i} L



Locus-specific isolation of the Nanog chromatin identifies
regulators relevant to pluripotency of mouse
embryonic stem cells and reprogramming of somatic cells

(Nanog fBIRICN T 2N EN 7 u~F v olEick 5~y
2 ES gD % et < ipS Mg 1 b 3 AT DFRE)

2022
PR AR FEEE LR AR AR 7R
BURRAMSETTY ARUN KUMAR



INDEX

ABSTRACT ...t e e e e e e et e e e e aaee e e e 4
ABBREVIATIONS ......coooviieeeeeee et e 5
L. INTRODUCGTION ......c...cooovoaiieeeeeeeeeeee et 8
1.1 BACKEIOUNA .....veeniiieiieiicieeie ettt ettt ettt e et e et e e sa e s e ete et e esseasseessaesseensaens 9
1.1.1 CellULAr POLEIICIES ...evveuvieeieeeienieeeieteeetesteete st estesaeestesseessesssesseessesseessenseessesseessesssessesssessesssensenssens 9

1.1.2 Challenges with stem Cell thETapies .........cceviecieriierieriieieceete ettt sae e e 10

1.2 Induced pluripotent Stem CElIS........c.occuirviiriiiiiieeciieiieieete e sereseresenesenas 11
1.2.1 Mechanism Of TePrOgramiming ............cccveeveruieeiereerierieeresieesteseessesseesseeseesseeseessesseessesssessessaesses 12

1.2.2 iPSC therapies currently available for regenerative medicine ..........c..ceccevererenenenenenieneennnn. 12

1.3 Understanding Pluripotency NEtWOrK..........cccveeieciieciieciiiieeie e sne v 13
1.3.1 Characteristics of pluripotent Stem CellS..........cccovrrierirriiririierieieeeee e 13

1.3.2 Signaling in pluripotent Stem CEIIS: .........ccierirciirieierieieceee sttt 14

1.3.3 Transcription machinery in Pluripotent stem Cells:.........ccuevivieriinierinieieeieeeere e 15

LA HYPOTHESIS ...ttt ettt ettt e ettt b e st essbessbessseesbessbessaensnesssensnas 17
L5 STRATEGY oottt ettt ettt ve et e b e et e sst e ssbesstessbesssesssesssessaessnesssasssensss 17
1.5.1 Locus-SpecifiC apPrOaCh........ccuiviieiiieiieiieierit ettt ettt e sae e aeenneenas 17

1.5.2 Known regulators of Narog PrOmOLeT:...........ccvevuieierieierieeiesieeiesieeseeseenseessesesseessesssesseesseses 18

2. RESEARCH PURPOSE ..........ocoooooieeieee e 20
3. MATERIALS AND METHQODS ............oooeooiieieeeeeeeeeeeee e 21
T8 B O] | o101 Ui PSR 22
3.2 Cloning and plasmid CONSIIUCHION ........ccueervieeriecrieiierieteeeeeteeresresreeneeenessnessresssesenas 22
3.3 Production of Sendai viral VECIOT .........cceevviiciieciieiiiiecie ettt 23
3.4 Production of Retroviral VECIOT .........c.ivvieiiiiieiieiicie e eee e ere e saesene e sene e 23
3.5  Transduction Of VIral VECLOTS........cceeevieiiieiiirieticie e eteete et sneseaesenessaessnesenas 24
3.6  CAPTURE Of Nanog PrOMOLET .........c.eecveeiiecreerieiiereeressessessesssesssessesssesssesssesssessnes 24
3.7 CAPTURE-QPCR ...ttt ettt st s eb e st e s eaestaessbessaessnensnas 25
3.8 CAPTURE-PIOIEOIMICS. ...ccvierierieerierieteeteeteereesesresssessaesssesssesssesssesssesssesssesssesssessnes 25
3.9  Gene Ontology (GO) aNALYSIS .....eccvievieieeiieiieiieieere e eresresresreseseseaessaessaesssesssesens 26
3.10 Fluorescence-Activated Cell sorting (FACS).......ccceoviiciiiciiiiieiieeceee e 26
3.11 RNA extraction & reverse tranSCriPtiON........c.iccveecverereecvesreerreecresressessesaesssessessessnes 27
3,12 GPCR ANALYSIS.....viciiiiieieeii it ete e eteete et e eteeaessbessaessaesssesssesssesssesssessaesssesssenssensns 27
3.13  Microscopy & Image analysiS.......c.cccvevueeriieciieciieciieieeieeeeeeeeresresnesnesenessnessnessnesenas 27
3.14  IMMUNOTTUOTESCENCE ...evvievvieerieeiieerietieteeteereereeresressaessaesssesssesssesssesssesssesssesssesssessns 28
3,15 StatiStiCAl ANALYSIS ...ecvieiieeiieiieiieieeteete e ereeteete e ssaestaesetessressressseseaesraesraeesaensnenenas 28

4.

