1 (Bandaru et al., 2002). The leading strand thus extended serves as
a substrate that is processed by successive HRR reactions.

Homologous recombination: The FA proteins play a critical role in making the choice
between error-free HR and error-prone NHEJ to repair DSB breaks by enhancing the former
and inhibiting the latter. The extensive end resection of a DSB by nucleolytic degradation of
the 5’ strand is required for the initiation of homologous recombination. This is brought about
by MRE11-RAD50-NBS1 (MRN) complex and exonuclease 1 (Exo1) singly or in combination
with the Bloom’s syndrome RecQ helicase-like protein (BLM) and DNA replication helicase 2
(DNA2). FANCM is involved in the recruitment of MRN complex, and FANCD?2 is involved
BLM and DNA2. The ability of FAND2 to interact with FANCG of the core complex might be
favouring the localization of FANCD2 and its interacting partners at the site of lesion
(Hussain et al., 2003). The long 3’ overhang created by end resection is stabilized by binding
of replication protein A (RPA) and FANCM is involved in the recruitment of RPA (Huang et
al., 2010). The recombination mediators, FANCD1, and FANCN, remove RPA and load 3’
overhang with RAD51 to form an RAD51 presynaptic filament. FAND1 and FANCN increase
the intrinsic stability of the RAD51 presynaptic filament and protect RAD51 from removal.
Once the presynaptic filament is assembled, the homology search is initiated. It aligns with
homologous DNA segment on sister chromatid and forms the synaptic complex. This is
followed by strand invasion wherein the complementary strand of the sister chromatid is
displaced leading to the formation of a transient structure known as the D-loop structure. The

3' overhang of the invading strand is then freed from RADS51 and used as a primer for
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elongation. At this time, it is unclear which replication machinery is used for this elongation
though it has been shown that TLS polymerases, Pol n in particular, demonstrate an affinity
for D-loop elongation After elongation, two pathways can be utilized to resolve the D-loop. In
the first pathway, referred to as the synthesis-dependent strand-annealing (SDSA) pathway,
D-loop extension continues for a short distance and is disassembled by regulator of telomere
elongation helicase 1 (RTEL1) and reannealed with the ssDNA associated with the other
DSB end. DSB repair is then completed by gap filling and ligation. The second pathway
involves BLM helicase, an ATP- dependent 3'-5' DNA helicase that can unwind D-loops.
Deubiquitination of ID complex: Deubiquitination of FANCD2 is required for the completion
of FA pathway and efficient ICL repair. FANCD2 is deubiquitinated by USP1, an ubiquitin-
specific cysteine protease, which localizes to chromatin and interacts with FANCD2. The
stability and enzymatic activity of USP1 are strongly stimulated by UAF1, the USP1
associated factor 1 (Cohn et al., 2007). The precise mechanism regulating FANCD2
deubiquitination is not known. It is proposed that deubiquitination of FANCD2 may be
required to release FANCD2 from DNA repair complex(es), allowing subsequent repair steps
to take place in order to complete the ICL repair process and persistence of FANCD2
monoubiquitination may be toxic to cells causing a significant increase in MMC sensitivity
(Nijman et al., 2005; Oestergaard et al., 2007; Kim et al., 2009c).

2.14.5. Molecular pathogenesis of Fanconi Anaemia in Humans

Mutations in the genes that encode FA core complex proteins account for 90% of FA
cases (Wang and Smogorzewska, 2015). FANCA, FANCC and FANCG contribute to 64%,
12% and 8%, respectively. Mutations in FANCD2 and FANCI account for 4% and 1% of
cases, respectively and FANCL, FANCM, FANCN, FANCO, FANCP, FANCQ and FANCS
were each seen at a frequency of less than 1% in FA patients.

FA patients with mutations in any of the FA pathway genes show common
phenotypes like growth retardation, thumb and radial ray defects, developmental
abnormalities, hypogonadism, microcephaly, male infertility and female reduced fertility and
hyperpigmentation (Neveling et al, 2009; Kottemann and Smogorzewska, 2013). The

susceptibility to developing BMF, haematological malignancies and cancer have been found
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to be dependent on the FA gene which is defective. Except the patients belonging to
complementation group FANCO, FANCR and FANCS, the rest developed BMF. Patients
with mutations in FANCD1 and FANCN showed an early onset and higher rate of
malignancies, developing a wider spectrum of cancers including AML, ALL,
medulloblastoma, neuroblastoma and Wilms tumor. Even the carriers show increased
susceptibility to breast, ovarian and prostate cancer. On the contrary, no malignancies have
been reported in patients and carriers with FANCL and FANCM mutations. Patients
belonging to rest of the complementation groups, exhibited susceptibility to AML, head and
neck squamous cell carcinoma (HNSCC), esophageal, gynecological, and liver cancers, with
no report of cancer in carriers, except FANCC defect carriers who showed increased risk of
developing breast cancer.
2.14.6. Disease manifestation in FA mouse models

Although most mouse models exhibit certain features of the disease at the
phenotypic and molecular level, they do not fully recapitulate bone marrow failure (Parmar et
al., 2009; Bakker et al., 2013). Fancp mutant mice have lower white blood cell counts and
very low levels of platelets, and hypomorphic Fancd? mice show a proliferation defect in
haematopoietic progenitors (Navarro et al., 2006; Crossan et al., 2011). These two mouse
models are suitable for studying the molecular basis of haematopoietic failure in FA. The
HSCs obtained from Fancc, Fancd2 and Fancg mutants were found to have a reduced
repopulating ability (Haneline et al., 1999; Zhang et al., 2008; Barroca et al., 2012) and
hence, they have been used to study the role of FA pathway in haematopoietic homeostasis.
However, BMF could be induced in Fancc-mutant mice by treating them with very high dose
of mitomycin C (MMC) or by prolonged exposure to MMC (Carreau et al., 1998). This
suggested that although HSCs from Fancc-deficient mice maintain haematopoietic
homeostasis under normal conditions and they fail to do so under conditions of stress when
HSCs need to be mobilized and replicated. Fancg-deficient HSCs also show defects in
mobilization and homing to the bone marrow (Barroca et al., 2012). These findings suggest
that the absence of anaemia in most FA mouse models might be because FA mutant mice

housed in laboratories are protected from stressful environmental cues.
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The Fancd2 mutant mouse show poor performance in competitive repopulation and
they have a reduced number of HSCs in the early age (3 weeks), which indicate that an
early defect in HSC development and its maintenance (Zhang et al., 2010). HSCs from
Fancd?2-deficient mice exhibited increased cell cycle entry losing their normal quiescent
state. The phenotype of Fancd2-mutant HSCs makes this model suitable for preclinical
studies to test compounds that could reverse the cell cycle state (Zhang et al., 2010). The
lower number of HSCs in young Fancd2-mutant mice suggested that the development or
maintenance of HSCs is defective in the absence of an active FA pathway.

Homozygous disruption of Fancd1, Fancn and Fanco, causes embryonic lethality.
Fancl mice are embryonic lethal on a pure 129/Sv or C57BL/6 background but are viable on
a mixed C57BL/6xFVB background (Agoulnik et al., 2002). Perinatal lethality has been
described for several FA mouse mutants, including Fancc (Carreau, 2004),
Fancd2 (Houghtaling et al., 2003; Van de Vrugt et al, 2011), Fancl (Agoulnik et al.,
2002), Fancm (Bakker et al., 2009) and Fancp (Crossan et al., 2011) and perinatal lethality
has been found to depend strongly on genetic background (Van de Vrugt et al., 2011).
These data suggest that viability of FA mice is influenced by the presence of modifier loci in
certain genetic backgrounds. The phenotypic variations among patients with same FA gene
defect might be due to a similar contribution from individual-specific genetic variations in
associated genetic loci. Although embryonic and perinatal lethality has not been reported for
humans with FA, those with hypomorphic mutations in FANCD1 or FANCN genes die at a
young age. Complete loss of function of FANCD1 or FANCN is probably embryonic lethal in
humans.

Most FA mouse models do not show any FA-specific developmental abnormalities.
However, microphthalmia has been observed in Fanca (Wong et al., 2003), Fancc (Carreau,
2004), Fancd2 (Houghtaling et al., 2003) and Fancp (Crossan et al, 2011). A proportion
of Fancp-deficient mice were also reported to have an abnormally shaped and enlarged skull
(Crossan et al., 2011). Gonadal abnormality and associated infertility, which is common in
FA patients, has been observed in all FA mouse models described thus far (Parmar et al.,

2009; Tischkowitz and Winqvist, 2011). This has been attributed to the reduction in the
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number of primordial germ cells (PGCs) in the mutant mice. This common phenotype of FA
mouse models suggests that the FA pathway is important in early embryogenesis, probably
for repairing replication-associated stress.

FA mouse models do not recapitulate the types of tumors observed in FA patients. A
statistically significant increase in the incidence of both adenomas and carcinomas of
epithelial origin was reported in Fancd2-deficient mice (Houghtaling et al., 2003). Fancf-
deficient mice have been reported to develop late-onset ovarian tumours (Bakker ef al,
2012), and Fancm-deficient mice have increased cancer incidence, without skewing to a
particular tumour type (Bakker et al., 2009).

Using double knock out mice epistatic and non-epistatic relationships between FA
genes have been established. Fanca”™ Fancc™ did not show any evidence of an additive
phenotype, suggesting an epistatic relationship between the two genes (Noll et al., 2002).
However, Fancc”” Fancg™ mice showed a more severe phenotype than that observed in
the single knock out mice as they developed BMF, myelodysplasia, and complex cytogenetic
abnormalities, which are not observed in the single knockouts (Pulliam-Leath et al., 2010).
However, such additve phenotype was not observed in Fanca”’” Fancc” and
Fanca™ and Fancg”™ mice. The difference in the outcomes of epistasis analysis might be
explained by the difference in the FA pathway modifiers in different mouse strains.

In addition to the manifestation of the disease phenotypes by mutant FA mouse
models, they provided valuable insights into the molecular mechanism of the disease. The
role of aldehydes in aggravating the phenotypes of FA has been extensively studied in FA
mouse models (Garaycoechea and Patel, 2013). Aldehydes which are produced
endogenously during normal metabolism induce DNA-DNA and DNA-protein crosslinks
(Barker et al., 2005; Deans and West, 2011). It was found that Fancd2 mutant mice were not
viable in the absence of aldehyde dehydrogenase 2 (ALDH2) as they died of acute
lymphoblastic leukemia (ALL) within 3-6 months (Langevin et al, 2011). Young
Fancd2™™ Aldh2”" mice had a severe reduction in bone marrow cellularity with yH2AX
induction, indicating DNA damage. Thus, mouse models have helped in our understanding

of the necessity of the FA pathway for acetaldehyde detoxification. Similarly, the role of
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reactive oxygen species in causing FA phenotype was evident from mice carrying mutations
in Fancc and superoxide dismutase 1 (Sod7) genes (Hadjur et al., 2012). In the absence of
reactive oxygen species (ROS) metabolism by SOD1, these double mutant mice showed a
decrease in the red blood cell counts and the colony-forming capacity of bone marrow cells,
thereby suggesting the role of FANCC in counteracting superoxide-mediated genotoxicity.
2.14.7. Basis of haematological complications in FA patients

Molecular and functional analysis of patient-derived FA cells, FA deficient hESCs
and HSCs and FA mutant mouse models have helped in exploring the basis of
haematological complications in FA patients.

The bone marrow failure and other haematological complications in FA patient are
attributed to inherent stem cell defect. The evidence for this come from the findings like
deficiency of all the blood lineages in the FA patients, depletion of CD34" HSCs in the BM of
young FA patients, impaired hematopoiesis by hESCs with FA gene knockdown and the
reduced number of HSCs and the inability of HSCs from FA mutant mouse to reconstitute to
blood production in irradiated mice after transplantation (Haneline et al., 1999; Tulpule et al.,
2010; Zhang et al., 2010; Ceccaldi et al., 2012). Although it has been well established that
the FA pathway gene products are involved in repairing DNA cross-links, their role in
preserving bone marrow function has not been proven. The facts that FA patients are prone
to solid tumours and haematological malignancies and they often harbour gross
chromosomal abnormalities, and both MDS and AML are thought to originate at the stem or
progenitor cell levels suggest that the defects in the FA pathway be directly involved in the
haematological phenotypes (Butturini et al., 1994; Bonnet and Dick 1997; Alter et al., 2000;
Nilsson et al., 2000; Nilsson et al., 2007; Chen et al., 2008; Welch et al., 2012).

The role of DNA damage as an initiator of BMF came from studies evaluating the
role p53 in FA-deficient cells. It was found that deletion or knockdown of p53 rescued the
defects of FA human and mouse hematopoietic progenitors, but at the enormous cost of
enhanced genomic instability and tumor formation (Ceccaldi et al., 2012). This indicates that
that unresolved DNA damage in FA cells induces p53, which might then lead to HSC

depletion and hence progressive BMF in FA, and the genesis of neoplastic clones. The DNA
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damage is the cause of BMF is supported by the fact that the first organ system that fails
following total body irradiation is bone marrow, and DNA damage of HSCs limits the
regeneration of haematopoiesis (Milyavsky et al., 2010). This is also supported by the fact
that the mouse models bearing mutations in the DNA damage response genes show severe
defects in the quantity and quality of their HSC pools (Ruzankina et al., 2007; Niedernhofer
2008; Zhang et al., 2011).

Investigation on the source of DNA damage in bone marrow identified metabolic
intermediates like ROS and aldehydes as molecules that might contribute to the endogenous
burden of DNA damage driving the FA phenotype (Langevin et al., 2011; Hadjur et al.,
2012). ROS arise in cells as a consequence of normal cellular metabolism. Superoxide
dismutases (SODs) that provide a defense against oxygen toxicity. Improvement in growth
feature of FA cells under hypoxia compared to normoxia, correlation in frequency of
chromosomal aberration in FA cells with oxygen tension, alleviation in reprogramming
resistance of FA deficient cell to iPSCs in hypoxia, and bone marrow hypocellularity and
decreased numbers of colony-forming units in Sod1”Fanc” double mutant mice supported
the probable role of ROS in inducing DNA damage in bone marrow (Joenje et al., 1981;
Schindler and Hoehn 1988; Hadjur et al., 2012; Muller et al., 2012a). Formaldehyde and
acetaldehyde, two highly reactive small aldehydes that are ubiquitously found in the
environment and formed as by-products of cellular metabolism, are capable of forming DNA
adducts in vitro and in vivo and cause DNA damage (Wang et al., 2000; Garcia et al., 2011).
A family of 18 aldehyde dehydrogenase enzymes oxidizes acetaldehyde to acetate, thereby
preventing the accumulation of these genotoxic agents (Marchitti et al., 2008). Mouse HSCs
have been found to possess high levels of Aldh2 activity. It has been found that the
exposure to aldehyde leads to activation of the FA pathway in wild-type cells and
accumulation of double-strand breaks and chromosomal aberrations in FA-deficient cells
(Ridpath et al., 2007; Mechilli et al., 2008; Langevin et al., 2011; Rosado et al., 2011). The
direct association of aldehyde induced DNA damage and BMF in FA patients originated from
the studies that showed a profound defect in the stem and progenitor cell pool in Aldh2”

Fancd2” mice. Accelerated BMF and increase in the frequency of malformation were
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observed in the patients with ALDH2 deficiency (Langevin et al., 2011). Thus, it can be
concluded that BMF in FA patients could result from endogenous ROS or/and aldehyde-
induced toxicity, which then leads to the depletion of HSCs.

Hypersensitivity of FA cells to cytokines has also been suggested to contribute to
BMF in FA patients. Exposure to tumor necrosis factor a (TNF-a) and interferon y (IFN-y)
induced an apoptotic response in FA cells in vitro and bone marrow dysfunction in FA mice
in vivo (Rathbun et al., 1997; Haneline et al., 1998; Wang et al., 1998; Li et al., 2004). Also,
cytokines are detected at elevated levels in FA cells and overproduced by FA-deficient cells
in vitro (Rosselli et al., 1992; Sarkies et al., 2012). The molecular basis of cytokine
overproduction and sensitivity in FA cells is yet to be understood fully.
Thus, it can be concluded that the inability of FA deficient HSCs to maintain genomic
integrity on exposure to genotoxic metabolic byproducts makes them accumulate
chromosomal abnormalities, activate DNA damage response pathways and undergo cell
cycle arrest or cell death leading to bone marrow failure. The exact nature of the type of
lesion introduced by ROS and aldehydes, mode of detection of these lesions and
mechanism of repair of these lesions by FA proteins need to be explored further to develop
drugs for alleviating the disease phenotypes.
2.14.8. Challenges in the derivation of FA patient specific hiPSC lines

FA specific hiPSCs can serve as an excellent tool to study the role of FA pathway in
pluripotency, differentiation and disease pathogenesis. However, the resistance to
reprogramming posed by FA cells is a major challenge in the derivation of FA patient
specific hiPSC line (Raya et al.,, 2009; Miiller et al., 2012a; Yung et al., 2013). Raya et al,,
demonstrated that the fibroblasts from patients with mutations in FANCA and FANCD2
genes could not be reprogrammed unless the cells were complemented with functional
genes. The iPSC lines thus generated could be cultured for 20-40 passages without loss of
pluripotency and signs of replicative crisis while maintaining normal karyotype (Raya ef al.,
2009). The early iPSC-like colonies derived from uncorrected fibroblasts of an FA-D2 patient
with a hypomorphic mutation that confers residual expression of normal FANCD2 protein

failed to survive in culture beyond three passages (Raya et al., 2009). Consistent with this
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study, in attempt to generate iPSCs from fibroblasts obtained from FA-A, FA-C, and FA-D2
patients, Yung et al., could derive FA-A, FA-C, and FA-D2 deficient hiPSC clones, out of
which only FA-C deficient hiPSC lines could be maintained in culture for an extended
number of passages (Yung et al, 2013). However, the generated hiPSC clone failed to
generate teratomas. The two FA-C iPSC lines retained the abnormal karyotype found in the
FA fibroblasts along with additional karyotypic abnormalities, which were most probably
generated due to the DNA damage associated with the reprogramming process. However,
Mueller et al., reported that iPSCs could be derived from fibroblasts of FA-A and FA-C
patients without complementation, under hypoxic conditions (Miller et al., 2012a). The
established hiPSC lines maintained pluripotency and normal karyotypes without replicative
crisis. They showed the features characteristics of FA cells including the inability to make
FANCD2 foci formation after treatment with hydroxyurea while this phenotype could be
rescued by complementation.

The low reprogramming efficiency of FA cells has been linked with increased
susceptibility to genotoxic stress (Muller et al., 2012a). Reprogramming itself is associated
with cellular stress, potentially increasing DNA damage and activating cell cycle checkpoint
pathways such as TP53 (Hong et al., 2009; Kawamura et al., 2009b). It was shown that
reprogramming-induced stress correlated with an accumulation of reactive oxygen species,
leading to increased DNA DSBs, senescence and activation of the FA complex-associated
DNA repair pathway (Miiller et al., 2012a). These features were elevated in Fanca” mouse
tail tip fibroblast resulting in decreased reprogramming efficiency and Fanca
complementation alleviated these phenotypes and rescued reprogramming (Muller et al.,
2012a). Knocking down the levels of p53 in the FA-A fibroblasts facilitated their successful
reprogramming under normoxic conditions (Liu et al., 2014) and the established iPSC lines
maintained normal karyotype till passage 13. However, on extended culture, these FA-A
deficient clones showed a reduction in clonogenicity and increased sensitivity to DNA cross-
linking agents and susceptibility to chromosome fragility.

The outcomes of various reprogramming strategies employed for FA-iPSC

generation indicate a clonal selection of mutated cells with an improved ability to
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compensate for reprograming stress. These experiments suggested that a functional FA
pathway is crucial for successful reprogramming or iPSCs once derived is particularly
susceptible to DNA damage and dependent on DNA repair pathways.

2.14.9. iPSC-based disease modeling of Fanconi Anaemia

Novel insights into the mechanism of disease pathogenesis have been obtained
using iPSC-based disease modeling of neurological, cardiac, lung, haematological,
lysosomal storage and developmental disorders (Colman and Dreesen 2009; Tiscornia et
al., 2011; Liu et al., 2012; Zhang 2014; Cao et al., 2015). Disease-specific hiPSCs can be
generated from the cells obtained from patients or by genome editing of normal iPSCs, and
these mutant iPSC lines can serve as an unlimited source for affected cell types of interest.
iPSC-based disease models are invaluable tools for studying the mechanisms of diseases
like FA for which cellular and animal models do not faithfully recapitulate the disease
phenotypes.

Despite the difficulties in obtaining FA patient-specific iPSC in the first place, current
FA-iIPSC based haematopoietic differentiation models have been shown to recapitulate
aspects of the disease phenotype. FA-A and FA-C deficient iPSC lines were found to be
capable of undergoing hematopoietic differentiation without gene complementation (Muller et
al., 2012b; Yung et al, 2013). However, a significant reduction in ability to form
hematopoietic colonies and increase in apoptosis of haematoendothelial progenitors
(CD34'CD31°CD45") was reported for FANCC-deficient iPSC lines (Yung et al., 2013). It has
to be noted that these FA-C deficient iPSC clones were hypomorphic which had additional
chromosomal abnormalities when compared to patient fibroblasts. These acquired
abnormalities might have also contributed to defect in haematopoietic differentiation
described in this study and hence such FA deficient iPSC lines with secondary genetic
changes is less suited for elucidating the underlying mechanism of FA. The FANCA
complemented iPSC lines showed a robust multiineage hematopoietic differentiation
potential, resulting in erythroid and myeloid hematopoietic colony forming units (CFUs) to a
similar degree as compared to normal donor controls (Miller et al., 2012a). In line with these

studies, Liu et al., reported a significantly lower yield of haematopoietic progenitor cells
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(HPCs) from FA deficient iPSCs compared to wild type control iPSCs and the deficit in
generating HSCs was significantly rescued by FANCA gene correction (Liu et al., 2014).
Moreover, HPCs derived from FA deficient iPSCs were restricted to the colony-forming unit-
granulocyte macrophage (CFU-GM) and were not able to generate colonies containing
erythroblasts and/or megakaryocytes, whereas HPCs derived from gene corrected FA-
iPSCs gave rise to all typical hematopoietic colonies.

The manifestations of cellular, molecular and functional phenotypes like sensitivity to
genotoxic stress and cross-linking agents, reduced FANCD2 monoubiquitination and loci
formation at the site of DNA damage, increased chromosome fragility and G0/G1 cell cycle
arrest, and defective haematopoietic differentiation reassures the suitability of FA-iIPSC line
for studying the molecular mechanism of FA disease. Due to the clonal variability among
hiPSC lines that may influence their differentiation potential and interfere with the
assessment of disease-associated defects, it is challenging to choose the right hiPSC clone
suitable for disease modeling. An ideal model system should include patient-specific iPSC
that has been conditionally gene-corrected, enabling a comparison of isogenic iPSC lines
that are distinct only with regard to the expression of a specific FA protein. Careful analysis
of hematopoietic differentiation of such iPSCs holds the promise of uncovering new insights
into BMF and may enable high-throughput screening with the goal of identifying compounds
that ameliorate hematopoietic failure. While elucidating the disease mechanism using hiPSC
based disease models, a few aspects like inter-patient variability with regard to the age of
onset, rapidity of progression and severity of the disease despite the lack of genotypic

differences, are to be considered.

78



Chapter 3

MATERIALS & METHODS



3.1.  Culture of human dermal fibroblasts

Human adult dermal fibroblasts (hADFs) obtained from commercial sources
(Cascade Biologicals) were cultured in two types of media, Amniomax Il complete medium
(Life Technologies) and aMEM20 (Table 1). hADFs from FA patients were generated from
10mm? skin biopsies, after the informed consents approved by the institutional review board,
Christian Medical College, Vellore. Skin biopsies were cut into small pieces, adhered to a
well of a 6 well plate containing Amniomax medium till fibroblasts outgrowths appeared.

Subsequently, fibroblasts were passaged using 0.05% trypsin and maintained in asMEM20.

3.2.  Preparation of SNL feeder cells

SNL feeder cells were obtained as a gift from Dr. Allan Bradely. Gelatin coated
tissue culture (TC) dishes were prepared by adding 0.1% gelatin on dishes followed by
incubation for 3 hours in 37°C / 5% CO;, incubator. Following incubation, the gelatin solution
was removed, and SNL cells were seeded in D10 medium (Table 1) at a confluency of
around 40%. When the cells reached 80-90% confluency, the cells were split at 1:5 ration
onto gelatin-coated dishes in D10 medium. For making inactivated SNL feeder cells, the
cells at 80-90% confluency were treated with mitomycin C at a concentration of 10ug/ml for
3hrs in 37°C / 5% CO, incubator. After incubation, the medium was removed, and the cells
were washed twice with 1X PBS and then harvested using 0.05% trypsin. The cells were
centrifuged at 1000rpm for 5 minutes. The cell pellet was resuspended in freezing medium
(Table 1), aliquoted in cryovials and stored in liquid nitrogen for up to 1 year. For making
feeder dishes, the frozen mitomycin C-treated feeder cells were revived and seeded on 0.1%
gelatin coated TC dishes at a count of 1.8 x 10° cells per 10cm dish or 6 well plate in D10
medium and incubated at 37°C/5% CO, for 24hrs. Before seeding of reprogramming cells or
hiPSC colonies on feeder dishes, the spent medium from the feeder plate was removed,
washed with 1X PBS, incubated in hiPSC medium for conditioning the medium and used

ideally with 6hrs.
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Table 1: Cell culture media used in this study

Application Media Components Concentration Volume
MEM, a modification - make up to 100ml
Culture of Fibroblasts aMEM20 medium FBS , 20% 40ml
200mMGlutamine 2mM 1ml
100X Penicillin Streptomycin solution 1X Tml
DMEM - make up to 100ml
Culture of Plate E, D10 medium FBS 10% 10ml
HEK293T and SNL cells 200mMGlutamine 2mM 1ml
100X Penicillin Streptomycin solution 1X Tml
DMEM : F12 nutrient mix - make up to 100ml
Knockout Serum Replacement (KOSR) 20% 20ml
Reprogramm_lng and hiPSC medium 100X MEM NEAA 1X Tml
culture of hiPSCs 55mM B-Mercaptoethanol 0.1mM 2004l
100X Penicillin Streptomycin solution 0.5X 500ul
1ug/ml bFGF 6ng/ml 60ul
. . FBS, ESC grade 60% 1.2ml
Freezing of hiPSCs 2XhiPSC freezing hiPSC medium 20% 400yl
DMSO 20% 400l
DMEM : F12 nutrient mix - make up to 100ml
EB suspension culture Knockout Serum Replacement (KOSR) 20% 20ml
medium 100X MEM NEAA 1X 1ml
55mM B-Mercaptoethanol 0.1mM 200ul
In-vitro differentiation of 100X Penicillin Streptomycin solution 0.5X 500ul
hiPSCs DMEM : F12 nutrient mix - make up to 100ml
FBS, ESC grade 20% 20ml
EB attrf]‘:;‘?srﬁ”"”re 100X MEM NEAA 1X 1ml
55mM B-Mercaptoethanol 0.1mM 200ul
100X Penicillin Streptomycin solution 0.5X 500ul
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Differentiation of hiPSCs
to HSCs

RPMI

make up to 10 ml

200mM Glutamine 2mM 100ul
) 100X Penicillin Streptomycin solution 0.5X 50ul
differelrftisact:iﬁlsn?e dium 50mg/ml Ascorbic Acid 50ug/ml 10l
(for days 0-1) 100mM Monothioglycerol 0.4mM 40pl
50ng/pl BMP4 5ng/ml Tul
100ng/ul VEGF 50ng/ml 5ul
40ng/pl WNT3a 25ng/ml 6.25pl
RPMI - make up to 10 ml
200mM Glutamine 2mM 100ul
PSC-HSC 100X Penicillin Streptomycin solution 0.5X 50ul
differentiation medium 50mg/ml Ascorbic Acid 50ug/ml 10pl
(for day 2) 100mM Monothioglycerol 0.4mM 40ul
50ng/ul BMP4 5ng/ml 1l
100ng/ul VEGF 50ng/ml 5ul
10ng/ul bFGF 20ng/ml 20ul
Stem Pro - make up to 10 ml
200mM Glutamine 2mM 100ul
) 100X Penicillin Streptomycin solution 0.5X 50ul
differelrftisact:iﬁlsn?e i 50mg/ml Ascorbic Acid 50ug/ml 10l
(for day 3) 100mM Monothioglycerol 0.4mM 40pl
50ng/ul BMP4 5ng/ml 1l
100ng/ul VEGF 50ng/ml 5ul
10ng/ul bFGF 20ng/ml 20ul
Stem Pro - make up to 10 ml
200mM Glutamine 2mM 100ul
iPSC-HSC 100X Penicillin Streptomycin solution 0.5X 50ul
differentiation medium 50mg/ml Ascorbic Acid 50ug/mi 10yl
(for day 4-5) 100mM Monothioglycerol 0.4mM 404l
100ng/ul VEGF 15ng/mll 1.5l
10ng/ul bFGF 5ng/ml S5ul
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SFD medium

make up to 10 ml

200mM Glutamine 2mM 100ul
100X Penicillin Streptomycin solution 0.5X 50ul
iPSC-HSC 50mg/ml Ascorbic Acid 50ug/ml 10pl
differentiation medium 100mM Monothioglycerol 0.4mM 40l
(for day 6) 100ng/ul VEGF 50ng/ml 5ul
10ng/pl bFGF 50ng/ml 50ul
50ng/ul SCF 50ng/ml 10pl
50ng/ul FIt3L 5ng/ml 1l
SFD medium - make up to 10 ml
200mM Glutamine 2mM 100ul
Differentiation of hiPSCs 100X Penicillin Strepton.wycin. solution 0.5X 50ul
to HSCs 50mg/ml Ascorbic Acid 50ug/ml 10pl
iPSC-HSC 100mM Monothioglycerol 0.4mM 40pl
differentiation medium 100ng/ul VEGF 50ng/ml 5ul
(for day 7-10) 10ng/ul bFGF 50ng/ml 50l
50ng/ul SCF 50ng/ml 10pl
50ng/ul FIt3L 5ng/ml 1l
40ng/pl TPO 50ng/ml 12.5ul
10ng/pl IL6 10ng/ml 10pl
IMDM 75% 7.5ml
Ham's F12 25% 2.5ml
SFD medium - 10ml 100X N-2 supplement 0.5% 50ul
50X B-27 supplement 1% 100ul
1% BSA in 1XPBS 0.05% 100l
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3.3. Plasmids obtained from public repositories, other investigators and
commercial sources

The complete list of the plasmids used in this study is given in Table 2.

3.4. Generation of doxycycline-inducible overexpression plasmids
pINDUCER20-FANCA was constructed by Gateway cloning. The destination
vectors, pINDUCER20 were obtained from Stephen Elledge, HHMI. The entry vector
pENT223-FANCA was obtained from DNASU. Gateway cloning was carried out using
Gateway LR Clonase Il Enzyme mix (Life Technologies) as per the manufacturer's
instructions. Briefly, 2ul of LR clonase Il enzyme mix was added to 10ul of TE buffer
containing 150ng of destination vector and 100ng of entry vector. The reaction mix was
mixed well by vortexing briefly twice, followed by a brief spin to settle the contents. The mix
was incubated at 25°C for 90 minutes, and the reaction was terminated by incubating with
1ul of proteinase K at 37°C for 10 minutes. From the reaction mix, 1ul was used for
transformation of 50ul of XL1 Blue competent cells. After 30 minutes incubation on ice, the
competent cells were subjected to heat shock at 42°C for 45 seconds. The cells were
immediately transferred to ice and cooled for 2 minutes. The transformed cells were
expanded in 250ul of SOC medium in a shaker incubator at 37°C/800rpm for 90 minutes.
Following incubation, 50-100ul of culture was plated on LB plates with 100ng/ml Ampicillin.
The plates were incubated for 16hrs at 37°C bacterial incubator for colony formation.
Suspension culture was initiated by inoculating five individual colonies in 5ml LB broth with
ampicillin that was incubated for 16hrs in 37°C incubator shaker. Plasmid was isolated from
the culture using MiniPrep kit following the manufacturer’s protocol (BioBasics). The final
gateway expression plasmids were digested with specific restriction enzymes (Table 3) and

sequenced to confirm the insert.
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Table 2: Plasmids used in this study

Plasmids Source Reference
Lentiviral Plasmids
pLenti6/UbC/Sic7a1 Addgene 17224 Takahashi et al., 2007
pHAGE2-hSTEMCCA | 9t from G“Stal\‘/’lfTMOStos'a"Sky’ Sommer et al., 2010
E:EBHSE??? gift from Stephen Elledge, HHMI | Meerbrey, KL et al., 2011

pENT223-FANCA

Transomic-TOH6003

pENT223-GRHL1

DNASU HsCD00515977

pENT223-GRHL2

DNASU HsCD00514302

pENT223-GRHL3

DNASU HsCD00513349

pINDUCER20 - FANCA

constructed in house

pZIP-mEF1a -
pZIP-hEF1a . -
0ZIP-mCMV Transomics TLN_0005_, Promoter 3
selection kit
pZIP-hCMV -
pZIP-SFFV -
pZIP-UbC constructed in house -
pZIP-CBA constructed in house -
Retroviral Plasmids
pMXs-mRFP1 Addgene 21315 Hotta et al., 2009
pMXs-hOCT3/4 Addgene 17217
pMXs-hSOX2 Addgene 17218 Hotta et al., 2009;
pMXs-hKLF4 Addgene 17219 Takahashi et al., 2007
pMXs-c-MYC Addgene 17220

Pooled shRNA library module

DECIPHER Pooled
shRNA Library - Human
Module 1 - signaling
pathways

Addgene 28285

Table 3: Restriction digestion patterns of doxycycline inducible overexpression
plasmids and constitutive shRNA knockdown plasmid

Restriction
Plasmid enzyme Band sizes
pINDUCER20-FANCA 1177bp, 10694bp
pINDUCER20-GRHL1 635bp, 1503bp, 10326bp
pINDUCER20-GRHL2 2159bp, 10326bp
pINDUCER20-GRHL3 Bstxi 449bp, 1483bp, 10326bp
pINDUCER21-GRHLA1 635bp, 1503bp, 10694bp
pINDUCER21-GRHL2 2159bp, 10694bp
pINDUCER21-GRHL3 449bp, 1483bp, 10694bp
pZIP-hEF1a-shRNA Hpal / Mlul 242bp, 8713bp
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3.5. Generation of shRNA lentiviral plasmids

For cloning of shRNAs the protocol described by Knott et al was used (Knott et al.
2014). An oligo with the Ultramir scaffold sequence, GTTAACTGAATACCTTGCTATCTCTT
TGATACAATTTTTACAAAGCTGAATTAAAATGGTATAAATTAAATCACTTTACGCGT was
synthesized commercially and amplified with the primers, Ultramir-F and Ultramir-R (Table
4). The amplified product was digested with Hpal and Mlul and then it was cloned into pZIP-
EF1a-shRNA plasmid to generate the plasmid containing ultramiR scaffold. sShRNA
sequences were obtained from SHERWOOD (http://sherwood.cshl.edu) (Table 5) and the
oligos were amplified with primers, Ultramir-Hpa-I-F and Ultramir-Hpa-I-R (Table 4).
Subsequently, pZIP-EF1a-shRNA plasmid contaning ultramiR scaffold was digested with
Hpal and the the amplified shRNAs were cloned by Gibson assembly following the
manufacturer’s protocol. Plasmids obtained after transformation were verified by digestion

with Hpal and Mlul and by DNA sequencing (Table 3).

3.6. Generation of lentiviruses

HEK293T (CRL-1126, ATCC) cells were cultured in D10 medium. For preparing
lentiviruses, HEK 293T cells were seeded at a count of 4x10° cells on a 10 cm dish. About
12-16 hrs later, the cells were transfected with 7 pg of lentiviral expression or shRNA
plasmid along with 3.5 pg of pMD2.G envelope plasmid (Addgene 12259) and 3.5 ug of
psPAX2 packaging plasmid (Addgene 12260) (gifts from Didier Trono), using X-tremeGENE
HP (Roche Life Science) following the manufacturer’s protocols. After 24 hrs, transfection
complex containing medium was replaced with fresh medium. The viral supernatant was
collected at 48, 60 and 72 hrs, pooled and filtered through a 0.45 um filter. The lentiviruses
were concentrated using Lenti-X Concentrator (Clontech Laboratories, CA) following the
manufacturer’s protocols. Briefly, Lenti-X Concentrator was added at a volume equal to 1/3"
of viral supernatant, mixed well by inverting tube 4-5 times and left undisturbed at 4°C

overnight for precipitation of viral particles. The viral supernatant was centrifuged at 1500g
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Table 4: Primers used in this study

Real Time PCR for analyzing the expression of pluripotency genes

hBACTIN Sense GACGACATGGAGAAAATCTG
hBACTIN Antisense ATGATCTGGGTCATCTTCTC
hNANOG Sense GCTTGCCTTGCTTTGAAGCA
hNANOG Antisense TTCTTGACTGGGACCTTGTC
hOCT3/4 Sense CCTCACTTCACTGCACTGTA
hOCT3/4 Antisense CAGGTTTTCTTTCCCTAGCT

hSOX2 Sense CCCAGCAGACTTCACATGT

hSOX2 Antisense CCTCCCATTTCCCTCGTTTT

hGDF3 Sense AAATGTTTGTGTTGCGGTCA
hGDF3 Antisense TCTGGCACAGGTGTCTTCAG
hDNMTB Sense ATAAGTCGAAGGTGCGTCGT
hDNMTB Antisense GGCAACATCTGAAGCCATTT
hZFP42 Sense GAATTCAGACCTAACCATCG
hZFP42 Antisense TGAGCACTACTAGAGTGAAG

Real Time PCR for measuring the transgene expression

Exo hOCT3/4 Sense TTAAGGATCCCAGTGTGGTG
Exo hOCT3/4 Antisense TAGCCAGGTCCGAGGATCAA
Exo hSOX2 Sense AATTAAGGATCCCAGTGTGGTG
Exo hSOX2 Antisense CTTCAGCTCCGTCTCCATCAT
Exo hKLF4 Sense AATTAAGGATCCCAGTGTGGTG
Exo hKLF4 Antisense GTGGAGAAAGATGGGAGCAG
Exo hc-MYC Sense AATTAAGGATCCCAGTGTGGTG
Exo hc-MYC Antisense CGAGGTCATAGTTCCTGTTGGT
Exo mRFP1 Sense CCCGCCGACATCCCCGACTA
Exo mRFP1 Antisense CTGGGTCACGGTCACCACGC

Amplification of bisulfite converted DNA for DNA methylation analysis

Me hOCT3/4 Sense GAGGTAATATAAGAGTGGGGGAAAA
Me hOCT3/4 Antisense CCCTAAACTCCCCTTCAAAA

Me hNANOG Sense GGGGGTTTTGTTATGTTGGTTA

Me hNANOG Antisense ATCCCATCTACCAATCTCACCA

Real Time PCR for calculating knockdown efficiency

hPRDM14 Sense GAGCCTTCAGGTCACAGAGC
hPRDM14 Antisense GTCCACACAGGGGGTGTACT
hPRDM1 Sense AACGGCCTTTCAAATGTCAG
hPRDM1 Antisense TCTTGAGATTGCTGGTGCTG
hMECOM Sense ACAGCAGTGTGAAGCCCTTT
hMECOM Antisense ATTTGGGTTCTGCAATCAGC
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Real Time PCR for calculating knockdown efficiency

hSETD7 Sense
hSETD7 Antisense
hPRDM12 Sense
hPRDM12 Antisense
hKDM1B Sense
hKDM1B Antisense
hKDM6B Sense
hKDM6B Antisense
hKDM2B Sense
hKDM2B Antisense
hDNMT3A Sense
hDNMT3A Antisense
hTET1Sense
hTET1 Antiense
hJMJD1C Sense
hJMJD1C Antisense
hJARID2 Sense
hJARID2 Antisense
hKDM1A Sense
hKDM1A Antisense
hKDM2A Sense
hKDM2A Antisense
hKDM4A Sense
hKDM4A Antisense
hTET2 Sense
hTET2 Antisense
hBMI1 Sense
hBMI1 Antiense
hGRHL1 Sense
hGRHL1 Antisense
hGRHL2 Sense
hGRHL2 Antisense
hGRHL3 Sense
hGRHL3 Antisense
hSUV420H2 Sense

hSUV420H2 Antisense

GGGAGGCCTCACTTTGAACT
GATCTGGAAGAAGAGCATTGG
CTCGGCATCTTCTCCAAGAC
CGTGCCATCCTCATTGAAC
CCCGGGTACTCGGTGATAAT
GGGAGGAACGTGACCAAAA
TATCGCCTCTGAGGTGGAAG
GGGGAAAGGTAGGACTCTCG
CATGCAGCAGAAAAGCAAAA
TCCGACAAGTCCTCGTTCTC
AGACCCCTGGAACTGCTACA
GGGACAGGTGGGTAAACCTT
GGTGAATGCACTTACTGCAAGA
TTTGGGCTTCTTTTCCCTCT
AGGCTCAACCTTACGGGATT
TGTTAGGCATAGTCCGTCCA
TCCAAAGTGTGCTGTGGGTA
TGCTTCTGCTTGTGCAATCT
CGGCATCTATAAGAGGATAAAACC
CCTGGCTTCCAAAAGTGTGA
ACTGCATAACCAACCGTTCC
TTCTCGATCCACTGCTTCCT
GGGCAGTCTGGCCTCTTTAC
CGCTCGAGCTCTTCAAACTC
TGGATACACCTGTCAAGACTCAA
GGACCTGCTCCTAGATGGGTA
ATGCAGCTCATCCTTCTGCT
TCTGGTCAAAGAATTCAATGGATA
CTGAGCCAGATCACAGCAAA
GCACTCTGTTTTCTCCAGCA
AGTTGGGGCTGAGGAGTACA
CCTGCTTCTGACGGAGAGAT
GTTCCGGAGGAAGGTCAAGT
CAGTCTCTGGCCGAAGGTAG
TCGATACGGCAATGTGTCTC
AAAGTCAGCTCTTCTCCAGCA

87




Primers used for pZIP-hEF1a-shRNA vector construction by Gibson assembly

Ultramir-F CTTCTTCAGGTTAACTGAATACCTTGCTATCTC
Ultramir-R GTCCAGACGCGTAAAGTGATTTTAATTTATAC

CTGGGATTACTTCTTCAGGTTAACCCAACAGAAGGCTAAAGAAGGTA
TATTGCTGTTGACAGTGAGCG

AGAGATAGCAAGGTATTCAGTTTTAGTAAACAAGATAATTGCTCCTAA
AGTAGCCCCTTGAAG

Ultramir-Hpa-I-F

Ultramir-Hpa-I-R

Primer used for sequencing shRNA in the pZIP-hEF1a--shRNA vector

pZIP-Seqg-For GGTGCCCGAAGGACCG

Primers used for high throughput sequencing of shRNA barcodes
(Ref: Cellecta Decipher RNAi screen manual)

FwdHTS TTCTCTGGCAAGCAAAAGACGGCATA

RevHTS TGCCATTTGTCTCGAGGTCGAGAA

FwdGex CAAGCAGAAGACGGCATACGAGA

IND1AS AATGATACGGCGACCACCGAGAGGTTCAGAGACGTACAGTCCGAAA
IND2AS AATGATACGGCGACCACCGAGAGGTTCAGATTATTACAGTCCGAAA
IND3AS AATGATACGGCGACCACCGAGAGGTTCAGAAGTATACAGTCCGAAA
IND4AS AATGATACGGCGACCACCGAGAGGTTCAGACCGCTACAGTCCGAAA
GexSeqgN ACAGTCCGAAACCCCAAACGCACGAA
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for 1hr at 4°C. The viral pellet was dissolved in cold DMEM to get 50X concentrated viruses.