RESULTS ..ot 29



5.
6.
7.

9.

4.1  Generation of cells expressing CAPTURE components...........cccecveeveecreereenieenneeneenns 30
4.2 gRNAs efficiently recruit Cas9 to the target Site........ccevvverreevieerieerieerieereereere e 30

4.3  Enrichment efficiency of dCas9 on the Narnog promoter in mESCs and fibroblasts....30

4.4  CAPTURE purification of Nanog promoter interacting prot€ome ..............coceerveennenn. 31
4.5  Knockdown of candidate proteins affects the self-renewal ability of mESC................ 32
4.6  Effect of the candidate proteins on mESC exit from pluripotency ............ccceevvevveennenne. 34
4.7  Effect of the candidate proteins on differentiation via EB formation........................... 34
4.8  Effect of the candidate proteins on somatic cell reprogramming.............cccceeeveerveennenne. 35

DISCUSSION ...ttt 37

CONCLUSION.......oooiieeee ettt e snae e e 41

TLLUSTRATIONS. ...ttt 42
Ilustration 1: Regulatory mechanisms of pIUTIPOtENCY .......c.cccverveeireciinienieeie e e eve e 43
[ustration 2: Overview of the CAPTURE method ...........ccccoiiiiiiiiiiiieeeeeee 44
lustration 3: Regulation of Nanog gene expression through promoter binding proteins....... 45

FIGURES ...ttt ettt et e e snnee e 46
Figure 1: Generating mES cells for CAPTURE.........cccooiiiiiiiiieeeeeeeee e 47
Figure 2: Designed gRNAs can recruit Cas9 to the target site.........ocoeveerererenieneneeceeeene 48
Figure 3: dCas9 has cell type-specific target enrichment efficiency.........cccoceveeeverieeeeenenne. 49
Figure 4: Purification of proteins binding to the Nanog promoter in mESCs...........c..ccoen...... 50
Figure 5: Purified proteins have gene regulatory functions ............ccccvevveeveevieecieecieesieesieeneens 51

Figure 6: Knockdown of candidate proteins have no immediate effect on mESC properties .53

Figure 7: Changes in self-renewal properties of mESCs after knockdown of candidate
PTOLCIIIS 1..vtieiveeiteeste et et eteeteebeesteesteesseesseessaesseessaesseesseessaessaessaesseesseasseessaessaessaesseesseessenssenssenns 55

Figure 8: Changes in pluripotency gene expression after knockdown of candidate proteins..57

Figure 9: Comparative analysis on the pluripotency in the presence and absence of LIF after

KNOCKAOWTL ...ttt ettt ettt ettt e e st e et et et e s bt ent et e seeneeneeneenne 58
Figure 10: Effect of knockdown on EB growth ...........cccooiiiiiiiiiiiieeeeee 60
Figure 11: Effect of knockdown on EB development............cccocoiiiiniiiininiieeceeeee 62
Figure 12: SeV mediated somatic cell reprogramming.............c.cecveevveerreerieesieecreesressseesseesneenns 63
Figure 13: Effect of knockdown of candidate proteins on somatic cell reprogramming......... 64

TABLES. .......oooeeeeeeeee ettt ettt et e et e e e e e e e enneas 66
Resource Table 1: List of FDA-approved cell based therapies...........ccccvevvveeiiecriecieenieereenenn, 66
Table 1: Sequence of gRNAs used in this StUAY ......ceecvveciiiiiiiiiiicie e 67
Table 2: Sequence for ShRNASs used in this StUAY ......ccveevirciiiiiiiieiieciecre e 67



Table 3: Sequence of primers used to amplify ORF of Fubpl gene............cceevvvvvecveevennennen. 68

Table 4: Sequence of primer to amplify Nanog promoter reion ...........cceeeveeveeveecveevennennnns 68
Table 5: Sequence of primers used in enrichment analysis..........ccccccveevererircienciencreecieeresreen 68
Table 6: Sequence of primers used for mRNA expression analysis in this study.................... 68
Table 7: List of purified proteins from Nanog promoter..........c..ccveeveeererererceercresvesresvesnenenes 70
10. ACKNOWLEDGEMENT .....c...cooiiiiiiiiiiiit ettt 79
11, REFERENCES .......coooiiiiiieet ettt 81