Concentrated viruses were aliquoted and stored in -80 for future use.

3.7. Generation of retroviruses

PlatE cells (RV-101, Cell Biolabs) were cultured in D10 medium. For preparing
retroviruses, Plate-E cells were seeded at a count of 3.6 x 10° on a 10 cm dish and, after 12-
16hrs, they were transfected separately with 14 ug of retroviral expression plasmids. After 24
hrs, transfection complex containing medium was replaced with fresh medium. The viral
supernatant was collected at 48, 60 and 72 hrs, pooled and filtered through a 0.45 um filter.

The freshly made retroviral supernatant was directly used for infecting the cells.

3.8. Doxycycline-inducible expression of transgenes

For the conditional complementation of FANCA, the FA-A fibroblast cells were
transduced with pINDUNCER20-FANCA lentiviruses and the transduced cells were enriched
by G418 antibiotic selection. The pINDUCER20 - FANC A - fibroblast were treated with 100-

1000ng/ul of doxycycline (DOX) to induce the expression of FANCA transgene.

3.9. Validation of the knockdown efficiency of shRNA plasmids

hAHDF or HELA cells were seeded at a count of 8x10° cells on a 12 well plate in
aMEM20 or D10, and 12-14hrs later, the cells were subjected to lentiviral transduction. The
cells in each well were infected with 20ul of 50X concentrated shRNA lentiviruses in 1ml of
medium with 0.5 ul of 1X polybrene to obtain ~40% of transduction efficiency. The cells were
incubated at 37°C/5% CO; incubator for 24 hours. Following incubation, the virus-containing
medium was replaced with fresh medium. On day 2, the cells were split at 1:3 ratio. From
day 3 or 4, the cells were subjected to puromycin selection to enrich stably transduced cells.
Following antibiotic selection, the cells were checked under a fluorescent microscope to

confirm that all the cells were GFP". The cells were grown for one or two more passages and
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then harvested for RNA extraction. Real-time PCR was performed using specific primers

(Table 4) to measure the knockdown efficiency.

3.10. Human somatic cell reprogramming strategy

Three different protocols for reprogramming were used in this study. The details of
these protocols are given below.
3.10.1. Using lentiviral and retroviral vectors

For lentiviral-mediated reprogramming, hADFs were seeded at a count of 8x10°
cells on a 12 well plate. About 12 — 16 hrs later, the cells were transduced with concentrated
hSTEMCCA lentiviruses to get a transduction efficiency of about 70-80% as measured by
immunofluorescence analysis of OCT4 expression in the transduced fibroblasts. Six days
after transduction, the cells were seeded on mitomycin C-treated SNL feeders at a count of
5x10° on a 6 well plate in the hiPSC medium. To facilitate ecotopic retroviral-mediated
reprogramming of hADFs, they were transduced with lentiviruses to express mouse Slc7a1,
and the transduced cells were selected with Blasticidin S (Life Technologies, CA). Slc7a1”
hADFs were transduced with pMXs-mRFP1 retroviruses, and RFP* cells were sorted by
FACS. For retroviral-mediated reprogramming, about 12 - 16 hrs before transduction, RFP*
or RFP™ SIc7a1* hADFs were seeded at a count of 8x10° cells in fibroblast medium on a 10
cm dish. The cells were subjected to two rounds of transduction with pools of freshly
prepared OSKM retroviral supernatants at 1:1:1:1 ratio in an interval of 48 hrs between the
first and the second transductions. On day 4, 5x10° transduced hADFs were seeded on a 6
well plate containing mitomycin C-treated SNL feeder cells in fibroblast medium. Two days
later, the medium was changed to hiPSC medium. The reprogramming cells were fed daily
with fresh medium and were observed for the emergence of hiPSC colonies.
3.10.2. Using episomal vectors

For episomal mediated reprogramming, hADFs were transfected with Y4
combination of plasmids using Neon transfection system (Life Technologies, CA) based on a

protocol previously described (Okita et al. 2011). Briefly, 6x10° hADFs loaded in 100ul Neon
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tip were electroporated with 1ug each of the plasmids, pCXLE-hOCT3/4-shp53-F (Addgene
27077), pCXLE-hSK (Addgene 27078) and pCXLE-hUL (Addgene 27080) (gifts from Shinya
Yamanaka) using the condition 1650V / 10 mS / 3 pulses. Transfected cells were seeded on
one well of a 6 well plate in Amniomax (Life Technologies, CA) and fed with fresh medium
on alternate days. After 6 days, transfected cells were seeded on mitomycin C-treated SNL
feeder cells at a count of 3x10° cells per 10 cm dish in Amniomax and the medium was
changed to hiPSC medium on the next day. The cells were fed daily with hiPSC medium and
observed for the emergence of colonies.
3.10.3. Using Sendai virus (SEV) based vectors

For SeV based reprogramming, pIND20-FANCA - patient fibroblasts were
transduced with CytoTune 2.0 Sendai reprogramming vectors (A16517, Life Technologies)
according to the manufacturer's protocol. Briefly, 70 - 80% confluent fibroblasts were
transduced with 20pl each of CytoTune 2.0 KOS (hKLF4-OCT4-SOX2), CytoTune 2.0 hc-
MYC and CytoTune 2.0 hKLF4 vectors in 1ml of fibroblast culture medium per well of a 6
well plate. Following overnight incubation with the reprogramming cocktail, the medium was
replaced with fresh fibroblast medium and cells were fed daily with fresh medium. On day 7,
the transduced cells were seeded on mitomycin C-treated SNL feeder layer in fibroblast
medium at a count of 2x10° cells per 10cm dish. From next day, cells were fed daily with
hiPSC medium and were monitored for the emergence of Fanconi anemia (FA)-A hiPSC
colonies. The expression of FANCA gene was induced according to experimental

requirements by the addition of doxycycline into the culture medium.

3.11. Derivation and maintenance of hiPSC lines

For the derivation of hiPSC lines by retroviral method (retro hiPSC), the RFP"
colonies with hESC-like morphology were manually picked up in the 3 — 4" weeks of
reprogramming. hiPSC clones were isolated solely based on morphology for deriving hiPSC
lines by episomal and Sendai virus-mediated reprogramming. The isolated clones were

mechanically broken into small clumps and seeded on mitomycin C-treated SNL feeder layer
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in the hiPSC medium. When the confluency reached 60-70% (4-5 days), the clones were
subsequently passaged onto feeders by enzymatic treatment with 1mg/ml Collagenase IV
(Life Technologies) for 45 minutes in 5% CO, incubator. For establishing a feeder-free
culture of hiPSC lines, the colonies maintained on feeders were harvested using 1mg/ml
Collagenase IV and seeded on vitronectin-coated TC dishes in the hiPSC medium. The next
day, the hiPSC medium is replaced partially with E8 medium (Life Technologies). From the
next day onwards, the complete medium is replaced with the fresh E8 medium. For
subsequent passaging of cells, the cells were harvested using EDTA solution and grown in
E8 medium. For maintaining FA-A hiPSC lines, doxycycline at a concentration of 100-

1000ng/ml was added to the medium.

3.12. Cryopreservation of hiPSC lines

For making hiPSC line stocks, 4-5 days old undifferentiated hiPSC culture
maintained on mitomycin C-treated SNL feeder layers were taken for cryopreservation. The
colonies at 70% confluency on a 10cm dish or a 6 well plate were harvested in hiPSC
medium with Collagenase IV as mentioned above. After a spin at 800rpm for 5 minutes,
colony pellets were resuspended in 2ml of spent hiPSC medium by tapping gently. The
colony suspension was aliquoted into 10 cryovials, each with 200 ul. Then, 200ul of cold 2X
hiPSC freezing medium (Table 1) was added to each vial drop by drop, by tapping the vial
after the addition of each drop. The vials are immediately transferred to Mr. Frosty (Nalgene)
maintained at 4°C and shifted to -80°C for slow freezing. The frozen cell stocks were

transferred to liquid nitrogen vapour phase the following day.

3.13. Revival of cryopreserved hiPSC lines

Before reviving hiPSCs, D10 medium in the mitomycin C-treated feeder plates was
substituted with hiPSC medium containing 10mM Rock Inhibitor (Y-27632, Calbiochem) and
incubated at 37°C/5%002 for at least 3hrs. For thawing frozen hiPSC lines, 1ml of warm

hiPSC medium was gently added to the frozen cells in the cryovials and the thawed contents
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were immediately transferred to a 15ml tube. This process was repeated till the entire
content in the cryovial was moved to the 15ml tube. The thawed colony suspension was
pipetted gently once and centrifuged at 800rpm for 5 minutes. The pelleted hiPSC colonies
were resuspended in 1ml warm hiPSC medium with 10mM rock inhibitor by gentle tapping
and seeded onto the feeder plates. The colonies were uniformly distributed on feeder layer
and left undisturbed in 37°C/5% CO;, incubator for 36hrs. Following this, the hiPSC lines

were fed daily with hiPSC medium and maintained on feeder layers as described earlier.

3.14. Immunofluorescence assay

For detecting surface marker expression, the cells maintained in culture were
washed with phosphate-buffered saline (PBS), fixed with 4% paraformaldehyde at room
temperature for 20 minutes and then blocked with a buffer containing 1% bovine serum
albumin (BSA) and 5% FBS for 45 minutes at room temperature. For intracellular protein
analysis, the cells were permeabilized with blocking buffer containing 0.1% TritonX-100. The
fixed and permeabilized cells were incubated with primary antibodies in the blocking buffer
for 4 hours at 4°C and 1 hour at room temperature followed by incubation with suitable
labeled secondary antibodies for 1 hour at room temperature. Imaging was done under a
fluorescent microscope (Leica Microsystems) with appropriate filters. The pluripotency of
hiPSC lines was confirmed by analysis of expression of SSEA-4, TRA-1-60, TRA-1-81,
NANOG, OCT4, SOX2, and LIN28. For confirming the trilineage differentiation potential of
hiPSC lines, the EB-derived cells were analyzed for expression of a-fetoprotein, a-smooth
muscle actin, and BllI-Tubulin. For checking FA pathway functionality in FA-hiPSCs, the
primary antibodies used were FANCA and FANCD2. The complete list of primary and

secondary antibodies used in this experiment is given in Table 6.

3.15. Flow cytometry

For analyzing expression of pluripotency marker by hiPSC clones, the colonies on

feeder were treated briefly with 1mg/ml Collagenase IV to remove feeders, and the attached
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Table 6: Antibodies used in this study

Purpose Antibody- Cat no Source
Flurochrome
a. Flow cytometry
CD13-PE 555394
SSEA-4-PE 560128 _
SSEA4-AF647 560796 BD P%ﬁ'gg(‘)“%":’ San
Analysis and sorting of | 1A 4 60.Bv421 | 562711 ’
reprogramming cells
TRA-160-PE 560193
TRA-1-85-AF700 FAB3195N R&D Systems,
TRA-1-85-FITC FAB3195F Minneapolis, MN
ﬁasss]sastgn;onl; t?(f: CD31-AF647 561654 BD Pharmingen, San
differentiation of hiPSCs |  CD235a-APC 561775 Diego, CA
b. Inmunofluorescence Assay
SSEA-4 SCRO001 Millipore, MA
TRA'1'6O SC'21705 Santa Cruz
TRA-1-81 sc-21706 Biotechnology, Texas
Analysis of pluripotency
marker expression NANOGG 4903
Oct-04 2840 Cell Signaling
SOX2 3579 Technology, MA
LIN28 3695
a-Fetoprotein MAB1368 R&D Systems, MN
Analysis of rilneage | @-Smooth Musdle | 5560, Abcam, Cambridge
differentiation of hiPSCs ctin Coll Sianal
R . ell Signaling
BIlI-Tubulin ab5568 Technology, MA
Analysis of FA pathway FANCA PA5-22276 | ThermoFisher Pierce, MA
functionality FANCD2 $C-20022 _Santa Cruz
Biotechnology, Texas
anti-mouse 1gGs
(H+L) - AF488 11029
anti-mouse 1gGs
11032
Secondary antibodies (H+L) - AF594 .
ised i A Invitrogen, IL
raised in goa anti-rabbit IgGs 11034
(H+L) - AF488
anti-rabbit IgGs 11037

(H+L) - AF594

Abbreviations: APC - Allophycocyanin, PE - phycoerythrin, AF488 - Alexaflour488, AF594 -
Alexaflour 594, AF647 - Alexaflour 647,
BV421 - Brilliant Violet 421, AF700 - Alexaflour 700, FITC - Fluorescein
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colonies were then harvested using TryLE Express (12604-021, Life Technologies). For
analyzing the expression kinetics of surface markers in the cells undergoing reprogramming
and for sorting of the cells based on marker expression profile, the cells were treated with
the TrpLE express or 1mg/ml Collagenase IV, followed by Accutase (Chemicon Millipore,
CA). To the single cell suspension in dissociation solution, an equal volume of warm D10
was added, mixed by pipetting gently twice, filtered through a 70 um cell strainer (BD
Biosciences) and centrifuged at 800rpm for 5 minutes. The harvested cells were
resuspended in hiPSC medium to get a count of about 1x10° cells per 100ul of the medium.
Optionally, feeder cells in the sample were depleted using feeder removal microbeads and
LD column on Quadro MACS following the manufacturer’s protocol (Miltenyi Biotec, Bergisch
Gladbach, Germany). The harvested cells were then stained with labelled primary antibodies
at recommended dilution in the hiPSC medium for 30 minutes in the dark at 4°C with the
intermittent tapping of cells. Following incubation, the cells were washed with cold D10 once
and centrifuged at 800rpm for 5 minutes. The cell pellet was resuspended in cold hiPSC
medium at a volume 3-4 times the initial volume and taken for analysis or sorting using
FACS machine. FACS Aria lll flow cytometer (BD Biosciences, San Jose, CA), FACS
Calibur flow cytometer (BD Biosciences, San Jose, CA) and CytoFLEX flow cytometer (BC,
Pasadena, CA) were the FACS machines used. The complete list of labelled antibodies

used in this study is given in Table 6.

3.16. Cell cycle analysis

Cell cycle analysis of FA-A hiPSC clones was carried out using ClicklT EdU
proliferation assay kit (Life Technologies). Briefly, iPSC clones at actively growing state were
treated with EdU at 20mM concentration for 1 hr. Cells were harvested as single cell
suspension using TryLE Express. After giving a PBS wash, the cells were fixed with 4%
paraformaldehyde for 15 minutes at room temperature. Fixed cells were washed with wash
buffer containing 1X PBS and 1% BSA and then permeabilized using wash buffer containing

saponin solution for 30 minutes at room temperature. The permeabilized cells were washed
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with wash buffer containing saponin wash buffer followed by treatment with ClicklT reaction
buffer containing Azide-Alexaflour488 for 30 minutes at room temperature. The cells were
washed with wash buffer and then stained with DAPI for minimum 2 hours at 4°C. The cells
were finally washed with wash buffer and the cell pellet was resuspended in PBS. The cell
cycle profile of the cells was analyzed using FACS Aria Il flow cytometer based on

fluorescence signal from Alexaflour488 and DAPI.

3.17. Quantitative Real-Time PCR

RNA was extracted from fibroblasts, cell lines, flow-sorted reprogramming cells and
hiPSCs using Tri-reagent (Sigma-Aldrich). 1 pg of total RNA was used for reverse
transcription reaction using high capacity cDNA reverse transcription kit (Life Technologies)
according to the manufacturer’s instructions. Quantitative RT-PCR was set up with SYBR
Premix Ex Taq Il (Takara Bio) using specific primers (Table 4) and analyzed with ABI 7500

(Life Technologies) or QuantStudio12K Flex (Life Technologies) real-time PCR systems.

3.18. Bisulfite sequencing

Genomic DNA extracted from established hiPSC lines was subjected to bisulfite
conversion using EpiTect Bisulfite Kit (Qiagen) according to the manufacturer’s
recommendations. Using specific primers (Table 4) that can bind bisulfite converted DNA,
the promoter regions of human OCT4 and NANOG genes were amplified. The PCR products
were cloned into a TA cloning vector pCR2.1 (Life Technologies, CA), and plasmids were
extracted from five to ten transformed bacterial clones and were screened by DNA

sequencing.

3.19. Western Blot analysis

hiPSCs were harvested as described in the previous section and lysed using RIPA
buffer (150mM sodium chloride, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS

and 50mM Tris, pH 8) containing phenyl methane sulfonyl fluoride (PMSF) and protease
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inhibitor for 30 minutes on ice. The cell lysate was centrifuged for 30 minutes at 12000rpm.
The supernatant was aliquoted into multiple tubes and stored in -70°C for future use. Protein
concentration was estimated using Bradford’s method. For performing WB, 30ug of protein
was denatured by boiling for 5minutes at 90°C in appropriate volumes of 4X Lamelli buffer.
The sample were cooled on ice for 5 minutes and centrifuged at 12000rpm for 20 minutes at
4°C. The supernatant was loaded on to 5% of stacking gel in parallel with 3-colour broad
range prestained protein ladder (Puregene). The bands were resolved on a 7.5% resolving
gel. For detection of FANCA and FANCD?2, the electrophoresis was carried out at 100V for
3hrs and T7hrs, respectively. Separated protein bands were transferred onto 0.45u
polyvinylidene (PVDF) membrane filter (Millipore) at 30V for 16hrs. After transfer, the
membrane was blocked using 1X PBS with 0.01% Tween 200 (PBST) containing 5% non-fat
milk powder (Bio-Rad). Blocked membrane was incubated with primary antibodies against
FANCA or FANCD2 (Table 6) for 4hrs at room temperature. Following PBST wash, the
membrane was incubated with secondary antibodies conjugated with horse raddish
peroxidase (HRP) for 2hrs at room temperature. The membrane was washed with PBST for
30 minutes to remove unbound antibodies. The membrane was treated with Westar
supernova chemiluminescent substrate (Cyanogen). The protein bands were visualized
under FluorChemE gel documentation system (Protein Simple). FANCA, FANCD2, and

ubiquitinated FANCD2 give bands of size 163kDa, 143kDa and 150kDa repectively.

3.20. Alkaline phosphatase staining

The FA-A hiPSC colonies maintained on feeder-free or mitomycin C-treated SNL
feeder layers, in the presence or absence of DOX, were taken for alkaline phosphatase
staining on fourth-fifth day after passaging. The staining was performed using Leukocyte
alkaline phosphatase kit (86R, Sigma) following the manufacturer’s protocol. Briefly,
the colonies were given a 1X PBS rinse and fixed using fixative containing citrate
solution, acetone and 37% paraformaldehyde (25:65:10) for 30 seconds. The fixed

colonies were rinsed with distilled water and then incubated in dark with dye mix for
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30 minutes in dark. Following incubation, the whole well of the culture plate was

imaged.

3.21. Embryoid body (EB)-mediated differentiation

To initiate EB formation, 4 - 5 days old hiPSCs were harvested as large clumps
using 1 mg/ml Collagenase IV and were transferred to a low attachment plate in EB
suspension culture medium (Table 1). After 8 days of floating culture, EBs formed were
seeded on 0.1% gelatin-coated culture dish in EB attached culture medium (Table 1) to
induce further differentiation. The suspension and the attached culture were fed with the
fresh medium on alternate days. The attached culture was monitored for differentiation into
different cell types for 1 - 2 weeks. The differentiated cells were analyzed by
immunofluorescence assay for the expression of a-fetoprotein (endoderm marker), a-smooth
muscle actin (mesoderm marker) and Blll-tubulin (ectoderm marker) to confirm in-vitro

trilineage differentiation potential of hiPSC clones.

3.22. Haematopoietic differentiation of hiPSCs

Differentiation of hiPSCs to HSCs was performed based on previously described
protocol Mills et al (Mills et al. 2014). The hiPSC colonies maintained on vitronectin dishes
were harvested using EDTA solution and seeded on growth factor reduced Matrigel matrix
basement membrane (354230, Corning, Bedford, MA) coated dishes as small colonies in E8
medium to get a count of 1-2x10° cells / well. The culture was incubated in hypoxic condition
in 37°C / 5% CO5/ 5% O,/ 90% N, incubator for 24-48hrs till the colonies reached about
70% confluency. The culture was fed daily with the specific haematopoietic differentiation
medium as indicated in Table 1. Exogenous FANCA expression was induced in the culture
by doxycycline addition at 0.1-1pg/ml. The HSC differentiation was tracked by FACS by

looking for expression of haematoendothelial and haematopoietic markers (Table 6).
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3.23. Teratoma formation

Teratoma assay was performed based on a previously described protocol (Park et
al. 2008). Briefly, feeder cells were removed from a 4 - 5 days old 60-70% confluent hiPSC
culture by a brief treatment with 1 mg/ml Collagenase 1V, and the cells were harvested using
a cell scraper in DMEM-F12 medium. The cell pellet was resuspended in 40 ul of cold
DMEM-F12, 80 ul of Collagen | (Life Technologies) and 120ul of hESC-qualified Matrigel
(BD Biosciences) and 100 ul each of this colony suspension was injected intramuscularly
into hind limbs of immunocompromised B6.CB17-Prkdcscid/SzJ (The Jackson Laboratory)

or CB17/lcr-Prkdcscid/lcricoCrl (Charles River).

3.24. Karyotyping
Karyotyping was carried out at Unit of Cytogenetics, Christian Medical College,

Vellore.

3.25. Experiments to identify the suitable lentiviral promoters for the

expression of shRNAs in reprogramming experiments

Lentiviral shRNA plasmids that co-express shRNA and GFP under the control of 7
different promoters, mCMV, hCMV, mEF1a, hEFL1a, SFFV, CBA and UbC were used for
generation of lentiviruses using the protocol mentioned in section 3.6. hADFs were
transduced with lentiviruses, the transduced cells were enriched by puromycin selection, and
the enrichment was confirmed by fluorescent microscopic and by FACS analysis of GFP+
cells. These cells were then subjected to hSTEMCAA infection using the protocol mentioned
in section 3.10.1 to get an infection efficiency of 20-30%. On day 6 after hSTEMCAA
infection, 1/10™ of the cells were seeded on mitomycin C-treated SNL feeders in hiPSC
medium with 8ng/ml bFGF (Life Technologies). On day 15 and day18, the reprogramming
cells were analyzed by FACS to measure the GFP expression status in cells expressing
different combinations of CD13, SSEA-4, and TRA-1-60 markers. Based on GFP status, the

promoter activity was assessed in the cells at different stages of reprogramming.
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3.26. Candidate gene knockdown reprogramming experiment

shRNA vectors generated as described in section 3.5 was used for the generation of
lentiviruses as described in section 3.6. hADFs stably transduced with shRNA lentiviruses
described in section 3.9, were taken for reprogramming on day 9 of shRNA knockdown. The
cells were subjected to reprogramming as described in the section 3.10.1 and FACS
analysis as described in section 3.15. The percentage of the cells expressing different
combinations of CD13, SSEA-4 and TRA-1-60 were estimated to assess the effect of the

gene knockdown on reprogramming efficiency.

3.27. shRNA library screening reprogramming experiment

For signaling library shRNA screening experiment, Cellecta shRNA library module 2
with shRNAs that target 5000 signalling pathway genes was used. The hADFs were first
transduced with concentrated signaling library shRNA viruses at an infection efficiency of
40% to get a low copy number integration of individual shRNA. The infected cells were
selected using puromycin, and the enrichment of transduced cells was confirmed by FACS
analysis. The cells were subjected to reprogramming using the protocol described in section
3.25. On days 15 to 17 of reprogramming, the SSEA4 TRA-160", SSEA4'TRA-160" and
SSEA4'TRA-160" cells were sorted. Using Gentra DNA extraction Kit (Qiagen), DNA was
isolated from from puromycin selected transduced hAFDs before reprogramming (sample 1)
and the three flow sorted fractions, SSEA4 TRA-160" (sample 2), SSEA4'TRA-160" (sample
3) and SSEA4'TRA-160" (sample 4). The DNA yield from sample 1, 2, 3 and 4 were 200 ug,
40 pg, 80 pg and 50 pg respectively. The shRNA specific barcodes were amplified from the
genomic DNA by two rounds of PCRs. For sample 1, 200 ug of DNA and for the other
samples, the entire DNA isolated was used for the 1% round PCR in multiple 50 pul reactions
(Table 7). The amplified products from each sample were pooled, and 2 pl of the 1* round
PCR product of each sample was used for setting up the 2" round PCR in two 100 Ml
reactions (Table 7). The second round PCR was performed for 13 cycles after the initial

optimization of the number of cycles to obtain an equal amount of PCR products from all the
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Table 7: shRNA specific barcode amplification PCR

i. First round of PCR

Reaction Components 50ul reaction

Water 17ul

Buffer 5ul

dNTP (10mM) 4ul
Forward Primer 1.5ul
Reverse Primer 1.5ul
Titanium Taq Polymerase 1l
DNA template 20yl

Note: PCRs for samples 1, 2, 3 and 4 were set up with 25ug,
20ug, 20ug and 12.5ug each in 8, 2, 4 and 4 reactions.

ii. Second round of PCR

Reaction Components 100ul reaction

water 73l
Buffer 10ul
dNTP 4ul
Forward Primer 5ul
Reverse Primer 5ul
Titanium Taq polymerase 1l
1* round PCR product 2yl

Note: For each sample, two 100pl reaction were set up.
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DNA samples. To facilitate multiplex sequencing, specific indexing primers (Table 4) were
used for amplification of each sample in the 2™ round PCR, and the high throughput (HT)
sequencing was carried out on HiSeq 2500 using GexSeq primer (Table 4) at Medgenome,
Begaluru. The barcode deconvolution and enumeration were carried out using software
available on the Cellecta Decipher Project website (www.decipherproject.net/software/). T-
test was performed to identify differentially present shRNAs. Gene ontology analysis was

performed using String.db tool (https://string-db.org) available online.
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Chapter 4

ESTABLISHMENT OF REPROGRAMMING
STRATEGIES FOR THE GENERATION OF
INDUCED PLURIPOTENT STEM CELLS
FROM HUMAN SOMATIC CELLS



4.1. Introduction

Reprogramming of somatic cells to iPSCs is an extremely inefficient and slow
process, with an average success rate of >1%. Derivation of hiPSC lines from human
somatic cells involves multiple steps and establishing these protocols is technically
challenging. Among the different factor delivery modes available, viral-based methods are
easy to perform and give relatively better reprogramming efficiency. Fibroblast is one of the
most commonly used somatic cells for reprogramming. So, for establishing reprogramming
techniques in our laboratory, viral vector-mediated reprogramming of human fibroblasts was
opted. The technical experience gained through this experiment laid the base for deriving
integration-free hiPSC lines (this chapter) and Fanconi anaemia patient specific hiPSC lines
(Chapter 5), and setting up gene knockdown reprogramming experiment (Chapter 6).

One of the major challenges in deriving hiPSC lines is the identification of fully
reprogrammed hiPSC colonies from a highly heterogeneous background of reprogramming
cells and colonies. The heterogeneity results from the extensive changes in gene and
protein expression patterns brought about by ectopic expression of reprogramming factors
(Chan et al., 2009; Ruiz et al., 2011). The currently used hiPSC identification methods based
on pluripotency marker expression and morphology have been met with varying degree of
success. Even though there are individual studies on analysing the expression patterns of
fibroblast markers and pluripotency markers such as SSEA-4, TRA-1-60 and CD44 in the
various stages of human somatic cell reprogramming (Chan et al., 2009; Hotta et al., 2009;
Abujarour et al., 2013; Kahler et al., 2013; Tanaka et al., 2015), a systematic analysis of their
temporal expression has been lacking. Silencing of the expression of retroviral transgenes
(RV-Tg) driven by long terminal repeats (LTRs) is an inherent property of pluripotent cells
(Hotta and Ellis, 2008). In reprogramming using retroviral vectors, the transgene silencing
marks, in addition to the acquisition of pluripotency, the exogenous factor independence of
hiPSCs for the maintenance of pluripotency (Okita et al., 2007; Takahashi et al., 2007;
Aasen et al., 2008; Stadtfeld et al., 2008). Even though silencing of retrovirally expressed

fluorescent proteins has been reported to facilitate the identification of iPSC colonies (Chan
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et al., 2009; Hotta et al, 2009) this has not been correlated systematically with the
expression of other pluripotency markers, NANOG, SSEA-4, TRA-1-60 and TRA-1-81 to
understand the kinetics of transgene silencing and pluripotency induction in successful
reprogramming events. In this study, human dermal fibroblast undergoing reprogramming
under the influence of OSKM were systematically monitored for pluripotency marker
expression, morphology acquisition and retroviral transgene silencing to understand their

correlation with each other and with the pluripotent state.

4.2. Objectives
This chapter describes the establishment of reprogramming strategies for the
generation of induced pluripotent stem cells from human adult dermal fibroblasts in the
laboratory. The main objectives are as follows:
1. Understanding the expression kinetics of molecular markers during the
reprogramming process.
2. Assessment of the ability of the molecular markers to identify reprogramming
intermediates and hiPSCs.
3. Derivation of hiPSC lines from human adult dermal fibroblasts by viral and non-viral

vector mediated reprogramming and their characterization.

4.3. Results
4.3.1. Generation of hiPSCs from adult dermal fibroblast using retroviral vectors to
express OSKM
For establishing the methods to derive iPSCs using retroviral methods to express
OSKM, the protocol described by Takahashi et al, was used (Takahashi et al., 2007)
(Figure 15A). Briefly, the human adult dermal fibroblasts (hADFs) were modified to express
mouse solute receptor, SLC7A1, to aid the entry of retroviral vectors carrying OCT4, SOX2,

KLF4, cMYC and RFP (OSKMR). Red fluorescent protein (RFP) was additionally included in
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Figure 15: Strategy used for retroviral mediated reprogramming of human
adult dermal fibroblasts

(A) Schematic of hiPSC generation from hADFs by retroviral mediated
reprogramming with OSKM. (B) Cell count of hADFs maintained in Amniomax and
A20 at the end each passage. (C) Percentage of RFP* cells and mean fluorescent
intensity (MFI) of RFP in hADFs transduced with indicated volumes of concentrated
retroviral RFP. hADFs - human adult dermal fibroblasts. OSKM — OCT4, SOX2,
KLF4 and cMYC.
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the reprogramming cocktail to monitor transgene silencing and aid in the identification and
isolation of exogenous factor independent hiPSC clones as described in section 4.3.4.

It was observed that hADFs maintained in Amniomax medium (AMX) showed rapid
proliferation compared to conventional A20 medium (see Materials and Methods) (Figure
15B). Since retroviral vectors have higher infection efficiency on rapidly proliferating cells,
the fibroblasts cells preconditioned in Amniomax medium were used. As expected, hADF-
AMX showed high transduction efficiency and high transgene expression level when infected
with retroviral RFP vector (Figure 15C). Following infection with OSKMR, the
reprogramming was carried on a mitomycin treated SNL feeder layer and maintained in
conventional KOSR based hiPSC medium. The hiPSC colonies were identified as described
in section 4.3.4 and they gained the cellularity required for isolation by the end of 2" week of
reprogramming. The reprogramming efficiency of 0.05%-0.1%, calculated based on the
number of TRA-1-60" hES-like colonies formed from the total number of cells initially infected
with OSKM retroviruses, was achieved. For the derivation of hiPSC lines, the clones were
isolated mechanically, expanded on feeder based culture system and passaged by
enzymatic treatment with Collagenase IV. The established clones were characterized for
their pluripotency at molecular and functional levels as described in Sections 4.3.4 and 4.3.6.
The characterized hiPSC lines were cryopreserved for future applications and could be
successfully revived back to culture using the protocols standardized in this thesis.

4.3.2. Generation of hiPSCs from adult dermal fibroblast using lentiviral vectors to
express OSKM

For understanding the molecular mechanism of reprogramming, it would be
advantageous to use a method that ensures high reprogramming efficiency. Therefore, a
polycistronic lentiviral vector, hSTEMCCA, which has been reported to successful reprogram
fibroblasts even with single copy number integration (Somers et al., 2010), was chosen for
this application in this study. Also, unlike in the case of using individual vectors for
expressing each reprogramming factors, hSTEMCCA vector will help to avoid the
heterogeneity brought about by differences in factor stoichiometry in reprogramming cells.

Using the expertise developed in hiPSC generation using retroviral method, human adult
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dermal fibroblasts were subjected to hSTEMCAA mediated reprogramming (Figure 16A).
The hiPSC like colonies appeared by the end of the second week of reprogramming and
they were ready for isolation from mid of the third week (Figure 16B). A reprogramming
efficiency of about 0.5%-1% was achieved, which was calculated as mentioned in section
4.3.1. The reprogramming cells were isolated based on expression of a different combination
of fibroblast and pluripotency markers and used for understanding their expression kinetics
in section 4.3.3. This reprogramming strategy was also used for understanding the molecular
mechanism of reprogramming by knockdown and overexpression studies in Chapter 6.

4.3.3. SSEA-4 and TRA-1-60 are expressed in both fully and partially reprogrammed

cells

For determining the specific markers that can be used for the isolation of pluripotent
clones, we monitored the expression kinetics of surface markers in the reprogramming cells
before and after the colonies emerged. The hADFs undergoing reprogramming with
polycistronic hSTEMCAA lentiviral vectors were analyzed on days 6, 8, 12, 16, 17 and 20 by
flow cytometry for the expression of a fibroblast marker, CD13, and the pluripotency
markers, SSEA-4 and TRA-1-60. The analysis was carried out within the TRA-1-85"
population to obtain an accurate percentage of marker expressing cells, without the
interference of SNL feeder cells in the data analysis. The emerging colonies were analyzed
by immunofluorescence assay for the expression of pluripotency markers, SSEA-4, TRA-1-
60 and NANOG on different days of reprogramming with retroviral OSKM vectors.

As expected, the percentage of CD13" cells reduced with a concurrent increase in
SSEA-4" and TRA-1-60" cells as the reprogramming progressed (Figures 17A and 17B).
CD13" cells reduced from 100% on day 0 to 71% on day 8 and to 43% on day 20, and
SSEA-4" cells were 50% on day 8, which increased up to 80% on day 12 (Figure 17A). The
percentages of CD13'SSEA-4", CD13"SSEA-4" and CD13'SSEA-4" cells were at the ratio
65:25:10 on day 6, 17:50:33 on day 12, 23:23:54 on day 16 and 25:20:55 on day 20
(Figures 17C and 17D). These results indicated that SSEA-4 expression is initiated before

CD13 expression was completely shutdown, and this transition continued until the end of the
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Figure 16: Strategy used for lentiviral mediated reprogramming of human
adult dermal fibroblasts

(A) Schematic of hiPSC generation from hADFs by lentiviral mediated
reprogramming with OSKM. (B) hESC-like TRA-1-60" colonies emerging from
reprogramming cells. Arrows show the hiPSC colonies. Images are at 10X
magnification. hADFs - human adult dermal fibroblasts. OSKM — OCT4, SOX2,
KLF4 and cMYC.
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Figure 17: Analysis of fibroblast (CD13) and pluripotency (SSEA-4 and TRA-1-
60) markers during reprogramming of hADFs by flow cytometry

(A) Percentages of CD13*, SSEA-4* and TRA-1-60* cells on different days of
reprogramming in the TRA-1-85* population of cells estimated by FACS and (B)
representative FACS contour plots.
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Figure 17 continued: (C) Percentages of the cells that co-express CD13 and
SSEA-4 in the TRA-1-85" population of cells estimated by FACS. (D) their
representative FACS contour plots. (E) Percentages of the cells that co-express
CD13 and SSEA-4 in the TRA-1-60* fraction of cells.
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Figure 17 continued: (F) Representative FACS contour plots of the cells that co-
express CD13 and SSEA-4 in the TRA-1-60* fraction of cells. (G) Real-time PCR
analysis of mRNA levels of pluripotency markers, NANOG, OCT4, SOX2 and
ZFP42 in hADFs, in the cells 6 days after transducing with hSTEMCCA lentiviruses
and the cell fractions sorted by flow cytometry based on the expression of CD13,
SSEA-4 and TRA-1-60 (n=2). The fold changes were calculated relative to
expression levels in hiPSCs. (H) Sequence of molecular states, defined by
coexpression pattern of CD13, SSEA-4 and TRA-160, through which fibroblasts
transit during successful reprogramming.
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2" week of reprogramming resulting in a large fraction of reprogramming cells achieving
SSEA-4" state (50% on day 8 to 80% on day 12) (Figure 17A).

TRA-1-60, a late-stage marker of human somatic cell reprogramming, was
expressed in ~20% of the reprogramming cells on day 8, and its level remained nearly
constant till day 20 (Figure 17A). Almost all (>95%) TRA-1-60" cells were SSEA-4", and
they were cD13™ initially and CD13" later, which indicated that, in the successfully
reprogramming cells, TRA-1-60 expression followed SSEA-4 expression after the somatic
cell gene silencing is completed (Figures 17E and 17F). This data also highlighted the
significant difference in the pluripotency levels in the SSEA-4" and TRA-1-60" cells. The
presence of CD13"™"SSEA-4" and CD13'SSEA4" cells along with pluripotent CD13 SSEA4*
cells within the TRA-1-60" population clearly showed the heterogeneity among the TRA-1-
60" cells (Figure 17E). Analysis of the late stage pluripotency genes, NANOG, OCT-4,
SOX2 and ZFP42, in the cell fractions sorted based on the expression of CD13, SSEA-4 and
TRA-1-60 showed that their levels increased steadily from CD13"SSEA-4"TRA-1-60" to
CD13'SSEA-4"TRA-1-60" to CD13'SSEA-4"TRA-1-60" cells (Figure 17G). Based on the
change in the relative percentage of cells expressing different combination of markers during
the reprogramming process and the expression levels of pluripotency markers, it could be
proposed that in successful reprogramming the sequence of states that CD13'SSEA-4 TRA-
1-60 fibroblasts transit through are CD13"SSEA-4'TRA-1-60°, CD13""SSEA-4"TRA-1-60"
and CD13'SSEA-4"TRA-1-60" and the cells that fail to enter this path in the first week of
reprogramming may remain incompletely reprogrammed as CD13"SSEA-4TRA-1-60,
CD13"SSEA-4"TRA-1-60", CD13'SSEA-4'TRA-1-60, CD13'SSEA-4TRA-1-60" and CD13°
SSEA-4TRA-1-60" (Figure 17H). These results showed that with the co-expression profile
of CD13, SSEA-4 and TRA-1-60, cells belonging to the different stages of reprogramming
can be demarcated.

When the emerging colonies were analyzed, a similar trend in the expression
kinetics of pluripotency markers was observed. At the beginning of the second week of
reprogramming (day 9), small cell clusters or colonies made up of 20 - 60 tightly packed cells

were visible. Although they lacked hESC morphology, most of them expressed SSEA-4
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(Figure 18A upper panel), but only about 10% of the SSEA-4" cell clusters expressed TRA-
1-60. All the TRA-1-60" colonies were NANOG" at this stage itself (Figure 18A middle
panel), and this strong correlation suggested that TRA-1-60 can be used as a surrogate
marker for identifying NANOG expressing cells. By the third week of reprogramming (day
16), as the colony size increased their morphologies became evident, and many large
colonies expressed SSEA-4, TRA-1-60, and NANOG (Figure 18B). The reprogramming
efficiency estimated based on the number of TRA-1-60" colonies remained constant at about
0.1% in the 2" and the 3™ weeks of reprogramming with retroviral vectors.