ABSTRACT

Even after decades of studying pluripotency, the lack of defining conditions for
maintaining pluripotency long-term and efficient production of induced pluripotent stem
cells (iPSCs) cells indicates our inadequacy in understanding pluripotency. Employing
subtle methods of screening to identify pluripotency-related factors could be one reason.
Identification of clustered regularly interspaced short palindromic repeats (CRISPR)-Cas9
lets researchers approach genome loci with ease and comfort, and utilization of dCas9
(deactivated Cas9) enables locus-specific pull-down of DNA, RNA as well as proteins,
called CRISPR affinity purification in situ of regulatory elements (CAPTURE) method. It
helps to understand regulatory mechanisms comprehensively at any given locus. To
identify proteins/mechanisms that associate with pluripotency; I utilized CAPTURE
method and baited Nanog promoter locus in mouse embryonic stem cells (mESCs). dCas9-
mediated pull down of Nanog promoter revealed more than 300 proteins including some
known Nanog promoter binding proteins like TRIM28, THRAP3, and BCLAF1 suggesting
the ability of dCas9 to purify interacting proteome at the promoter regions. Based on gene
ontology most of the purified proteins were RNA binding proteins (RBPs) with functions
related to RNA splicing, mRNA processing and gene expression. Six proteins that were
enriched with functions in aspects of gene regulation were chosen (BCLAF1, FUBPI1,
MSH6, PARK?7, PSIP1, and THRAP3) and tested for their role in pluripotency. Chromatin
immunoprecipitation (ChIP) of the candidate proteins showed enrichment of the Nanog
promoter in a quantitative PCR (qPCR) analysis. Upon knockdown, these proteins
exhibited various levels of regulation on self-renewal; differentiation; embryoid body (EB)
development and somatic cell reprogramming, with revealing FUBP1 as an important
regulator of pluripotency gene expression in mESCs. PARK7 and THRAP3 were needed
to decrease pluripotency gene expression in the absence of LIF. PARK7 and THRAP3 also
have inhibitory effects on somatic cell reprogramming. Knockdown of the candidate
proteins diminished the growth potential of EBs, and regulated the expression of primitive
endoderm marker (Gata6) and other developmental markers tested

Hence, unlike previous approaches, my Nanog locus-based proteome approach
identified many new proteins regulating pluripotency. These results re-instigate that
CAPTURE of Nanog promoter successfully identified new regulatory proteins involved in
Nanog gene transcription and pluripotency, suggesting the robustness of this approach in

unbiased identification of regulatory proteome at a given locus.
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1. INTRODUCTION



1.1 Background

From the time Hippocrates laid foundations of medicine, medicine has advanced in
various technological aspects and found safer ways of treatment for a variety of diseases.
Recent medical innovation is progressing toward utilizing the potential of cellular
potencies in not only the repair but also the regeneration of damaged, aged, or abused
cells/tissues in the body. These regenerative approaches are of prime importance in
biomedical research and thus grab the attention of developmental biologists and biomedical
engineers across the globe. Regenerative medicine may be applicable to various diseases
related to lifestyle, and many U.S. Food and Drug Administration (FDA) approved

therapies are currently available in the market (Resource Table 1) (Mao and Mooney, 2015).

1.1.1 Cellular potencies

Each organism is a complex system coordinated by different types of cells, and all
of these cells are derived from a single-celled zygote. Thus, during embryonic development,
zygotes pass through various potencies to generate cells of diverse functions. Briefly, these

potencies include totipotency, pluripotency, multipotency, and unipotency.

a) Totipotency:

Totipotency is the ability of the cell to develop into all the cells of the embryo
properly, and in the case of mammals, the extraembryonic placenta. Single and 2-celled
embryos can be best exemplified as totipotent stem cells. These cells generate a population
of extraembryonic tissue (trophectoderm (TE)), and inner cell mass (ICM) from which

pluripotent stem cells (PSCs) are derived. TE surrounds ICM and supports its development.

b) Pluripotency:

As the name, this potency indicates the ability of the cell to develop into various
cells of a given organism. During development, when the zygote reaches the blastocyte
stage a pluripotent population of cells called ICM were formed. These ICM cells can be
the best example of PSCs. These cells can be able to generate all cell types of the body
except for extra-embryonic lineages (like TE). ICM cells when cultured in vitro were
termed embryonic stem cells (ESCs) either from mice are mouse embryonic stem cells

(mESCs) or from humans are human embryonic stem cells (hESCs). Other types of PSCs



include embryonic carcinoma cells (ECCs), induced pluripotent stem cells (iPSCs) etc.

Thus PSCs attracted the attention of biomedical researchers recently.