It was interesting to find that the reprogramming cells achieve a CD13'SSEA-4"TRA-
1-60" pluripotent state in the very early days of reprogramming (less than 10 days) even
before hiPSC colonies appear. Even though 10% on day 6 and 33% on day 12 of the
reprogramming cells become CD13'SSEA-4" before the hESC-like colonies appear and
~20% of the cells attain CD13'SSEA-4"TRA-1-60" state during the course of reprogramming,
the reprogramming efficiency in the generation of TRA-1-60'NANOG" colonies with viral
vectors was very low (<0.1%), as reported earlier (Gonzalez et al., 2011; Bayart and Cohen-
Haguenauer, 2013). This clearly indicates the further heterogeneity that exists in the TRA-1-
60" cells and the limitation in the use of TRA-1-60 as a sole marker for the enrichment and
isolation of true hiPSCs.
4.3.4. Strong correlation between retroviral transgene silencing and acquisition of

pluripotency

To understand the correlation between RV-Tg silencing, morphological changes and
expression of pluripotency markers in the emerging clones, the fibroblasts subjected to
retroviral OSKM mediated reprogramming were co-transduced with retroviruses to express
RFP. The reprogramming cells were monitored for assessing the kinetics of acquisition of
these features. On day 11, 65-70% of the SSEA-4" colonies were TRA-1-60", but only ~35%
of TRA-1-60" colonies showed RV-RFP silencing (RV-RFP’) and in the 3" week of
reprogramming, about 85% of the TRA-1-60" colonies were RFP™ suggesting that though a
large number of colonies become TRA-1-60" in the early stages of reprogramming they do

not achieve complete reprogramming. Routine monitoring of the emerging clones throughout
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Figure 18: Analysis of morphology, pluripotency marker expression and
transgene silencing in the colonies emerging during reprogramming

(A) Expression of SSEA-4 and RV-RFP (upper panel), TRA-1-60 and NANOG
(middle panel) and TRA-1-60 and RV-RFP (lower panel) in the cell clusters /
colonies on day 9 of reprogramming showing the initiation of pluripotency marker
expression before the cells achieve hES C-like morphology and transgene silencing.
(B) Expression of the pluripotency markers (SSEA-4, TRA-1-60 and NANOG) and
RV-RFP silencing in the colonies on day 16 of reprogramming. The emerging
hiPSC colonies showed characteristic hESC-like morphology and retroviral
transgene silencing allowing their easy identification.
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Clone 1

Clone 2

Figure 18 continued: (C) Higher magnification images of RV-RFP-hiPSC colonies
showing their hES C-like morphology- flat appearance, defined boundary and high
nuclear to cytoplasmic ratio. (D) Non-hESC like RFP* colonies which lacked the
expression of pluripotency markers on day 16. All images are at 10X magnification
unless otherwise indicated. The broken lines show the characteristic boundaries of
the emerging hiPSC colonies on the feeder cells.
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PRRL (T3G-GFP-PGK-rtTA3)
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Figure 18 continued: (E) Representative images of hiPSC and non-hiPSC colonies
exhibiting variegated expression of fluorescent protein (FP) (GFP or RFP) from
lentiviral vectors with different promoters, pGIPZ (CMV-GFP) lentiviral vector with
CMV promoter to express GFP (Ansaloni et al., 2010), pRRL (T3G-GFP-PGK-
rtTA3) inducible lentiviral vector with PGK promoter to express rtTA3 and T3G
promoter to express GFP (Fellmann et al., 2013) and pINDUCER10 (TRE2-tRFP-
UbC-rt TA3) inducible lentiviral vector with UbC promoter to express rtTA3 and
TRE2 promoter to express tRFP (Meerbrey et al., 2011). All images are at 10X
magnifications. CMV-human cytomegalovirus intermediate early enhancer and
promoter, rtTA3-reverse tetracycline transactivator-3 gene, TRE2- Tet responsive
element-2 promoter and T3G- optimized third generation Tet-responsive element
promoter.
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the course of reprogramming with the aid of RFP reporter protein expression revealed
characteristic morphological changes in them. The TRA-1-60'RFP" colonies emerged from
highly proliferative transformed cells, and the colonies appeared as symmetric RFP" clusters
of cells among the RFP” transformed cells (Figure 18B). Characteristically, they emerged
dislodging the feeder cells around them radially, thereby forming flat colonies with an almost
symmetrical shape and defined boundaries, and they expressed NANOG, in addition to
SSEA-4 and TRA-1-60 (Figure 18B). The close microscopic observation of RFP™ colonies
showed that they possessed typical hESC- like morphology - flat colonies containing closely
packed cells with increased nuclear to cytoplasmic ratio (Figure 18C). This morphology was
similar to a well-established hiPSC line that was maintained in our laboratory (BC1-hiPSC
line; a gift from Linzhao Cheng) (data not shown). In the third week of reprogramming,
almost all (>95%) the colonies without hESC morphology were RFP*, and they lacked the
expression of SSEA-4, TRA-1-60 and NANOG (Figure 18D). Experiments using lentiviral
vectors with different promoters driving the expression of fluorescent proteins did not show a
correlation between transgene silencing, pluripotency and morphology of the colonies
wherein the colonies exhibited variegated expression of fluorescent proteins (Figure 18E).
Thus, the specificity and reliability of retroviral transgene silencing as an indicator of

pluripotency of hESC-like hiPSC colonies were confirmed.

Nine stable hiPSC lines were established from the RFP™ colonies which were
isolated based on the acquisition of hiPSC morphological features described above. All the
established retrovirally generated lines (RV-hiPSC lines) maintained high-level expression of
NANOG, OCT4, SOX2, GDF3 and DNMT3B mRNA transcripts as measured by real-time
PCR (Figure 19A) and SSEA-4, TRA-1-60, TRA-1-81, NANOG, LIN28 and OCT4 by
immunofluorescence, up to 20 passages (Figure 19B). Integration of the retroviral
transgenes in these clones was confirmed by genomic PCR (data not shown), but their
expression was significantly reduced in all the clones due to transgene silencing (Figure
19C). Three of these clones were expanded in long-term culture (>50 passages) without the

loss of morphology and expression of the pluripotency markers. They also had
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Figure 19: Characterization of RV-hiPSC clones isolated based RV-Tg

silencing and hESC-like morphology

(A) Real time PCR analysis of pluripotency markers in the isolated RV-hiPSC
clones. The fold change was calculated relative to the expression levels in hESCs
(n=2). (B) Immunofluorescence analysis of pluripotency markers in the isolated
clones. (C) Real time PCR analysis of expression of retroviral transgenes in the
clones (n=2). The fold changes were calculated relative to the expression levels in

fibroblast transduced with OSKMR (Fib-OSKMR).
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Fibroblasts HiPSCs Fibroblasts HiPSCs

Figure 19 continued: (D) Bisulfite sequencing results of OCT4 and NANOG
promoters in fibroblasts and established RV-hiPS C clones showing hypomethylation
of these regions. (E) Microscopic image of an established RV-hiPSC clone
confirming the stable silencing of transgenes throughout the culture. (F) In vitro
differentiation of established hiPSC clones. Data from a representative clone is
shown. hiPSCs formed cystic embryoid bodies (EBs) in suspension culture and
these EBs were differentiated further in adherent culture into the cells expressing
markers characteristic of three germ layers - endoderm (o-feto protein, AFP),
mesoderm (a-smooth muscle actin, SMA) and ectoderm (BlII-Tubulin). All images
are at 10X magnification.
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hypomethylated OCT4 and NANOG promoters (Figure 19D). They remained RFP’
throughout the culture (Figure 19E) indicating stable silencing of retroviral transgenes and
their transgene independence for the pluripotency maintenance. Pluripotency of these
clones was further confirmed by their ability to undergo the trilineage differentiation in-vitro
(Figure 19F).

Taken together, these results showed that there is a good correlation between RV-
Tg reporter silencing, the hESC-like morphology and the pluripotency of hiPSCs, and RV-Tg
reporter silencing can facilitate easier identification of true hiPSC clones from the
heterogeneous colonies that appear in the reprogramming dish. By combining to hESC-like
morphology, it can serve as a more reliable and convenient pluripotency marker than SSEA-
4 and TRA-1-60, which are also expressed in a very large number of reprogramming cells
that do not form hiPSC colonies and even before hESC-like morphology and RV-Tg
silencing are attained in the reprogramming cells. The reprogramming efficiency estimated
based on the total number of TRA-1-60" colonies remained the same in the 2" and 3"
weeks of reprogramming, but as the majority of TRA-1-60" cells in the initial stages of
reprogramming do not show RV-Tg silencing, they are molecularly distinct from the late
stage TRA-1-60" cells. Hence it is proposed that combining RV-Tg reporter silencing to TRA-
1-60 expression will enrich highly pluripotent cells especially during the initial days of
reprogramming. Moreover, the characteristic temporal morphology changes that successfully
reprogramming cells undergo while they give rise to RV-RFP™ hiPSC colonies on feeders
was identified that facilitate easier identification of true hiPSC clones.
4.3.5. Morphology-based isolation yields bona fide hiPSC clones

For confirming the observation that morphology serves as the most reliable marker
for identifying bona fide iPSC clones, this identification criteria was used to isolate hiPSC
clones generated from fibroblasts by non-integrative vector-mediated reprogramming
methods. For the generation of integration-free hiPSCs from human fibroblasts, oriP /
EBNA1 based episomal plasmids (Okita et al., 2011) and Sendai viruses (Ban et al., 2011)

were employed. The expertise in the identification of the right morphology of hiPSC clones

121



that was established based on correlation of morphological changes and RV-RFP silencing
in our previous experiment was used to derive integration-free hiPSCs.

Using a combination of polycistronic oriP / EBNA1 based episomal plasmids carrying
OCT4, SOX2, KLF-4, L-MYC, LIN28 and p53-shRNA, a reprogramming efficiency of 0.01%
from hADFs was obtained, that was estimated based on TRA-1-60 expression and
acquisition of hESC-like morphology in the colonies. Six clones were isolated based on their
resemblance in morphology with the clones identified based on retroviral silencing and
morphology (Figure 20A) They maintained hESC-like morphology (Figure 20A) and
consistent high-level expression of pluripotency markers over 10 passages (Figures 20B
and 20C). Compared to retroviral vectors, the episomal vectors showed a slower pace of
reprogramming; the hiPSC colonies emerged only by the third week, and they were ready for
isolation only by the 4" week of reprogramming. This method generated a relatively lower
number of rapidly proliferating transformed cells and non-iPSC colonies.

With SeV vectors to express OSKM, a reprogramming efficiency of 0.2%, estimated
based on TRA-1-60 expression and hESC-like morphology in colonies generated from
patient-derived fibroblasts was achieved (refer section 5.3.3). The colonies with emerging
hiPSC morphology were visible from the beginning of the 3" week (day 16) after
transduction and, in the fourth week of reprogramming, 9 colonies were isolated based on
their hESC-like morphology. The details regarding the characterization of these clones are
mentioned in chapter 5 in section 5.3.3.

Though episomal and SeV based vectors showed slower pace in reprogramming,
undesirable colonies were fewer by these methods and hence identification of hiPSC
colonies based on morphology was found to be relatively easier compared to the methods
using retroviral and lentiviral vectors. These results showed that the morphology is a reliable
marker for identification of true hiPSCs, and the laboratories which gained experience in the
correct morphology of hiPSC clones can derive hiPSCs lines with a high level of pluripotency

without the use of additional markers.
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Figure 20: Confirmation of pluripotency of hiPSC lines generated using using
episomal (Epi) plasmids

(A) Morphology of a representative emerging hiPSC colony. Images in (a) lower
(10X) and (b) higher (20X) magnifications are shown to represent the defined
boundaries and the increased nuclear to cytoplasmic ratio of the emerging colonies.
(B) Morphology and immunofluorescence analysis of pluripotency markers in an
established Epi-hiPSC line. Images are at 10X magnification. (C) Real time PCR
analysis of pluripotency markers in Epi-hiPSC lines (n=2). The fold changes were
calculated relative to the expression levels in hESCs.
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4.3.6. HiPSCs isolated based on morphology showed consistent in vivo

differentiation potential

To confirm the pluripotency of hiPSC clones isolated based on the morphology
criterion, their in vivo differentiation potential was tested by their ability to form teratomas.
Since the efficiency of teratoma formation depends on multiple factors like pluripotency level
of the injected cells, the sites of injection and the host immunophenotype (Ozolek and
Castro, 2011), teratoma assay of individual clones was performed in two strains of SCID
mice, B6.CB17-Prkdcscid/SzJ (black SCID) and CB17/lcr-Prkdcscid/ IcrlcoCrl (white SCID).
To favour teratoma formation, the cells were injected with Matrigel and Collagen |
intramuscularly into the hind limbs of 4 - 7 weeks old mice, using a previously described
protocol (Park et al., 2008a). Four hiPSC lines (three hiPSC lines generated using retroviral
vectors and one hiPSC line generated using episomal expression plasmids), which were
isolated based on the morphology and subsequently confirmed to have a high-level
expression of pluripotency markers were taken for teratoma assay (Figure 21A). All the four
lines formed teratomas constituting of cells representing endoderm, mesoderm and
ectoderm in 8 to 14 weeks (Figure 21B). Both black and white SCID mice showed similar
efficiencies in teratoma formation; 92% (22/24 sites) and 100% (17/17 sites), respectively. It
was noteworthy that when hiPSCs suspended in hiPSC basal culture medium were injected
for teratoma generation (Takahashi et al., 2007), without the use of Matrigel and Collagen |,

the efficiency of teratoma formation was very low (<10%) (data not shown).

4.4. Discussion

Though significant progress has been made in the methods to reprogramme somatic
cells from different genetic backgrounds to hiPSCs, their enrichment and isolation criteria
widely employed are still based on observable features like hESC-like morphology and
expression of pluripotency markers (Takahashi et al., 2007; Park et al., 2008b; Chan et al,,
2009). However, there is significant heterogeneity in the pluripotency levels among the

clones generated during reprogramming, and this makes the derivation of bona fide hiPSC
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6(3)/6(3) 6 (3)/6 (3)

R13 6 (3)/6 (3) 6 (3)/6 (3)

R48 8 (5) /9 (5) 4(2)/4(2)

N27 2(2)/3(2) 1(1)/1(1)
Success rate of 92% 100%

teratoma formation

Figure 21: hiPSC clones isolated based on morphology with and without
using retroviral silencing as a marker generate high grade teratomas

(A) Table showing the outcome of teratoma assays performed in black SCID and
white SCID mice. R8, R13 and R48 are RV-hiPSC lines and N27 is an Epi-hiPSC
line. (B) Haematoxylin and eosin staining of formalin fixed teratoma sections
showing tissues of all the three germ layers. Representative images are shown. ne-
neuroepithelium (ectoderm), he-hyaline cartilage (mesoderm) and ce-columnar
epithelium (endoderm). Images are at 20X magnification.
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lines suitable for downstream applications tedious, expensive and time-consuming. This
heterogeneity has been attributed to cell-to-cell genetic variations in the donor cells (Liang
and Zhang, 2013), Persistent donor cell gene expression (Kim et al, 2011), the residual
expression of the reprogramming factors in the isolated clones (Okada and Yoneda, 2011)
and the low efficiency of exogenous factors to bring about complete reprogramming (Raya et
al., 2009). Flow cytometry studies on reprogramming fibroblasts had suggested that the
enrichment of cells expressing specific combinations of fibroblast and pluripotency markers
can improve the derivation efficiency of true hiPSCs (Valamehr ef al., 2012; Abujarour et al.,
2013; Kahler et al.,, 2013). However, all these methods require additional tedious and
expensive steps and yield hiPSC lines with significant heterogeneity and without clonal
identity. As the reprogramming cells, on attaining pluripotency, achieve complete silencing of
retroviral vectors this property has also been used to identify hiPSCs (Hotta and Ellis 2008;
Chan et al., 2009). Serial live cell imaging experiments had shown that hiPSC colonies that
resemble hECs morphologically and molecularly exhibit silencing of retrovirally expressed
exogenous factors and fibroblast markers, and expression of pluripotency markers, SSEA-4
and TRA-1-60 (Chan et al., 2009; Tanaka et al., 2015). However, the majority of the cell
clusters with this marker expression profile observed in the initial days of reprogramming
failed to grow, and many colonies morphologically similar to hESCs were found to be
partially reprogrammed without achieving TRA-1-60 expression and transgene silencing
(Chan et al., 2009; Subramanyam and Blelloch, 2009). A systematic comparison of the
currently used methods for their efficiency to identify high-quality hiPSCs in the early and
late stages of reprogramming has been lacking.

The reprogramming cells, as well as the emerging colonies, were observed
throughout the reprogramming process in this study. Consistent with the previous reports
(Stadtfeld et al., 2008; Tanaka et al., 2015), it was found that shutdown of fibroblast markers
is one of the early events in hiPSC reprogramming, and this happens in the majority of the
starting population of cells. It was observed that the SSEA-4" state is achieved by the
reprogramming cells soon after the initiation of the downregulation of the fibroblast

programme whereas the TRA-1-60" state is achieved by SSEA-4 expressing cells towards
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the completion of the shutdown process. The continuous induction of SSEA-4 till the
beginning of the third week of reprogramming that results in a large percentage of cells
expressing SSEA-4 confirms that the reprogramming cells can achieve SSEA4" state with
relative ease. However, TRA-1-60 induction is completed as early as in the 1" week of
reprogramming, and only about 25% of the SSEA-4" cells attain TRA-1-60" state. These
observations clearly suggested that TRA-1-60 can be used as a more reliable pluripotency
marker, than SSEA-4, to isolate pluripotent cells even in the early stages of reprogramming
before colonies emerge. These findings also suggested that there is a major barrier in
reprogramming when cells transit from SSEA-4'TRA-1-60" to SSEA4'TRA-1-60" state.
Analysis of the cells belonging to these two reprogramming states will help in understanding
the molecular basis of this major barrier, thereby leading to the development of more
efficient strategies to improve the reprogramming efficiency. As the cells that were amenable
to successful reprogramming achieved CD13"™ SSEA-4'TRA-1-60" state by day 8 after
OSKM expression, it is suggested that the protocols that involve enrichment of CcD13%™"
SSEA-4'TRA-1-60" cells within the 2" week of reprogramming can reduce the formation of
multiple subclones, thereby decreasing the number of clones that need to be screened for
deriving hiPSC lines. However, despite 20% of the cells being TRA-1-60°, the
reprogramming efficiency achieved was only less than 0.1%, which indicated that TRA-1-60"
cells even in the later days are significantly heterogeneous at the molecular level, and TRA-
1-60" is not a false proof marker for the identification of true hiPSCs.

A striking correlation between retroviral RFP silencing (RV-RFP) and hESC-like
morphology was observed in the emerging colonies. These RV-RFP" hESC-like colonies
expressed NANOG, a definitive marker of pluripotency, in addition to SSEA-4 and TRA-1-60.
A detailed description of the characteristic morphological changes in these emerging hiPSC
colonies that can be easily observed by routine monitoring of reprogramming cells has been
given, and this can aid in the morphology-based identification and isolation of hiPSC
colonies. The isolated RV-RFP’ colonies generated stable hiPSC lines and they showed high
expression of pluripotency genes for more than 20 passages and could be successfully

differentiated in vitro and in vivo. Thus it was observed that silencing of retroviral LTR-driven
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fluorescent marker will help in the identification of the successfully reprogrammed hiPSC
colonies as they appear as a defined patch of cells lacking the expression of the fluorescent
protein among the unreprogrammed cells/colonies that express the fluorescent protein as
early as in the 2" week after OSKM delivery in fibroblasts.

An extremely high efficiency of teratoma formation was achieved in both black and
white SCID mice after intramuscular injection of hiPSCs using the cell processing protocol
described by Park et al., (Park et al., 2008a). Previous studies showed that the efficiency of
teratoma formation of hESCs was 100% with kidney capsule injections, and it was 60% for
intratesticular, 33% for subcutaneous and 12.5% for intramuscular injections (Prokhorova et
al., 2009). For hiPSCs, the subcutaneous injection was reported to give very low efficiencies
in teratoma formation, but intratesticular injection showed up to 80% efficiency (Ohnuki et al.,
2009). The high efficiency of teratoma formation by hiPSC clones derived in our laboratory
confirmed that the clones isolated based on characteristic morphological features we
described guarantees isolation of bona fide hiPSC clones.

Although integration-free hiPSCs are preferred for their potential use in regenerative
medicine, retroviral vectors to express OSKM are still being used for generation of hiPSC
lines for disease modelling (Colman and Dreesen 2009; Tulpule et al., 2013; Djuric et al.,
2015). Based on this study, it is suggested that the use of retroviral vectors to express
fluorescent proteins in the initial experiments of somatic cell reprogramming will be helpful
for the laboratories, which lack previous experience in hESC culture and reprogramming, for
easy identification of bona fide hiPSCs. It is also proposed that combining silencing of
retroviral fluorescent proteins with traditional markers SSEA-4 and TRA-1-60 can
significantly increase the specificity and enhance the efficiency of the FACS-based selection

protocols compared to the previously described strategies.
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Chapter 5

DERIVATION OF FANCONI ANAEMIA PATIENT-
SPECIFIC HiPSC LINES FOR ELUCIDATING THE
ROLE OF FANCONI ANAEMIA PATHWAY IN
REPROGRAMMING AND FOR DISEASE MODELING



5.1. Introduction

Fanconi anaemia (FA) is the most common inherited bone marrow failure disease.
The patients manifest a wide range of developmental abnormalities, and 90% of them
progressively develop bone marrow failure (BMF), and a significant number of the patients
develop additional complications including leukemia and solid tumors that increase the risk
of lethality (Kutler et al., 2003). The disease is caused by an inherent defect in genes
associated with DNA interstrand cross-link repair (ICR) pathways. On exposure to DNA
cross-linking agents, due to the inability of the cells to repair interstrand cross-links, the cells
accumulate genetic aberrations, which in turn trigger the DNA surveillance system and
induce cell cycle arrest and the cells with genetic aberrations that manage to bypass the
DNA damage checkpoint increase the risk of developing cancer.