¢) Multipotency:

These cells often reside as progenitor cells in tissues or organs and generate a
limited number of cell types in a particular cellular niche/lineage. Mesenchymal stem cells
(MSCs) and hematopoietic stem cells (HSCs) are one of the best examples of multipotent
stem cells. Early therapies were developed using these cells to prove the potential of
cellular therapies in medical applications. However, these therapies often require cells in

large quantities and suffer from immune rejection.

d) Unipotency:

These cells also termed as precursor cells, possess very limited differentiation
capabilities, often generating only one cell type. Because of their ability to self-renew these
cells were regarded as stem cells. Epidermal stem cells and germ-line stem cells can be

best represented as unipotent stem cells.

1.1.2 Challenges with stem cell therapies

While stem cell therapies appear promising for regenerative medicine, there are still
challenges to their safe applications in clinical practice. For example, adult stem cells are
confined to a specific niche in their resident tissues, and obtaining them in large quantities
from patients is technically difficult. Maintenance and expansion of adult stem cells under
in vitro conditions without losing their potency is technically challenging. Invasive
methods to obtain adult stem cells may also hinder their use for therapeutic purposes. In
addition, isolation of hESCs poses ethical issues because their derivation involves the
inevitable destruction of human embryos. Indeed, use of hESCs raised a wide outrage from
humanitarian and religious organizations. In this respect, the discovery of iPSCs obviated
many ethical issues that accompany the use of human PSCs. Since then, iPSCs became the
major source of PSCs for application in regenerative medicine.

Another challenge faced by stem cell and biomedical scientists is to obtain a
sufficient number of iPSCs and differentiated cells, which should be used to repair the
damaged tissues. Management of large-scale cultures of these cells and training of

technical personnel are no small issues for successful cell-based therapies. In recent years,
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many biotech companies have started automating the large-scale culture of cells to meet
the growing demands of these cells. Currently, cell-based therapies are only practical for
those diseases in which a small number of cells suffices for effective treatment, such as
retinal disorder, Parkinson’s disease, and repair of damaged heart muscles, and potentially
Type I diabetes.

When stem cells are used for clinical practice, there is a serious concern regarding
the safety of the cells derived from them, especially with regard to tumorigenesis. Initial
methodologies of iPSC generation utilized vectors that become integrated into the genome.
These vectors are largely replaced by non-integrating vectors such as episomal plasmids
(Okita et al., 2008). The use of Sendai virus (SeV) is also promising because of its absence
of genome integration and higher efficiency of reprogramming, together with the automatic
elimination of the vector in fully pluripotent iPSCs (Fusaki et al., 2009; Nakanishi and Otsu,
2012; Nishimura et al., 2011). In any case, extensive and laborious characterizations of
patient derived iPSCs are an essential part of establishing iPSCs that can be applied in
clinical practice.

Typically, somatic cells generated from PSCs contain partially or incompletely
differentiated PSCs that still possess proliferative capacity. This raises the possibility of
tumor formation within a small population of cells transplanted to the patient. In particular,
iPSCs are prone to this type of incomplete differentiation if they have not achieved full
pluripotency when generated from somatic cells. Because of their reduced pluripotency,
these partially reprogrammed iPSCs could compromise the outcome of iPSC-based therapy
by tumor formation. Thus, understanding its mechanisms and increasing the efficiency of
reprogramming is of utmost importance. In practice, purification of cells differentiated

from PSCs is an important step for the application of cell-based therapy.

1.2 Induced pluripotent stem cells

The introduction of four reprogramming factors OCT4, KLF4, SOX2, c-MYC
(OKSM) in somatic cells lead to the generation of mice (Takahashi and Yamanaka, 2006)
and human (Takahashi et al., 2007) iPSCs. These iPSCs resemble ESCs and share similar
properties at the molecular transcriptome and epigenetic levels. Soon after their discovery,
iPSCs replaced ESCs in various applications of regenerative medicine. iPSC generation or
acquisition of pluripotency involves complex processes of chromatin opening (or

decondensation), epigenetic reprogramming, and pluripotency network establishment. As
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compared with reprogramming using cell fusion or nuclear transfer, transduction of
transcription factors using retroviral or other vector-based methods is far more efficient

and robust for applications in regenerative medicine.

1.2.1 Mechanism of reprogramming

iPSC generation starts with the initial binding of reprogramming factors on various
distal sequence motifs that may be located within condensed chromatin, followed by
decondensation of the bound chromatin regions. The decondensation is mediated by OCT4,
KLF4, and SOX2, either alone or in combination, but not by c-MYC. Because of their
ability to alter the chromatin configuration to allow other factors to bind the genomic DNA,
these OCT4, KLF4, and SOX2 are termed pioneer factors. Once decondensation begins,
these proteins allow chromatin reorganization by recruitment of transcriptional regulators,
followed by multiple protein-protein interactions. Subsequently, the enhancers and
promoters of target genes form a loop structure, which ultimately leads to the activation of
transcription (Basu and Tiwari, 2021).