The molecular interactions of the FA-pathway have been extensively studied and
characterized, but the physiological consequences resulting in the clinical and highly variable
phenotypes, in particular leading to BMF, are less clear. BMF is identified to be caused by
gradual exhaustion of defective haematopoietic stem cells (HSCs) in the bone marrow
(Garaycoechea and Patel, 2013). Studying FA in the cells obtained from patients is often
impractical due to the rarity of the disease, the low cellularity of patients’ bone marrow and
inaccessibility to the tissues. Transformed FA cell lines, due to transformation-related
artifacts, do not faithfully recapitulate FA disease phenotypes. Although fibroblasts of FA
patients are useful in studying DNA damage repair in FA, this cellular model is not suited for
studying haematopoietic stem cell defects. Due to the difference in metabolic profile and
exposure to environmental stress between mouse and human, the majority of the mouse
models carrying genetic defects in FA pathway genes failed to develop haematological
phenotypes observed in the patients with FA. One of the current concepts on BMF in FA
patients is that the HSCs get depleted due to continuous exposure to cross-linking agents
like the endogenous aldehydes in the HSC niche (Garaycoechea and Patel, 2013). The
exact mechanism by which this happens and the role of an individual gene is FA pathway

has not been completely understood.
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Induced pluripotent stem cells (iPSCs), because of their unlimited replicative
capacity, clonability and the ability to differentiate into specific cell types, have been
extensively used for cellular and molecular studies to understand the molecular basis of
genetic diseases (Colman and Dreesen 2009; Meng et al., 2010; Tiscornia et al., 2011; Liu
et al., 2012; Zhang 2014; Cao et al., 2015; Jung et al., 2015). The generation of FA iPSCs is
found to be challenging due to the increased sensitivity of cells to reprogramming associated
genotoxic stress. The low reprogramming efficiency of FA cells, accumulation of
chromosomal abnormalities in FA-deficient hiPSC lines and their progressive exhaustion in
culture, and a prerequisite for gene complementation for deriving stable hiPSC lines with
normal karyotype are the challenges faced in FA cell reprogramming. Presently employed
reprogramming strategies derive either FA deficient or FA gene complemented hiPSCs lines
(Raya et al., 2009; Miller et al., 2012a; Mdller et al., 2012b; Yung et al., 2013; Liu et al.,
2014). The exact role of FA pathway in reprogramming has not been explored yet. By
comparing haematopoietic differentiation potential of FA deficient hiPSC lines with FA gene
corrected hiPSC lines and normal hiPSC lines, it was seen that the former showed impaired
production of different cell types of the haematopoietic compartment (Raya et al., 2009;
Mduller et al., 2012a; Miiller et al., 2012b; Yung et al., 2013; Liu et al., 2014). Due to clonal
variations among the hiPSC lines, qualitative and quantitative assessment of defects in
haematopoiesis by such comparisons will be less accurate. Using isotypic mutant and gene
corrected hiPSC lines would be ideal to elucidate the effect of defective FA pathway on
haematopoietic differentiation. This is possible by conditional complementation of normal
FANC gene during haematopoietic differentiation and studying the cells at different stages of
differentiation. A recent study has reported the generation of FA-hiPSC lines from FA
fibroblasts manipulated with a doxycycline (DOX)-inducible construct for driving the
expression FANCA gene (Cusulin et al., 2015).

In the study carried out in this thesis, FA-A hiPSC lines were generated from the
fibroblasts derived from a patient with FANCA gene deficiency (FA-A fibroblasts) by
conditionally expressing FANCA gene in a DOX-inducible manner. A non-integrative Sendai

virus-mediated method was used for generating FA-A hiPSC lines. This DOX-inducible
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FANCA lentiviral system facilitated the investigation of the role of FA pathway in the
reprogramming process and the maintenance of pluripotency. The FA-A-hiPSC lines
complemented with FANCA were evaluated for their ability to undergo to haematopoietic
differentiation. Compared to all other models reported in the literature, these FA hiPSC lines
can be maintained and differentiated with the conditional expression of FANCA and used to

mimic the cellular phenotypes of FA by withdrawing DOX in the culture medium.

5.2. Objectives

The objectives of the study described in this chapter are:

1. Conditional complementation of FANCA gene in the fibroblasts derived from patients
with defective FANCA genes (FA-A complementation group).

2. Evaluation of the effect of conditional complementation of FANCA on reprogramming
of FA fibroblasts of FA-A complementation group.

3. Derivation and characterization of FA-A-hiPSC lines

4. Evaluation of FA disease phenotype recapitulation in FA-A-hiPSC lines.

5.3. Results
5.3.1. Generation of inducible lentiviral vector for conditional restoration of
functional Fanconi anaemia pathway in FA-A fibroblasts
The fibroblasts obtained from three patients with FA clinical phenotype, who were
also diagnosed by chromosome breakage analysis and FANCA complementation test, were
used in this study. For complementation analysis, FANCA gene was cloned into the
pINDUCER20 vector by Gateway cloning to generate a DOX-inducible lentiviral system to
express FANCA gene (Figure 22A). pINDUCER20 has a multicistronic design in which
promoter drives the constitutive expression of rtTA and neomycin as a bicistronic transcript,
and tetracycline response element 2, TREZ2, facilitates DOX-inducible expression of the gene

of interest. Upon DOX addition, DOX binds to rtTA3 and prevent it from occupying the TREZ2,
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Figure 22: Conditional restoration of functional FA pathway in FA-A patient
derived fibroblasts

(A) Schematic representation of pINDUCER20-FANCA vector. (B) The mechanism
of activation of FANCA expression from pINDUCER20-FANCA vector. In the
absence of doxycycline (DOX), the constitutively expressed rTA3 bind to TRE2 and
block the transcription of FANCA. On addition of doxycycline (DOX*), DOX binds to
rTA3 and prevent the latter from binding TRE2. Thus, under DOX* condition, TRE3

drive the transcription of FANCA.
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Figure 22 continued: (C) Western blot analysis of FANCD2 and FANCA
expressions in the pINDUCE R20-FANCA transduced FA-A fibroblasts in DOX* and
DOX-. Non-ubiquitinated and monoubiquitinated FANCD2 bands are indicated by S
and L , respectively. K562 serves as a positive control.

133



and this activates TRE2 driven transcription of the gene of interest (Figure 22B). Neomycin
acts as a selection marker to enrich the cells that are stably transduced with the vector.
Since pINDUCER20 express both reverse tet-transactivator 3 (rtTA3) and the gene of
interest, it offers the advantage of achieving uniform temporal, dose-dependent and
reversible control of gene expression by exposure to DOX with a single vector. In the
transduced fibroblasts, in the absence of DOX (DOX’), there was a complete absence of
exogenous FANCA and on the addition of DOX (DOX"), FANCA expression was induced
(Figure 22C). By analyzing FANCD2 ubiquitination status, it was found that with the
complementation of FANCA, restoration of functional FA pathway could be achieved in these
FA-A fibroblasts. In DOX’, only non-ubiquitinated FANCD2 was present and in DOX", both
ubiquitinated and non-ubiquitinated FANCD2 were present (Figure 22C). Thus, we
generated FA-A fibroblasts capable of complementation of FANCA, and restoration of
functional FA pathway with DOX addition in the culture medium.

5.3.2. Effect of conditional complementation of FANCA on reprogramming of FA-A

fibroblasts.

Resistance to reprogramming exhibited by FA cells has been reported to be
overcome by restoring functional FA pathway with constitutive gene complementation (Rodri
et al., 2009; Muller et al., 2012a). We analyzed the effect of constitutive and temporal
complementation of FANCA on reprogramming of patient fibroblasts with hSTEMCCA
polycistronic lentiviral vector (Figure 23A). When FANCA was constitutively expressed by
continuous addition of DOX in the FA reprogramming cells TRA-1-60" hiPSC-like colonies
were formed by the 4™ week of reprogramming (Figure 23B). However, the normal control
fibroblasts formed colonies by the 3" week of reprogramming. This showed a significant
delay in reprogramming in the FA fibroblasts even after FANCA complementation.
Consistent with this, flow cytometric analysis on day 18 after reprogramming showed that the
percentages of SSEA4” and TRA-1-81" cells were markedly lower in the complemented FA
cells compared to those from control fibroblasts (Figure 23C).

Subsequently, the experiments were carried out in DOX" and DOX conditions to

understand whether induced expression of FANCA affects lentiviral-mediated
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Figure 23: Effect of inducible complementation of FANCA on lentiviral vector
(hRSTEMCCA) mediated reprogramming of FA-A fibroblasts

(A) Schematic representation of hSTEMCCA mediated reprogramming of FA
fibroblasts with conditional expression of FANCA. (B) I mages of emerging TRA160*
hiPS C colonies at 10X magnifications. (C) Percentages of SSEA-4* and TRA-1-81*
cells formed from FA fibroblasts, with and without comple mentation of FANCA, and
control fibroblasts.
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Figure 23 continued: (D-E) Percentages of SSEA-4* and TRA-1-81* cells formed
from FA cells on day 18 with induction of FANCA expression by exposure to DOX
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efficiency of FA cells with FANCA induction at different time points estimated based
on the number of TRA-1-60* colonies formed on day 29 of reprogramming.

136



Normal control FA
<= 0 . £
= gt e
DOX- éasf wt Ge1 | éne
108 g“ ’ 0°
0.1X DOX* 3" ot e | 8
e ¢ sssm'/f;sxmg-‘»\ o " “
] g2 o
1X DOX* 2% (e £
§ " 0° :“‘ TS 0? 10* n*
o SSEAL AFBAT APC-A
B CONTROL DOX- HCONTROL 0.1XDOX+ =CONTROL 1XDOX+
FA DOX- EFA0.1XDOX+ EFA1XDOX+
60 A

(3]
o
1

'S
o
L

Percentage of cells
N w
o o
L L

—
o
1

o
1

CD13+SSEA4- CD13+SSEA4+ CD13-SSEA4+ CD13-SSEA4-

Figure 23 continued: (G) The co-expression pattern of CD13 and SSEA-4 in
normal control and FA patient fibroblasts undergoing reprogramming, both with
inducible FANCA expression, on day 15 of reprogramming. 0.01X, 0.1X and 1X
DOX* indicate the concentrations of DOX at 1ng/ml, 10ng/ml and 100ng/ml,
respectively.

137



reprogramming. DOX was added at different concentrations, 0.1ng/ml, 1ng/ml and 10ng/ml
(Figure 23D) and at different time points, on days 2, 4, 8, 13 and 16 (Figures 23E and 23F).
When the reprogramming cells were analysed on day 18, no significant difference was found
in the percentages of SSEA-4" and TRA-1-60" cells in the absence and the presence of
DOX at different concentrations (Figure 23D) and different time points (Figure 23E).
Moreover, the colonies that were formed in any of the different DOX conditions did not have
hiPSC morphology. On day 29, when the reprogramming efficiency of the cells exposed to
DOX at different time points was estimated with respect to the number of TRA-1-60" hESC-
like colonies formed, the timing of FANCA induction was not found to have any specific
effect on hiPSC generation (Figure 23F). However, there was a patient to patient variation
in the efficiency of SSEA-4 and TRA-1-60 induction (Figures 23C, 23D, 23E and 23F).
Thus, it is seen that FA-A fibroblasts are unable to restore the pace and the efficiency of
lentiviral-mediated reprogramming, even after the functional FA pathway is restored.

The slow pace and low efficiency of lentiviral-mediated reprogramming of FA cells
were further confirmed by comparing the expression profile CD13 and SSEA-4 in the
reprogramming cells from FANCA complemented fibroblasts and normal fibroblasts
transduced with pINDUCER20-FANCA. When they were reprogrammed in the presence and
absence of DOX, the percentage of CD13" cells was about 50 times more in the FA cells
compared to the control, indicating that shutdown of somatic cell programme is impaired in
the FA cells even after complementation (Figure 23G). Similarly, the induction of SSEA-4
was inefficient in FA reprogramming cells compared to the normal cells, with a decrease of
about 25% (Figure 23G). The expression levels and co-expression pattern of CD13 and
SSEA-4 in the reprogramming cells revealed very high levels of heterogeneity among the FA
cells, compared to the normal control fibroblasts (Figure 23G). Among the SSEA-4" fraction,
about 60% remained CD13" in FA sample compared to just 33% in control (figure 23G).

To understand the effect of non-integrating vectors in the reprogramming of FA-
fibroblasts, experiments were carried out using Sendai viruses to express OSKM. Unlike with

lentiviral-mediated reprogramming, no hiPSC colonies emerged in DOX condition. The
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conditional complementation FANCA at a later time point of day 16 was enough to generate
colonies with hiPSC morphology.

Thus, it was found that FA cells are incapable of undergoing reprogramming
efficiently by lentiviral approach despite the complementation with FANCA. This might be
because of the inherent inability of the FA fibroblasts to tolerate DNA damage brought about
during the integration of lentiviral vectors, in addition to the pre-existing chromosomal
abnormalities in these cells. The restored FA pathway might be hindering the reprogramming
of such cells to maintain genomic integrity. This hypothesis is further supported by the
increased reprogramming efficiency observed with non-integrative sendai virus-mediated
reprogramming.

5.3.3. Generation and characterization of FA patient-specific iPSC lines

As the non-integrative Sendai virus-mediated approach for reprogramming was
found to be more effective than lentiviruses in FA cells after FANCA complementation, the
experiments to generate the hiPSC lines from FANCA deficient fibroblasts were carried out
using Sendai viruses to express OSKM. FA fibroblasts transduced with pINDUCERZ20-
FANCA lentiviruses were subjected to reprogramming (Figure 24A).

The reprogramming of FANCA transduced FA fibroblasts was carried out in the
presence of DOX in the culture medium for the constitutive expression of FANCA. After 18-
23 days, hiPSC colonies emerged, and ten colonies were isolated based on their hESC-like
morphology (Figure 24B). Out of these ten colonies, six could be maintained as stable
hiPSC lines for more than 20 passages and all of them expressed pluripotency markers
when they were analyzed at 5, 10, 15 and 20 passages (Figures 24C and 24D). These six
FA-A hiPSC lines could be adapted to feeder free culture system (Figure 24E). Karyotypic
analysis of four hiPSC lines did not show any chromosome number variations or
chromosome structural abnormalities (Figure 24F).

One of the FA-A hiPSC clones, C6, was analyzed for its in-vivo differentiation potential by
teratoma by injecting into SCID mice. The tumor was found after two months, and the
histological analysis showed all the three germ layers in the tumor tissues confirming its

pluripotency (Figure 24G).
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Figure 24: Generation and characterization of FA patient specific hiPSC lines

(A) Schematic representation of derivation of FA-A hiPSC lines from FA-A
fibroblasts by Sendai virus mediated reprogramming. (B) Morphology of emerging
hiPS C colonies. (C) Immunofluorescence staining for TRA-1-60, TRA-1-81, SSEA-
4, NANOG and OCT4. Images are at 10X magnification. (D) Real time PCR
analysis for expression of NANOG, OCT4, SOX2, GDF3, DNMT3B and ABCG2.
The fold changes were calculated relative to the expression levels in hESCs (n=2).
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Figure 24 continued: (E) Representative colony images of BC1 control and six FA-
A hiPSC lines adapted to feeder free system at passage P20-25. (F) Karyotype of
four FA-A hiPSC lines at passage P12-15. (G) Haematoxylin and eosin staining of
formalin fixed teratoma sections of C6 FA-A hiPSC line showing tissues of all the
three germ layers. Representative images are shown. ne -neuroepithelium
(ectoderm), he -hyaline cartilage (mesoderm) and ce-columnar epithelium
(endoderm). Images are at 10X magnification.
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Thus, by using a non-integrative approach, four pluripotent FA-A hiPSC lines could
be generated which maintained a normal karyotype and could be adapted to feeder-free
culture system.

5.3.4. Confirmation of functional DOX-inducible FANCA system in the FA-A hiPSC
lines

To confirm that the FA-A hiPSC lines have an active DOX-inducible FANCA system,
the colonies cultured in the presence and absence of DOX were analyzed for expression of
FANCA transgene. The mRNA transcript analysis showed a progressive decline in the
expression of FANCA transgene on DOX withdrawal (Figure 25A), confirming that FANCA
expression is regulated by DOX in the hiPSC lines. Among the six hiPSC lines that were
analyzed for transgene expression, three lines had very high levels of FANCA, and three
lines had lower levels of FANCA (Figure 25A). The lines that showed a low level of
transgene expression diminished exogenous FANCA level faster by first passage on DOX
withdrawal. Hence, these hiPSC lines were categorized as fast responders in this study. In
the lines that had a high level of transgene expression, exogenous FANCA was observed for
up to 10 days or till passage 2 even after DOX withdrawal. These hiPSC lines were
classified as slow responders. The reduction in the transgene expression could be confirmed
by western blot analysis of FANCA expression in FA-A hiPSC clones in DOX" and DOX
conditions. (Figure 25B). Analysis of FANCD2 ubiquitination by western blot analysis
showed that both ubiquitinated and non-ubiquitinated FANCD2 were present when the
clones were cultured in the presence of DOX, and only non-ubiquitinated FANCD2 was
present when DOX was withdrawn (Figure 25B). These data suggested that the FA-A
hiPSCs, generated in the presence of DOX to induce FACNA expression, activate FANCD2
ubiquitination and the FA pathway and the withdrawal of DOX results in defective FA
pathway.

5.3.5. Manifestation of FA disease phenotype in C6 hiPSC lines

One of the major cellular phenotypes of FA cells is G2/M cell cycle arrest. As a

result, FA-iPSC lines capable of mimicking FA will undergo a progressive replicative crisis in

culture following DOX withdrawal. To check whether the FA hiPSC lines generated in this
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Figure 25: Confirmation of functional doxycycline inducible FANCA system in
FA-A hiPSC lines

(A) Real time PCR for FANCA transgene expression in six FA-A hiPSC lines. (B)
Western blot analysis of FANCD2 and FANCA expressions in slow responder C6
FA-hiPSC line during DOX withdrawal from culture. K562 serves as a positive
control.
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study can be used for disease modeling, the colonies in culture were analyzed for cell cycle
kinetics and replication potential on DOX withdrawal from the medium. The slow responders
FA hiPSC lines with high levels of transgene expression showed cell death after three
passages and fast responder FA hiPSC lines with lower transgene expression showed cell
death in two passages (Figure 26A).

Cell cycle analysis of slow responding, C6, at different time points of DOX
withdrawal confirmed that the replicative crisis of this clone is due to G2/M cell cycle arrest
(Figure 26B). The percentage of cells in S phase reduced from 60% to 38% and that in
G2/M phase increased from 22% to 44% by day 8 of DOX withdrawal. These data showed
that FA-hiPSC lines that were generated in this study could mimic the in vivo cellular
phenotypes of FA cells, confirming its suitability to model FA in vitro.

Since haematological defects are the major FA disease-related phenotypes in
humans, FA hiPSC lines generated in the lab were tested for their potential to give rise to
cells of haematopoietic lineage. In parallel with a control hiPSC line (BC1-hiPSC line; a gift
from Linzhao Cheng) the FA hiPSC line C6 was subjected to haematopoietic differentiation
in vitro using adherent monolayer protocol (Figure 26C) described by Mills et al., (Mills et al.,
2014). The differentiation of FA hiPSCs was carried out in the presence of DOX to
complement FANCA expression. The differentiated cells were analysed for expression of
hemato-endothelial marker, CD31 (PECAM) and pan-haematopoietic marker CD235/
glycophorin A. On day 6 of differentiation, when the cells are in the hemato-endothelial
specification, 40.5% of the attached cells and 78.7% of the suspension cells derived from C6
were CD31", and this was similar to BC1 culture that showed 45% and 62%, respectively
(Figure 26D). In a successful haematopoietic differentiation, HSC progenitors start
appearing as loosely attached non-adherent cells on the monolayer of differentiating cells by
day 8 (Mills et al., 2014). Even though such cells were observed in the BC1 culture (Figure
26E), they were not seen in C6 culture. On day 10, when 22.5% of suspension cells were
CD235a" in BC1, this was only 7% for C6. Thus, it was found that the differentiation to
haemato-endothelial cells in C6 FA-A hiPSC line was comparable to a control line, but the

formation of HSC progenitors was impaired in the FA-A hiPSC line (Figure 26D). The actual
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Figure 26: Recapitulation of FA by FA-A hiPSC lines

(A) Alkaline phosphatase staining showing replicative crisis of FA-A iPSCs in the
abscece of DOX and FANCA expression and (B) the cell cycle analysis of slow
responder C6 FA-A hiPSC cultured in DOX* and DOX- conditions.
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Figure 26 continued: (C) Schematic representation of the protocol for

haematopoietic differentiation of hiPSCs. Upper part shows the stages of
differentiation, middle part shows different days of differentiation and the lower part
shows the markers analyzed for differentiation. (D) FACS analysis of hiPSC lines

subjected to haematopoietic differentiation.
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mechanism for this difference in the abilities to differentiate to HSCs could not be elucidated.
As the FA cells were complemented with FANCA expression, this deficiency in differentiation
in C6 is not FA pathway related. The other abnormalities present in the FA fibroblasts,
related or unrelated to the FA disease, may be responsible for this difference. It is
noteworthy that the BC1 control hiPSC line was derived from PBMNCs, and it has been
shown that the iPSCs derived from haematopoietic cells have a high propensity to undergo

haematopoietic differentiation (Kim et al., 2011).

5.4. Discussion

FA is a genetic disease with defects in DNA double crosslink repair pathway, namely
FA/BRCA pathway (Kottemann and Smogorzewska 2013; Ishiai et al., 2016). Even though
mouse models with defects in FA/BRCA pathway genes showed disease phenotypes
affecting the functioning of various organs and organ systems, they failed to develop BMF,
which is the major disease manifestation in humans (Parmar et al., 2009; Bakker et al.,
2013). iPSC-based disease modeling offers an alternate approach for exploring the
pathogenesis of FA. However, the progress in this field had been hindered by the
refractiveness of FA-deficient cells to reprogramming and the pre-requisite for gene
correction for generating stable hiPSC lines (Raya et al., 2009; Miller et al., 2012a; Yung et
al., 2013). However, there are a few reports on the generation of FA deficient FA-hiPSC
lines under normoxic conditions (Raya et al., 2009), but these lines either inherited or
acquired chromosomal abnormalities making them unsuitable for any downstream
application. The FA deficient hiPSC lines with normal karyotype and cell cycle profile could
be generated without gene correction under hypoxic condition (Mduller et al., 2012a).
However, in long-term culture, these clones have a higher risk of accumulating genetic
abnormalities due to defective FA pathway.

In this study, the potential of the inducible lentiviral system to promote
reprogramming by conditional complementation of FANCA was explored in FA patient-
derived fibroblasts and FA-A patient specific hiPSC lines could be successfully generated.

Conditional complementation of FANCA expression and restoration of FA pathway could be
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achieved in the patient specific FA-A hiPSC line by controlling the exposure to DOX.
Therefore, these hiPSC clones facilitated the side by side comparison of FANCA deficient
and FANCA expressing iPSC lines. FANCA deficient lines could recapitulate in-vitro the
molecular and cellular features of FA-deficient cells and FANCA expressing cells showed
normal phenotypes. On DOX withdrawal from the hiPSC culture medium, FA pathway
became non-functional indicated by non-ubiquitination of FAND2 and G2/M cell cycle arrest
leading to replicative crisis in the hiPSCs. It was observed that the individual hiPSC clones
differed in their response time to DOX withdrawal and the slow responding clones developed
disease phenotype over a period of about 10 days while going through two to three
passages. Such slow responding FA-hiPSC clones will offer the advantage of the time while
evaluating FA associated defects in haematopoiesis. Thus, a system could be established
for obtaining isotypic FA deficient and proficient patient specific hiPSC lines for investigating
the role of FA pathway in reprogramming, pluripotency and FA pathogenesis. The same
reprogramming strategy established in the lab can be extended to other complementation
groups to derive patient-specific FA-hiPSC lines.

While this study was going on, a recent study reported the generation of patient-
specific FA-hiPSC lines through complementation of FANCA using the same inducible
lentiviral vector (Cusulin et al., 2015). The reprogramming was performed on patient-derived
keratinocytes and fibroblasts using polycistronic lentiviral vectors expressing OSKMR and
episomal vectors expressing OSKM along with p53-shRNA respectively. These
reprogramming strategies pose a risk of acquiring reprogramming associated genetic
defects due to the integration of lentiviral vectors and p53 knockdown. The reprogramming
strategy described in this thesis study is advantageous as the FA-hiPSC lines were
generated using a non-integrative approach and hence the genome integrity of the clones
was less challenged. This is of special mention because DNA damage repair pathways are
involved in the pathogenesis of FA.

Previous studies analyzing the haematopoietic differentiation potential of FA
pathway deficient hiPSC lines showed a marked deficiency in the generation of blood cells,

suggesting the suitability of using FA-hiPSC lines in disease modeling (Muller et al., 2012b;
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Yung et al, 2013; Liu et al, 2014). Such studies were confined to analyzing the
differentiation potential of FA-hiPSCs lines to different cell types of haematopoietic
compartment. However, in such comparative studies, it is important to take into account the
clone to clone variation that exists between hiPSC lines that may potentially influence their
differentiation potential and interfere with the assessment of the disease-related defects.
Moreover, FA defective hiPSC line has a risk of acquiring new genetic defects that may
interfere with disease manifestations. So it is preferred to perform such comparative studies
using isotypic hiPSC lines with a functional and defective FA pathway at the time of
investigations. The hiPSC clones generated in this study in which FA pathway functionality
could be regulated by DOX exposure serve this purpose. Analyzing the hiPSCs and cells
undergoing haematopoietic differentiation in the presence and absence of DOX can provide
valuable insights into disease mechanism.

The present understanding of the cause for BMF is that the hematopoietic stem cells
and progenitor cells undergo progressive exhaustion from the bone marrow due to high
sensitivity to DNA double strand cross-linking agents in the absence of functional FA
pathway (Garaycoechea and Patel, 2013). The increased susceptibility of FA patients to
BMF and mouse models to hematological complications in the background of genetic
defects in aldehyde dehydrogenase indicated that the endogenous cross-linking agents like
aldehydes are the major inducer of DNA double-stranded breaks in HSC niche in FA
patients (Langevin et al., 2011; Rosado ef al., 2011). The exact molecular basis of
endogenous cross-linking agents induced BMF is not known. The addition of cross-linking
agents to the culture medium of FA-hiPSCs capable of inducible complementation of FANCA
offer the advantage of studying the mechanism by which defective FA pathway contribute to
defects in haematopoietic differentiation. Moreover, FA-hiPSC can be subjected to additional
genetic modification to regulate the expression of other genes that are associated with

disease pathogenesis like those coding for proteins involved in aldehyde metabolism.
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Chapter 6

IDENTIFICATION OF NOVEL FACTORS
INVOLVED IN SOMATIC CELL REPROGRAMMING
BY RNA INTERFERENCE (RNAI)



6.1. Introduction

Reprogramming of somatic cells to iPSCs involves the continuous transition of cells
from one state to another under the influence of exogenous factors as well as endogenous
factors regulated by them. Several molecular pathways are linked to the reprogramming
process, some of which promote pluripotency induction, whereas the others inhibit the
process. The complex interplay between multiple pathways during the transition of somatic
cells to hiPSCs leads to the generation of colonies at different reprogramming states that
have achieved only some features of pluripotent state (Ho et al., 2011; Sanges and Cosma
2011; Liang and Zhang 2013; Gonzalez and Huangfu 2015). This demands extensive
characterization of clones for the derivation of hiPSC lines suited for downstream
applications. Understanding the molecular mechanisms underlying somatic cell
reprogramming to pluripotency is critical for the creation of high quality pluripotent cells and
may be useful for therapeutic applications. Moreover, gaining insights from in vitro
reprogramming approaches may yield relevant information for SCNT or cell fusion-mediated
reprogramming and may broaden our understanding of fundamental questions regarding cell
plasticity, cell identity and cell fate decisions.

A successful reprogramming event results in the generation of hiPSCs which show
properties similar to hESC-like morphology, growth requirements, cell cycle profile, self-
renewal ability and pluripotency. The inactivation of somatic cell specific gene network,
mesenchymal to epithelial transition, activation of endogenous pluripotency network and
silencing of exogenous reprogramming factors are some of the molecular events associated
with such a process. Molecular interventions of pathways associated with these events by
overexpression, knockdown or chemical inhibition of specific genes have identified several
novel factors involved in reprogramming (Li and Rana 2012; Mancarci et al., 2012; Zhang et
al., 2012; Qin et al., 2014). By manipulating the expression of these genes, their stage-
specific role in pluripotency induction could be identified and reprogramming efficiency could
be improved. The factors that could favour reprogramming included the genes that are part

of the pathways maintaining pluripotency and self-renewal of pluripotent stem cells. The
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factors that inhibited reprogramming included those involved in differentiation, genomic
integrity surveillance and cell cycle arrest. Despite these additional manipulations, the
majority of the cells still fail to form hiPSCs, and this clearly indicates the involvement of still
unknown regulators of reprogramming.

In the studies attempting to elucidate the molecular mechanisms of reprogramming,
overexpression or knockdown vectors with different promoters are being used. It is known
that the efficiency of eukaryotic promoters to drive the expression of the genes of interest or
shRNAs is influenced by the type of target cells. Hence, alterations in the promoter activity
are likely to happen during reprogramming as the cells transit through multiple stages.
Moreover, most of the commonly used promoters are known to get silenced in pluripotent
stem cells through endogenous epigenetic mechanisms. Such cell type-specific alterations in
promoter activity can interfere with the assessment of the role of candidate factors in the
reprogramming process by gene regulation approaches. To identify factors that play a critical
role throughout the reprogramming process, a transfer vector with a promoter that remains
active in these different stages should be used. To identify the promoter that can serve this
purpose, we assessed the capability of the commonly used promoters like CBA, UbC, SFFV,
mCMV, hCMV, mEF1a and hEF1a to remain active, based on the expression status of GFP
driven by them in a reprogramming set up. For this, human adult dermal fibroblast
transduced with transfer vectors carrying GFP were subjected to reprogramming and GFP
expression status of cells at different stages of reprogramming, and hiPSC colonies were
analyzed.

In our search for new factors that might potentially regulate pluripotency induction in
fibroblasts, two approaches were adopted for knockdown studies namely candidate gene
knockdown approach and shRNA library screening approach. In candidate gene approach,
the target genes were chosen based on their known biological roles that are likely to make
them capable of regulating different molecular steps in reprogramming and based on their
variations in the expression levels in the somatic cells, reprogramming intermediates and
pluripotent stem cells in the published datasets (www.stemformatics.com) and the data

generated in our lab. The role of these candidate genes in reprogramming was assessed by
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estimating the effect of their knockdown on the generation of cells belonging to different
stages of reprogramming. In the library screen approach, a pool of lentiviral shRNAs that
targets signaling pathway genes was used. The key signaling pathways playing a critical role
in reprogramming were identified by comparing selective enrichment and depletion of

specific shRNAs in the cells at different stages of reprogramming.

6.2. Objectives
The aim of this chapter is to identify novel regulators that play a critical role
throughout the reprogramming process. The main objectives are as follows.
1. Identification of promoters that show robust activity in different stages of
reprogramming.
2. Selection of potential genes that can affect pluripotency induction during hiPSC
generation.
3. To study the effect of candidate gene knockdown on OSKM mediated
reprogramming.
4. To identify the signaling pathways active in the intermediate and the late stages of

reprogramming.

6.3. Results
6.3.1. Variation in transcriptional activity of promoter during reprogramming

To ensure consistent knockdown of genes throughout the reprogramming process, a
promoter that remains active in all the stages of reprogramming is required. The
experiments to identify the most efficient promoters that remain active throughout
reprogramming and show very high transcriptional activity as the cells transit through
multiple have not been systematically carried out so far. In this thesis, lentiviral vectors with
7 different promoters, CBA, UbC, SFFV, mCMV, hCMV mEF1a and hEF1a, were analyzed
in the reprogramming cells (Figure 27A). For this, individual lentiviral vectors with each of

these promoters driving the expression of GFP were transduced into hADFs and subjected
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to reprogramming with hSTEMCCA lentiviruses. The promoter activity was measured by two
means: (a) the strength of the promoters estimated based on the mean fluorescence
intensity (MFI) of GFP and (b) the resistance to silencing measured by the total percentage
of GFP” cells.

Transcriptional silencing of these promoters in the hADFs showed that SFFV,
mCMV, hCMV mEF1a and hEF1a promoters remained active in >99% of the transduced
fibroblasts (Figure 27B). However, GFP silencing was observed in a small fraction of the
cells with UbC and CBA promoters, with GFP~ cells constituting about 6% and 9% of the
cells, respectively. Analysis of transcription strength showed that there was a significant
difference among these promoters. mCMV and hCMV showed the highest GFP, with
MFI=~1500, indicating very high activity of these promoters in hADFs (Figure 27C). SFFV
had three times, and mEF1a and hEF1a had four times less MFI than CMV promoters. CBA
and UbC had the lowest MFI, which was about five times less than CMV. Thus, it was
observed that CMV promoter shows robust transcriptional activity in the human adult dermal
fibroblasts, whereas other promoters were less efficient.

To evaluate the promoter activity in cells during reprogramming, hADFs transduced
with lentiviruses containing different promoters to express GFP were reprogrammed, and
GFP expression was analyzed in the different fractions of reprogramming intermediates and
reprogrammed cells on days 14 and 18 (Figure 27D). The cell fractions analysed included,
CD13"SSEA4’, CD13"SSEA4", CD13'SSEA-4" and SSEA-4"TRA-1-60". The CD13'SSEA-4°
and SSEA-4TRA-1-60" cells dual negative for these markers were omitted from the analysis
since feeder cells also belong to this fraction, and they may interfere with data analysis. It
was observed that the promoters differed in their transcriptional strength and susceptibility to
transcriptional silencing in the reprogramming intermediates. In all the different cell fractions
analysed on days 14 and 18, mEF1a and hEF1a promoters were active in 95% of the cells
and downregulation of CD13, and induction of SSEA-4 and TRA-1-60 did not induce the
silencing of these promoters in these cells. This indicated that mEF1a and hEF1a were the
least susceptible for silencing and were consistent with their transcriptional activity

throughout the reprogramming process. When CD13"SSEA-4" cell fractions of days 14 and
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Figure 27: Evaluation of transcriptional activity of the lentiviral promoters in
human fibroblasts, reprogramming intermediates and emerging hiPSC
colonies
(A) Schematic diagram of pZIP vector that was used in this study. The promoter
s(CBA, UbC, SFFV, mCMV, hCMV, mEFla and hEFla) drive the expression of
fluorescent marker, ZsGreen and shRNA as a single transcript. (B) Percentage of
GFP* cells and (C) mean fluorescent intensity (MFI) among hADFs transduced with
different promoter vectors.
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Figure 27 continued: (D) Percentages of GFP+ cells among the reprogramming
cells at different stages of reprogramming. (E) The percentages of GFP+ colonies
among the hiPSC colonies formed on day 18 of reprogramming.
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day 18 were analyzed it was observed that 93%-97% of the cells were GFP” for all the
promoters, except mMCMV that showed 16% - 18% of GFP" cells in this fraction, indicating its
silencing in a small fraction of cells.

When the cells transformed from CD13"SSEA-4 stage to CD13"SSEA4" and CD13-
SSEA4" stages there was a decrease in the percentages of GFP" cells. This decline was
very prominent in the CBA promoter where the percentage of the GFP" cells decreased from
96% to 63% to 17% on day 14 in the CD13"SSEA-4", CD13"SSEA-4" and CD13'SSEA-4"
cells, respectively. The mCMV and hCMV promoters showed relatively less degree of
silencing during the transition from CD13"SSEA4 stage to CD13"SSEA4" stage and then
the reduction was drastic from the CD13"SSEA4" stage to CD13-SSEA4" stage. For the
mCMV promoter, the percentages of GFP" cells declined from 84% to 71 to 29%  and for
hCMV promoter, it was from 94% to 83% to 43%. UbC and SFFV showed a steady decrease
in the percentage of GFP" cells, with GFP" cells constituting about 60% of CD13'SSEA-4" on
day 14. On day 18, the extent of promoter silencing in CD13'SSEA-4" fraction increased
further. Among the promoters that showed silencing in the CD13'SSEA-4" fraction of day 18,
UbC showed better transcriptional activity with the 50% cells remaining GFP”, followed by
SFFV (26%), hCMV (16%), mCMV (11%) and CBA (5%).

There was no significant difference in the promoter activity between the SSEA-
4"TRA-1-60" and CD13'SSEA-4" cells on day 14, but significant silencing was observed on
day 18 as the reprogramming progressed. The percentage of GFP" cells in the SSEA-
4'TRA-1-60" fraction was the highest in the UbC promoter (60%), followed SFFV (41%),
hCMV (30%), mCMV (21%) and CBA (12%).

When the emerging hiPSC colonies were analyzed on day 20 of reprogramming, it
was found that more than 80% of the hiPSC colonies were GFP* when GFP was driven by
hELF1a and mELF1a promoters (Figure 27E). At the same time, more than 80% of hiPSC
colonies were GFP™ when GFP was driven by UbC, SFFV, hCMV and mCMV promoters.
The systematic analysis of the transcriptional activity of promoter has confirmed that each
promoter shows a specific kinetics of silencing during the reprogramming process. The

mEF1a and hEF1a remained active throughout the reprogramming process and their
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promoter activity increased as fibroblast cells reprogrammed to iPSCs. Since hEF1a
exhibited consistent activity during reprogramming, the shRNA vector with this promoter was
used for the subsequent experiments.

6.3.2. Selection of candidate genes for RNAi studies

In the candidate gene approach for identifying the factors influencing
reprogramming, genes were selected based on their likely potential to influence
reprogramming. Since MET is one of the initial events in reprogramming, GRHL1, GRHL2
and GRHL3 that encode transcription factors regulating epithelial gene expression were
selected for the knock-down studies. As the previous studies have shown that the
reprogramming process is predominantly associated with epigenetic regulation, the genes
associated with histone and DNA modifications were also selected in this study.

To identify the target genes for the RNAIi experiments, we analyzed the expression
profiles of histone methyltransferases, histone demethylases, DNA methyltransferases and
DNA demethylases in the cells from different stages of reprogramming from the published
literature through www.stemformatics.com) (Figure 28A). The factors that showed a
significant difference in the expression levels during reprogramming were selected as the
candidate genes for the experiment (Figures 28B and 28C). Based on their expression
patterns, they were categorized into three groups- genes that showed (a) steady increase,
(b) steady decrease and (c) biphasic expression levels (Figure 28D). The expression of
these selected genes was tested in the reprogramming intermediates (Figure 28E). The
expression profile of a few genes was found to be similar to that observed in published data
sets, whereas a few others were different. This was expected because in published
datasets, the bulk population of heterogeneous reprogramming cells was analysed at
different time points, whereas in this study, flow-sorted cells expressing specific markers
were analyzed.

6.3.3. Construction of lentiviral shRNA vectors and estimation of knockdown
efficiency

Following recent advances in the design of synthetic shRNAmir stems, Knott et al.,

optimized the miR-30 backbone for efficient knockdown of target genes (Knott et al., 2014).
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MET related genes

GRHL1 GRHL2 GRHL3
Lysine Methyl Transferases and related genes
ASH1L PRDM1 SETD1A SETMAR
DOT1L PRDM2 SETD1B SUV39H1
EHMT1 PRDM3 SETD2 SUV39H2
EHMT2 PRDM4 SETD3 SUV420H1
EZH1 PRDMS5 SETD4 SUV420H2
EZH2 PRDM6 SETD5 SYMD1
MLL PRDM7 SETD6 SYMD2
MLL2 PRDM8 SETD7 SYMD3
MLL3 PRDM9 SETD8 SYMD4
MLL4 PRDM10 SETD9 SYMD5
MLL5 PRDM11 SETDB1 WHSC1
NSD1 PRDM12 SETDB2 WHSC1L1
PRDM13
PRDM14
PRDM15
Lysine Demethylases
KDM1A KDM4A KDM5C KDM8
KDM1B KDM4B KDM5D JMJD1C
KDM2A KDM4C KDM6A
KDM2B KDM4D KDM6B
KDM3B KDM5B KDM7A
DNA methylation related genes
DNMT3A TET1 TET2
OTHERS
BMI1 JARID2 MECOM

Figure 28: The genes selected in the candidate gene approach for RNAi
(A) The list of genes involved in the reprogramming process which were analyzed in
the data sets through Stemformatics.
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Figure 28 continued: (B) Representative graphs showing the expression profile of

genes in the datasets available at Stemformatics.
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MET Lysine methyl Lysine DNA Others
related transferases Demethylases methylation
genes and related genes
genes
GRHL1 PRDM1 KDM1A DNMT3A MECOM
GRHL2 PRDM12 KDM2A TET1 JARID2
GRHL3 PRDM14 KDM1B TET2 BMI1
SETD7 KDM2B
SUV420H2 KDMA4A
KDM6B
JMJD1C
D.
Upregulated Downregulated Biphasic
GRHL2 PRDM12 GRHL1
PRDM14 SETD7 GRHL3
KDM2B KDM1B PRDM1
KDM6B TET2 SUV420H2
DNMT3A BMI1 KDM1A
TET1 MECOM KDM2A
JMJD1C KDMA4A
JARID2

Figure 28 continued: (C) The list of candidate factors selected for the knockdown
experiments. (D) Classification of candidate factors based on expression pattern in
published datasets.
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Among several favourable features, they identified a conserved element 3’ of the basal stem
as critically required for optimal shRNAmir processing and implement it in an optimized
backbone termed “UltramiR,” which strongly increases mature shRNA levels and knockdown
efficacy. The shRNA sequences can be easily cloned to these backbones and its
combination with sensor based shRNA design rules establishes a validated and accessible
platform for generating effective single-copy shRNAs that will facilitate the knockdown
studies in the cultured cells.

As the experiments carried out in this thesis identified that hEF1a promoter showed
the minimum silencing a lentiviral pZIP-hEF1a plasmid was used for cloning shRNAs. The
sensor validated shRNA sequences were obtained from Sherwood
(http://sherwood.cshl.edu.). For the estimation of knockdown efficiency, RNA was extracted
from transduced HELA or MCF7 cell lines after puromycin selection and real-time PCR was
performed to estimate expression levels of target genes. The knockdown efficiencies of the
various shRNAs were found to vary from 65%-80% (Figure 29).