On the other hand, c-MYC occupies open chromatin regions on genes and usually
modulates RNA-Polymerase II pause release and regulates the complete transcription of
these sites (Young, 2011). Thus, the initial phases comprise chromatin remodeling and
involve the loss of the repressive Histone 3 lysine 27 trimethylation (H3K27me3) mark. In
the subsequent phases, reprogramming factors along with the polycomb repressive
complex 2 (PRC2) repress the expression of lineage-specific genes. Especially many
mesenchymal-related transcription factors like ZEB2 and SNAIL1 are suppressed and
epithelial markers like CDH1 and EPCAM are activated resulting in mesenchymal to
epithelial transition (MET) (Basu and Tiwari, 2021; Krause et al., 2016). In the late phase,
repressive marks on pluripotency-related genes are erased, causing activation of the
endogenous pluripotency network. Those iPSCs that successfully initiated the pluripotency
network are of high quality and can give rise to chimeras when introduced into the

blastocyst of developing embryos (Krause et al., 2016).

1.2.2 1PSC therapies currently available for regenerative medicine

Successful application of patient-specific iPSCs in regenerative medicine in Japan include:
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= A Japanese woman received a reprogrammed cornea developed from the iPSCs
generated using the skin cells of the patient. This cornea significantly improved her
eyesight (Cyranoski, 2019).

* In another case, neuronal precursor cells were generated from iPSCs that are
reprogrammed from skin cells of Parkinson's disease patient. When surgically
implanted, these neuronal precursor cells are expected to mature and generate
dopamine-producing neurons. The patient has shown no adverse reactions so far after
the surgery (Cyranoski, 2018a)

= Currently, research is going on to expand the application of iPSC therapies to treat
cardiac diseases (Cyranoski, 2018b), spinal injuries (Nagoshi et al., 2019), and muscle
diseases like Duchene muscular dystrophy (DMD) (Kupatt et al., 2021).

1.3 Understanding Pluripotency Network

Better quality and efficient iPSCs generation could be possible to revoke the
understanding of pluripotency maintenance in detail. Since ESCs are the conventional
source of pluripotency, revisiting the knowledge on ESC pluripotency and finding the
knowledge gap 1is essential for improving our understanding of development,

differentiation, and somatic cell reprogramming.

1.3.1 Characteristics of pluripotent stem cells

PSCs invariably exhibit two distinct properties; namely, self-renewal and
pluripotency. Self-renewal is the ability of stem cells to generate daughter cells with the
same potencies through cell division. Thus, self-renewal helps the propagation of stem cells
until they receive definitive cues for differentiation. This property is exploited during in
vitro culture and maintenance of PSCs. Pluripotency is the ability of stem cells to
differentiate into all types of cells that comprise an organism. When transplanted or grafted,
PSCs generate all three germ layers; for example, mESCs & iPSCs give rise to teratomas
when transplanted ectopically or contribute to chimeras upon injection into blastocysts.
PSCs are characterized by their expression of surface markers; for example, stage-specific
embryonic antigen-1 (SSEA1) and alkaline phosphatase in the case of mESCs, and these
marker proteins enable easy identification of PSCs by simple staining methods. On the
other hand, the differentiation of PSCs was well studied by making embryoid bodies (EBs).

EBs recapitulate the early events of embryo development in vitro.
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1.3.2 Signaling in pluripotent stem cells:

The early knowledge of maintaining pluripotency in vitro stems from ECCs or
ESCs cultured with feeder cells, in which leukemia inhibitory factor (LIF) was found to be
crucial for ESC self-renewal. LIF is a member of the interleukin-6 cytokine family and
activates the Janus kinase (JAK)-signal transducer and activator of transcription 3 (STAT3)
pathway to maintain self-renewal of ESCs (Niwa et al., 1998). LIF is a glycosylated
polypeptide of about Mr 20,000, and its primary structure is conserved across mammals,
including several N-linked glycosylation sites and cysteine residues, whose disulfide bonds
are the major determinants of the biological activity of LIF across species. LIF is secreted
by various tissues, and it exerts its effect by binding to its cell surface receptor (Metcalf,
1991). LIF receptor (LIFR) is a heteromeric complex with LIFR-f and glycoprotein 130
(gp130) receptor chain(s). LIFR-B has high specificity but low affinity to LIF. Receptor
activation occurs only when the gp130 receptor associates with LIFR-3 upon LIF binding.
Once heterodimerized, activation of LIF signaling leads to the phosphorylation of JAK
family of tyrosine kinases. These JAKs in turn phosphorylate tyrosine residues on the
cytoplasmic domain of gp130. Then, these phosphotyrosine residues recruit Src homology
2 (SH2) domain-containing proteins to JAKs. This interaction activates three possible
signaling cascades: STAT transcription factors, Ras mitogen-activated protein kinase
(MAPK), and phosphatidylinositol-4,5-bisphosphate 3 kinase (PI3K)- protein Kinase B
(AKT) pathways (Chen et al., 2014) (Illustration 1).

Upon activation, STAT proteins dimerize and translocate to the nucleus to exert
their action as a transcription factor. In ESCs, STAT3 is the main protein downstream of
LIF signaling. Dimerized STAT3 translocates to the nucleus and induces the expression of
several genes related to pluripotency, including K/f4, Gbx2, and c-Myc. Some recent
studies suggest that the primary target of STAT3 could be Tfcp2l] because overexpression
of Tfcp211 conferred self-renewal of ESCs in the absence of LIF (Hackett and Surani, 2014).
ESCs cultured in LIF/serum medium form domed colonies are competent in forming
colonies (clonogenicity), and express Oct4, Sox2, and Nanog (heterogeneously) (Hackett
and Surani, 2014). Parallelly, LIF mediated activation of MAPK/extracellular signal-
regulated kinase (ERK) pathway by fibroblast growth factor 4 (FGF4), which has
differentiation-inducing abilities (Kunath et al., 2007; Stavridis et al., 2007) can be blocked
by using a 2 inhibitor (2i) medium (PD0325901, an inhibitor of the MAPK/ERK kinase
(MEK)/ERK pathway, and CHIR99021 an inhibitor of glycogen synthase kinase 3 (Gsk3),
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conferring a ground state of pluripotency to mouse ESCs (Ying et al., 2008). It is of note
that ESCs in the LIF/serum condition fluctuate between alternate states and are prepared

to differentiate as soon as they receive appropriate cues.

1.3.3 Transcription machinery in Pluripotent stem cells:

Downstream to the signaling molecules, transcriptional networks control
pluripotency. A plethora of transcription factors was identified as regulators of
pluripotency. For example, the computational model predicted that a minimal set of 12
factors (OCT4, SOX2, NANOG, ESRRB, SALL4, KLF2, KLF4, GBX2, TFCP2LI, and
STAT3) govern the program of pluripotency and self-renewal in ESCs (Dunn et al., 2014).
These factors form an intricate and autoregulatory network that links signaling molecules
with transcriptional regulation in ESCs (Dunn et al., 2014). Some of these factors are
irreplaceable (OCT4 & SOX2) (Hackett and Surani, 2014) while others (NANOG;
ESRRB; SALL4; KLF4; Zfp42 (REX1)) are not essential (Dunn et al., 2014; Ng and Surani,
2011). OCT4, SOX2, and NANOG form an intricate core pluripotency network. This core
pluripotency network autoregulates its own promoters and occupies promoters of various

pluripotency-related genes.

OCT4 is a Pit, Oct, and Unc (POU) family of transcription factors that contain a
low-affinity POU-specific domain (POUs) and a high-affinity POU homeodomain
(POUnp) (Klemm and Pabo, 1996). It is expressed in primary germ cells, unfertilized
oocytes, and ESCs, offering clues to its transcriptional activity in early embryogenesis
(Scholer et al., 1989; Scholer et al., 1989), and loss of OCT4 was shown to impair the
development of ICM during embryo development (Nichols et al., 1998). Like other OCT
family proteins, OCT4 can activate expression of its target genes by binding to the
octameric motif containing the AGTCAAAT consensus sequence (Palmieri et al., 1994;
Scholer et al., 1990). Oct4 expression is maintained along the early cleavage events and
then becomes restricted in ICM when it disappears in the TE lineage. This may be in part
due to the association of OCT4 and a caudal-type homeobox transcription factor 2 (CDX2),
a TE lineage-inducing transcription factor (Niwa et al., 2000), although a recent single-cell
RNA-sequencing analysis of the blastocyte indicates that a different mechanism may
operate in the developing embryo (Stirparo et al., 2021). OCT4 protein modulates various

other genes of developmental importance by binding to their regulatory regions; for
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example, it induces the expression of FGF4 (Yuan et al., 1995), represses fork head box
Al (FOXAT1l) and A2 (FOXAZ2) proteins (Pan et al., 2002), and regulates primitive

endoderm formation (Palmieri et al., 1994).

SOX2 is another member of the core pluripotency network. It belongs to the high
mobility group (HMG) DNA-binding family of proteins. Since their HMG domain is the
conserved domain also observed in the testis-determining factor Sry, they are termed Sox
(Sry-related HMG box factor) (Bowles et al., 2000). SOX proteins interact with DNA
through its HMG domain. Sox2 is expressed uniformly along with Oct4 in ESCs, and SOX2
activates the expression of OCT4 (Nichols et al., 1998), one of the early known pieces of
evidence of the auto-regulatory loop of the core pluripotency network. OCT4-SOX2
heterodimer binds to the regulatory sequences to promote transcriptional activity (Dailey
et al., 1994; Yuan et al., 1995). Structural studies on related proteins showed that OCT4-
SOX2 heterodimerization is mediated by the direct interaction between POUs and HMG
domains as observed in the complex of OCT1 and SOX2 (Williams et al., 2004).