6.3.4. Identification of the stage-specific role of genes in reprogramming by a
candidate gene approach

To identify the role of candidate factors in reprogramming, human adult dermal
fibroblasts transduced with lentiviral shRNAs against specific gene were reprogrammed with
hSTEMCCA reprogramming vector. The effect of the knockdown of the candidate genes on
reprogramming was estimated in terms of their effect on the transition of cells from
CD13'SSEA-4 TRA-1-60" fibroblast stage to CD13'SSEA-4"TRA-1-60" pluripotent stage,
through intermediate CD13°SSEA-4'TRA-1-60° and CD13-SSEA-4'TRA-1-60" stages
(Figure 30A).

The knockdown of GRHL2, SETD7 and KDM2A were found to adversely affect the
downregulation of CD13. The percentage of cells that attained CD13 downregulation (CD13"
) with knockdown of these genes were 16% to 27%, compared to 50% in the control cells on
day 14. This adverse effect on the initial stage of reprogramming was reflected in the

induction of TRA-1-60 expression. There were only 3% to 6% of the TRA-1-60" cells when
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Figure 29: Estimation of knockdown efficiency of pZIP-hEF1a shRNA vector

Percentage of decrease in relative level of target gene mRNA transcripts in HeLA or
MCF7 cell lines, transduced with gene specific shRNA, estimated based on real
time PCR. HeLA or MCF7 cell lines transduced with pZIP-hEF1a empty vector

served as control.
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these three factors were knocked down while the control had 11% of TRA-1-60" cells. This
indicated that GRHL2, SETD7 and KDM2A play important roles in the downregulation of
somatic cells specific programme (Figure 30B).

TET2 knockdown favoured downregulation of CD13 and induction of SSEA-4, with
78% CD13 cells and 75% SSEA-4" cells on day 14, compared to 50% and 47% in the
controls. However, 44% of the cells remained in the intermediate CD13'SSEA-4"TRA1-60"
state on day 18 without transitioning into the CD13'SSEA-4"TRA1-60" state. This indicated
that TET2 plays a stage-specific role in reprogramming as a negative regulator in the initial
stages and a positive regulator in the later stages of reprogramming as it has a critical role in
favouring the transition of SSEA-4" TRA-1-60" state to SSEA-4'TRA-1-60" state (Figure
30C).

The knockdown of JARID2 and KDM4A enhanced the downregulation of CD13 and
induction of SSEA-4" and TRA-1-60" cells. On day 14, the percentage of CD13", SSEA-4"
and TRA160" cells were 49%, 70% and 18% on JARID2 knockdown and 54%, 57% and
21% on KDM4A knockdown respectively, compared to 23%, 48% and 11% in the controls.
Among the SSEA-4" cells, 71% and 65% were CD13 with JARID2 and KDM4a knockdown,
respectively, compared to 47% in the control on day 14. Thus, knockdown of JARID2 and
KDM4a was found to accelerate reprogramming process by favouring downregulation of
CD13 and upregulation of SSEA-4 and TRA-1-60 (Figure 30D). Moreover, the efficiency of
reprogramming was also increased with downregulation of these genes leading to a higher
percentage of cells achieving a CD13'SSEA4'TRA160" state. CD13'SSEA4'TRA160"
constituted about 18% and 21% with JARID knockdown and 21% and 22% with KDM4a
knockdown on day 14 and day 18, respectively, compared to 11% and 16% in the control.

Knockdown of DNMT3A, KDM1A and TET1 favoured the induction of SSEA-4 by
day 14 and TRA-1-60 by day 18 (Figure 30E). The percentage of SSEA-4" cells was 58% -
60% with the knockdown of DNMT3A, KDM1A and TET1, compared to 50% in the control on
day 14. When these genes were knocked down, even though the overall percentage of
CD13 remained the same, the downregulation of CD13 was accelerated within the SSEA4"

cells. Among the SSEA-4" cells, about 57% - 67% were CD13” when these genes were
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Figure 30: Effect of candidate gene of knock-down on reprogramming

efficiency

The percentage of reprogramming cells expressing specific combination of markers,
CD13*SSEA-4TRA-1-60", CD13"'SSEA-4TRA-1-60", CD13*SSEA-4*TRA-1-60",
CD13'SSEA-4*TRA-1-60 and CD13'SSEA-4*TRA-1-60* within the GFP* cell
fraction on day 14 and day 18 following hSTEMCAA infection of human adult
dermal fibroblasts.
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Figure 30 continued: (B to E) The schematic of the role of the identified regulators
of reprogramming in the transition of cells from one molecular state to another
during reprogramming. The expression kinetics of markers, CD13, SSEA-4 and
TRA-1-60, were used to identify the transition stages on days 14 and 18 of
reprogramming. Red and green lines represent negative and positive regulatory
roles of candidate factors, repectively.
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knocked down, compared to 47% in controls on day 14. On day 18, the percentage of CD13"
SSEA4'TRA160" cells formed from these cells were higher at 23% - 26%, compared to the
control (15%). Thus DNMT3A, KDM1A and TET1 were found to play a critical role
throughout reprogramming process.

The knockdown of GRHL1 and KDM1B brought about an increase in the percentage
of SSEA4" on day 18, whereas no such change was observed on day 14. The percentage of
SSEA4" cells was found to be increased up to 47% and 39% by GRHL1 and KDM1B
shRNAs on day 18, compared to 20% in the control. Despite the increase in the SSEA4"
cells, the percentage of CD13'SSEA4"TRA160" cells remained similar to the control.

The knockdown of PRDM14, KDM2B and PRDM12 did not show any significant
effect on reprogramming on day 14. However, on day 18, the percentage of CD13"
SSEA4'TRA160" cells were found to be higher at 25-26%. This indicated their role is in the
late stage of reprogramming where they promote the formation of SSEA4"TRA-1-60" cells.
With the knockdown of BMI1 and SUV420H2, even though the relative percentage of CD13"
SSEA4'TRA160" formed was similar to that with control, knockdown was found to adversely
affect cell proliferation and overall formation of iPSC colonies. Knockdown of MECOM and
PRDM1 did not have any significant effect on reprogramming process.

Thus, based on the effect of candidate gene knockdown on the transition of cells
from one stage to another, the reprogramming stage in which each factor is involved could
be identified.

6.3.5. Identification of signaling pathways associated with different stages of
reprogramming

To identify the signaling pathways associated with the cells that are
unreprogrammed, partially reprogrammed and fully reprogrammed, comprehensive shRNA
library screening by RNAI followed by high throughput sequencing was performed. hADFs
transduced with shRNA library against 5000 signaling pathway genes were subjected to
reprogramming. The cells belonging to three stages, defined by expression profile
pluripotency markers SSEA-4 and TRA-1-60, namely SSEA-4 TRA-1-60" unreprogrammed

stage, SSEA-4"TRA-1-60" partially reprogrammed stage and SSEA-4"TRA-1-60" pluripotent
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stage were analyzed to identify the integrated shRNAs. The cells were isolated in the third
week of reprogramming to ensure that the majority of the cells have reached their final
molecular state and to minimize the proportion of cells that are in the process of completing
reprogramming. For normalization, hADFs transduced with the shRNA library before
reprogramming that represented the entire pool of shRNAs was used. After next generation
sequencing, the adapters were trimmed, and the trimmed reads were used for statistical
calculations using T test to calculate the p values of the shRNA genes that are depleted or
enriched in the different fractions of reprogramming cells and the control. The shRNAs
genes that showed a p value less than 0.01 was chosen as significant and these hits were
considered as those that were significantly depleted or enriched in each fraction of the
reprogramming cells, compared to the control. The flow sorted fractions SSEA-4 TRA-1-60
unreprogrammed cells, SSEA-4"TRA-1-60" cells that represent the intermediate stage and
SSEA-4"TRA-1-60" cells that represent pluripotent stage showed 95, 170 and 164 significant
hits, respectively. To identify the pathways to which these genes belong, the genes were
analyzed through String-db.org and the top 6 pathways with the least false discovery rate
were chosen (Figures 31A, 31B and 31C).

In SSEA-4TRA-1-60" fibroblast like stage, shRNAs targeting genes involved in
Neurotrophin, GnRH, Renal cell carcinoma, Ras signaling and cGMP-PKG pathways were
enriched (Figure 31A). The shRNAs enriched in SSEA-4"TRA-1-60" cells were found to
downregulate genes associated with pathways related to metabolism, oxytocin signaling,
Ras, Oocyte meiosis, PI3K-Akt and purine metabolism (Figure 31B). The shRNAs against
pathways related to metabolism, steroid hormone biosynthesis, amino acid biosynthesis,
oocyte meiosis, Huntington’s disease and Ras signaling were found to be enriched in SSEA-
4"TRA-1-60+ cells (Figure 31C). Thus, using an RNAi screen experiment for signaling
pathway genes, specific pathways that are involved in the different stages of reprogramming

could be identified.
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Figure 31: Signaling pathways associated with different stages of
reprogramming

(A) Pathway analysis of significant hits identified in SSEA-4TRA160
reprogramming cells on day 15-17 compared to the shRNA library transduced

fibroblasts.
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Figure 31 continued: (B) Pathway analysis of significant hits identified in SSEA-
4*TRA160" reprogramming cells on day 15-17 compared to the shRNA library
transduced fibroblasts.
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Figure 31 continued: (C) Pathway analysis of significant hits identified in SSEA-
4*TRA160" reprogramming cells on day 15-17 compared to the shRNA library
transduced fibroblasts.
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6.4. Discussion

Reprogramming of somatic cells to iPSCs is a multi-step process that involves the
transition of cells from one state to another to achieve pluripotency. Even with additional
manipulations, the efficiency of OSKM mediated reprogramming could be improved only to a
very small extent. The complexity of the reprogramming process and the technical limitations
of the current mechanistic study methods are the major factors that limit the elucidation of
the molecular mechanism of reprogramming.

Since the transcriptional activity of the promoters in the lentiviral vectors depends on
cell types, the type of the promoters used for manipulating gene expression can significantly
affect the reprogramming outcome. As there are no systematic studies on the activity of the
lentiviral vector promoters, in this study, seven different promoters were tested in the
reprogramming cells to identify the most efficient promoter that ensures significant
knockdown of target genes throughout the reprogramming process. CMV promoter was
found to be transcriptionally stronger in fibroblasts, and the cells at the initial stages of
reprogramming and therefore this promoter is more suitable for studying the role of target
genes in the earlier stages of reprogramming. EF1a promoter was found to remain
transcriptionally active without transgene silencing in the cells at all the stages of
reprogramming, and it showed very high transcriptional activity and therefore this promoter
was chosen for achieving efficient knockdown in this study.Thus, this study is a first
systematic evaluation of a promoter that has identified the promoters suited for achieving
desired extent and pattern of gene regulation during reprogramming.

The study in this thesis combined strategies from the previous studies to understand
the role of factors associated with MET, epigenetic modification, and signaling pathways. In
previous studies aiming at elucidating the molecular mechanisms of reprogramming, the role
of new factors were identified following their overexpression and knockdown by (i) estimating
the number of iPSC colonies formed, (ii) identifying the shRNAs enriched or depleted in the
TRA-1-60" and TRA-1-60" cells or (iii) performing a transcriptome analysis of the

reprogramming intermediates and reprogrammed cells. In this thesis, the assessment was

172



based on either calculating the percentage of cells belonging to specific reprogramming
stages defined by the expression of fibroblast marker CD13, and early and late pluripotency
markers, SSEA-4 and TRA-1-60 or identifying the shRNAs enriched or depleted in these
fractions. The assessment of the effect of gene knockdown on the formation of
reprogramming intermediates offered the advantage of identifying the stage in which the
genes are actively involved.

The role of MET associated genes, GRHL1, GRHL2 and GRHL3, in reprogramming
has not been explored so far. When the effect of their knockdown was analysed, it was
found that GRHL2 significantly affected reprogramming efficiency by preventing the
downregulation of CD13, thereby indicating their role in MET. GRHL1 and GRHL3 did not
show significant effect on formation of cells at different stages. However, it was found that
knockdown of GRHL1 increases the percentage of SSEA-4" cells.

Knockdown of H3K27 methyltransferases belonging to the PRC1 PcG complex,
BMI1, was found to substantially reduce the number of iPSC colonies obtained from human
fibroblasts (Onder et al., 2012). This effect was suggested to be due to the role of PcG
complex in the transcription repression of the developmental genes regulated by OSN in the
pluripotent stem cells. Consistent with this, this thesis found that the knockdown BMIA1
reduces the reprogramming efficiency, and this was mainly due to inhibition of cell
proliferation. Also, it was found that BMI knockdown did not affect the pace of
reprogramming.

It was previously reported that inhibition of H3K36 demethylases, KDM2A and
KDM2B decreases reprogramming efficiency. Consistent with this observation, the
knockdown of KDM2A brought about a decrease in hiPSC reprogramming efficiency, and
this was found to be associated with the inability to downregulate fibroblast programme in
the absence of KDM2A. On the contrary, knockdown of KDM2B was not found to have any
effect on the pace of hiPSC reprogramming in the initial days but was found to increase the
percentage of TRA-1-60+ cells at the late stage of reprogramming. This was unexpected

because KDM2B have been found to play a prominent role during the initiation phase of
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reprogramming in miPSC reprogramming where it enhances the activation of early
responsive genes through binding and demethylating their promoters (Liang et al., 2012).

Downregulation of DNMT3a in human and mouse fibroblasts did not have a
significant effect on reprogramming (Pawlak et al., 2011). However, in this study, an
increase in the pace and efficiency of reprogramming was observed with respect to the
downregulation of CD13 and induction of SSEA-4 and TRA-1-60. A similar reprogramming
outcome was observed with the TET1 knockdown. This observation is contrary to previous
reports on miPSC reprogramming that TET1 can replace OCT4 and overexpression of TET1
can enhance reprogramming efficiency (Chen et al., 2013; Gao et al., 2013). It has been
previously reported that knockdown of TET2 adversely affects reprogramming efficiency in
MEFs (Hu et al,, 2014). Consistent with this, it was found in this thesis study that TET2
knockdown in human fibroblasts considerably decreased the reprogramming efficiency.
TET2 knockdown favours CD13 knockdown and SSEA-4 induction, but inhibits TRA-1-60
induction, indicating its role as a positive regulator in the initial stages and as a negative
regulator in the late stages. The positive role of TET2 in the late stage of reprogramming is
supported by previous studies that have reported a close association between TET2 with
pluripotency marker NANOG (Silva et al., 2009; Costa et al., 2013).

Through RNAi screen, the signaling pathways closely linked to partially
reprogrammed state, fully reprogrammed state and unreprogrammed states were identified.
In the cells at partially and fully reprogrammed state, there is a significant enrichment of
shRNAs targeting metabolic genes. This observation highlights the importance of metabolic
shift during reprogramming for pluripotency acquisition. Ras signaling found to be associated
with all three reprogramming states and pathway was reported earlier to enhance
reprogramming efficiency in miPSC reprogramming by improving cell proliferation (Kwon et

al., 2015).

174



Chapter 7

SUMMARY & CONCLUSIONS



The first goal of the project was to standardize efficient methods for the generation of
hiPSCs. OCT4, SOX2, KLF4 AND c-MYC-mediated reprogramming of fibroblasts by
different gene delivery methods using retroviruses, lentiviruses, episomal plasmids
and Sendai viruses could be achieved. All the methods for the generation,
identification, isolation and characterization of hiPSCs could be successfully
established. The hiPSC lines were fully characterized by their expression of
pluripotency markers, acquisition of hypomethylated OCT4 and NANOG promoters,
in vitro differentiation potential by EB formation and in vivo differentiation potential of
teratoma formation. The difference in the reprogramming efficiencies achieved with
different methods was estimated to assess their suitability in the subsequent
experiments. This was the first study for establishing successful reprogramming
methods in India.

During reprogramming of fibroblasts, it was observed that the initial culture
conditions and the culture media of the somatic cells influence the reprogramming
efficiency. Fibroblasts maintained in the medium that favoured higher proliferation
rate, transduction efficiency, and transgene expression levels exhibited faster
kinetics and higher efficiency of reprogramming. Based on these observations, it was
confirmed that preconditioning of somatic cells is a major factor for that determines
efficient reprogramming.

Even though hiPSC identification based on morphology, pluripotency marker
expression, and retroviral transgene silencing are widely employed a comparison on
the suitability of these three markers in identifying true hiPSCs has not been well
established. By systematic monitoring of morphology, pluripotency marker
expression and retroviral RFP silencing in the colonies generated during
reprogramming, a significant correlation was found between the hESC-like
morphology of the hiPSC clones and retroviral transgene silencing which was
measured by a retrovirally expressed fluorescence protein. These clones expressed
all the pluripotency markers. A few colonies that lacked hESC-like morphology

showed RFP silencing and/or pluripotency marker expression. Through the routine
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observation of reprogramming cells, it was found that emerging hiPSC colonies can
be easily identified based on their morphological changes during reprogramming.
They emerge dislodging feeder cells around them radially forming flat colonies with
defined boundaries and symmetric shape. It was observed that the inclusion of
retrovirally expressed RFP as a marker could greatly aid in the identification of such
hiPSC colonies as they appeared as patches of RFP™ colonies surrounded by RFP*
non-iPSCs. Thus by describing the kinetics of acquisition of hESC-like morphology,
pluripotency marker expression and retroviral RFP silencing by the reprogramming
cells, it was shown that morphology of hiPSCs serves as a more reliable marker in
the identification of hiPSC clones. Through this study, it was shown that retroviral
transgene silencing is a highly reliable marker for isolation of pluripotent cells on
reprogramming dish although morphology is the best criterion for the isolation of
pluripotent clones.

Sorting of reprogramming cells based on a fibroblast marker, CD13, and
pluripotency markers, SSEA-4 and TRA-1-60, could facilitate isolation of the cells at
different stages of reprogramming. Gene expression analysis and shRNA library
screening assays performed on these sorted cells confirmed the suitability of these
markers in defining the stages of reprogramming.

The role of Fanconi Anemia pathway genes in pluripotency and reprogramming was
investigated using an inducible gene expression system for complementing defective
FANCA gene in patient-derived cells. HIPSC lines were derived from FANCA
deficient fibroblast complemented with functional FANCA gene under an inducible
promoter, and the lines were characterized for their pluripotency. The formation of
teratoma by the hiPSC line, without FANCA induction during its in vivo growth in
SCID mice, confirmed their pluripotency. By conditional complementation of FANCA
in these hiPSC lines, the functional significance of Fanconi Anemia pathway could
be assessed in these cells. In the complete absence of FANCA gene and functional

Fanconi anemia pathway, hiPSCs failed to survive, thereby mimicking the disease
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phenotype. These hiPSC lines can serve as an excellent tool for elucidating the role
of FA pathway in pluripotency and disease pathogenesis.

In the search for promoters of viral vectors that do not get silenced during the entire
course of reprogramming, lentiviral vectors with different promoters that drive the
expression of GFP were evaluated. It was found that mouse EF1a. and human EF1a
promoters did not exhibit transgene silencing, and they are the most suitable
promoters for consistent knockdown and overexpression experiments in
reprogramming.

The role of GRHL1, GRHL2 and GRHL3 was evaluated based on the effect of their
knockdown on the formation of cells at different stages of reprogramming. Analysis
of the cells sorted from various stages of reprogramming revealed that GRHL2
shows a constant increase in expression as the cells underwent reprogramming, and
this expression pattern was similar to that of pluripotency markers. Knockdown of
GRHL2 adversely affected downregulation of fibroblast marker, CD13 and formation
of CD13'SSEA-4"TRA-1-60" reprogrammed cells, leading to an overall decrease in
reprogramming efficiency, indicating their role in MET during reprogramming.

The role of the epigenetic factors was evaluated based on the effect of their
knockdown on the formation of cells at different stages of reprogramming. The
epigenetic factors which showed variations in their expression levels during
reprogramming were selected after bioinformatics analysis of the gene expression
data available from previous publications as well as the gene expression analysis on
different cell fractions obtained by flow sorting in this thesis. By knocking down these
genes separately with shRNAs, their involvement in reprogramming could be
assessed.

For elucidating the role of various signaling pathways in the reprogramming process,
human dermal fibroblasts were infected with lentiviral vectors to express shRNAs
against 5000 human signaling pathway genes and then they were reprogrammed

with OSKM. The SSEA-4TRA-1-60, SSEA-4'TRA-1-60" and SSEA-4'TRA-1-60"
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representing different stages of reprogramming were sorted from the reprogramming
cells and were analyzed for incorporation of shRNAs by massively parallel
sequencing. Based on the specific shRNAs enriched or depleted in the sorted
fractions of cells, specific signaling pathways closely linked with each stage of

reprogramming could be identified.

In this study, the stage-specific role of factors in reprogramming could be
determined. GRHL2, SETD7 and KDM2A were found to play a critical role in
downregulation of fibroblast specific gene expression, whereas PRDM14, PRDM12
and KDM2B were found to act in the late stages inhibiting the induction of TRA-1-60
expression. TET2 was found to be a negative regulator of CD13 downregulation and
SSEA-4 expression induction, but a positive regulator for TRA-1-60 expression
induction. Thus, the findings from this study could improve our understanding of the
molecular mechanism of reprogramming and the knowledge gained will be helpful in

developing reprogramming strategies to achieve higher efficiency.
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