NANOG is another master regulator of the core pluripotency network. This protein
was first described independently in 2003 by two groups (Chambers et al., 2003; Mitsui et
al., 2003). It is dispensable to pluripotency/self-renewal maintenance but an important
factor in the development stages for the ICM to acquire a pluripotent state. The name,
Nanog, is derived from the Irish and Scottish mythology describing the land of eternal
health and young Tir na nOg (Land of Youth in Irish) because of its ability to contribute to
the self-renewal ability of ESCs (Chambers et al., 2003). Over-expression of Nanog itself
is sufficient to bypass LIF for the self-renewal of ESCs (Chambers et al., 2003).

In addition to these well-known factors for pluripotency, a subset of ancillary
factors are also expressed in ESCs to support and coordinate the core pluripotency network.
These include SALL4, ESRRB, KLF2, KFL4, TBX3, and TFCP2L1. Most of these factors
act directly by associating with the core pluripotency network (van den Berg et al., 2010;
Wang et al., 2006). PRDM14 represses FGF4 signaling and DNA methylation in ESCs
(Hackett and Surani, 2014). PI3K-Akt pathway activates 7hx3 and Nanog (Niwa et al.,
2009). Thus, the pluripotency is maintained and regulated by a network comprised of
OCT4, SOX2, and NANOG (core pluripotency network) supported by external signals and

additional factors acting as co-factors.
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1.4 HYPOTHESIS

One of the major hurdles for generating iPSCs is the activation of the pluripotency
program, without which the quality of generated iPSCs remain poor. Hence, finding ways
to activate this pluripotency program should improve the efficiency of iPSC generation as
well as the quality of iPSCs. Reprogramming involves the introduction of OCT4, KLF4,
SOX2, and c-MYC in somatic cells. When the self-sustained pluripotency network is
established, endogenous Nanog is usually expressed in the derived iPSCs. However,
studies also showed that a mere overexpression of Nanog as one of the exogenous factors
is not sufficient to improve the efficiency of reprogramming. Hence, there is a possible link
between the events leading to activation of the endogenous Nanog gene and the successful
establishment of high-quality iPSCs. Thus, I hypothesize that the understanding the
regulation of Nanog gene expression would provide clues to its induction during

reprogramming.

1.5 STRATEGY
Recent advances in molecular biology introduced various approaches to understand
a regulatory proteome of specific gene locus. These approaches could offer comprehensive

and unbiased identification of regulatory mechanisms of Nanog gene expression.

1.5.1 Locus-specific approach

Proteins associated with a specific DNA sequence have been studied recently using
yeast one-hybrid and nucleic acid affinity isolation with a bait DNA sequence. However,
these methods did not fully capture the protein composition at specific loci. Hence,
proteomics of isolated chromatin segments (PICh) was developed using an antibody
against a protein to isolate associated DNA (Dé¢jardin and Kingston, 2009). Later, another
method called insertional chromatin immunoprecipitation (iChIP) has been developed
(Hoshino and Fujii, 2009). It involves inserting a recognition sequence of a DNA binding
protein LexA near the target locus. Then, the targeted locus was isolated using an antibody
specific to the binding protein. Proteins occupying the purified locus were identified in a
mass spectrometric analysis. However, this method is time-consuming because of the
insertion of recognition sequences into the genome (Hoshino and Fujii, 2009). This led to

the development of engineered DNA binding molecule-mediated chromatin
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immunoprecipitation (enChIP). This method used transcription activator-like (TAL)
proteins that recognize telomeres to isolate proteins bound to telomere repeat regions.
TALs are tagged with an epitope sequence and immunoprecipitated using antibodies
against the specific tag. However, TAL proteins needed to be engineered for each target
locus, this step is laborious and time-consuming (Fujita and Fujii, 2013). Another version
of enChIP exploits the principle of clustered regularly interspaced short palindromic
repeats (CRISPR)-deactivated Cas9(dCas9). A dCas9 tagged with an epitope is bound to
the target locus with the help of guide RNA (gRNA) specific to the target site. Then, dCas9-
bound locus was immunoprecipitated using the antibody against the tag and the proteins
were analysed by mass spectrometry (Illustration 2). Since the manipulation of gRNA was
found convenient, enChIP involving dCas?9 is suitable for my study (Fujita and Fujii, 2013).
Because of its dependency on antibody-mediated precipitation of native chromatin,
specificity of enChIP in a genomic scale is not sufficient . Hence, a more efficient method
of enChlIP involving in vivo biotinylation of dCas9 was developed, termed CRISPR affinity
purification insitu of regulatory elements (CAPTURE). This method combines the
specificity of streptavidin-biotin binding along with the convenience of CRISPR-gRNA

design to isolate target chromatin regions (Liu et al., 2017) (Illustration 2).

1.5.2 Known regulators of Nanog promoter:

After the discovery of Nanog, sequence analysis revealed a composite OCT4-
SOX2 binding motif in the proximal promoter region of Nanog. Electrophoretic mobility
shift assays (EMSA) and chromatin immunoprecipitation (ChIP) assays further confirmed
the binding of OCT4 and SOX2 to this site (Kuroda et al., 2005; Rodda et al., 2005). Co-
regulators like ZFP143 were also identified to regulate Nanog expression by modulating
OCT4 binding to the Nanog promoter region. siRNA knockdown of ZFP143 decreases
Nanog promoter activity and self-renewal of mES cells, indicating the dependency of
OCT4 on ZFP143 (Chen et al., 2008). On the other hand, a set of specificity protein
transcription factors (SP1 and SP3) was found to directly bind to a different site on the
Nanog promoter and regulate Nanog expression (Wu and Yao, 2006). A more recent study
showed that protein BRD4 regulate Nanog in mESCs (Liu et al., 2014). However, some
proteins including TP53 were found to suppress Nanog expression in the event of
differentiation and DNA damage (Lin et al., 2005). This search for finding regulators of
Nanog revealed that SALL4 binds to the enhancer region of Nanog. Interestingly, SALL4
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was found to be able to activate the transcription of Nanog in somatic cells (Wu et al.,
2006) unlike OCT4 and SOX2 (Kuroda et al., 2005; Rodda et al., 2005). Known Nanog

promoter regulatory proteins were illustrated (Illustration 3)

One notable phenomenon of Nanog transcription is its stochastic promoter
induction, monoallelic activation, and expression noise (Ochiai et al., 2014). NANOG is
one such regulatory protein, which auto-represses its transcription when its level reaches a
defined level (Navarro et al., 2012). Further, Nanog showed monoallelic expression in
mESC cultures with serum and a biallelic expression in the 2i medium (Ficz et al., 2013;
Miyanari and Torres-Padilla, 2012), although heterogeneous expression of Nanog is found
in 21 cultures as well. This noise is probably caused by both intrinsic and extrinsic factors
(Ochiai et al., 2014). It is believed that heterogeneous expression of Nanog would allow
mESCs to switch from self-renewal to a differentiation program (Chambers et al., 2003,
2007; Navarro et al., 2012; Nichols et al., 2009) Thus, a comprehensive understanding of
transcription at the Nanog promoter is necessary to shed light on how ESCs maintain self-

renewal and pluripotency as well as conversion between the two states.
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2. RESEARCH PURPOSE

I aimed to understand the mechanisms and identify regulatory proteins that
modulate pluripotency. Nanog gene expression is correlated with the acquisition of
pluripotency, and NANOG is considered a hallmark/gateway of pluripotency (Chambers
et al., 2007; Silva et al., 2009). Hence, I baited the Nanog gene promoter region with
CAPTURE in mouse ESCs and purified the Nanog gene interacting proteome by affinity
purification. Further, these proteins were identified by mass spectrometry. Then I evaluated
the role of proteins that function related to gene expression in self-renewal and pluripotency
of mESC and somatic cell reprogramming. The impact of this research is two-fold.

1. Identifying regulatory proteins of Nanog gene transcription might uncover new
mechanisms controlling pluripotency, especially outside the core pluripotency
network.

2. Understanding regulatory mechanisms of Nanog transcription and/or pluripotency
network would provide clues to improving reprogramming strategies and bring

iPSCs much closer to the application in regenerative medicine.
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3. MATERIALS AND METHODS
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3.1 Cell culture

EB5 mouse embryonic stem cells (mESC) were obtained from RIKEN BRC
(Tsukuba; Japan) and were cultured in Dulbecco’s Modified Eagle Medium (DMEM) high
glucose (Nacalai Tesque) supplemented with 15% Fetal Bovine Serum (FBS) (Gibco), 100
mM Non-Essential Amino Acids, 50 mM B-Mercaptoethanol, 1000 U/mL LIF, and 1%
Penicillin/Streptomycin solution. For making EBs, mouse ES cell medium without LIF was
used. NIH3T3 cells, HEK293T cells, Plat-E cells, and mouse embryonic fibroblast (MEF)
cells were cultured and maintained in DMEM medium (DMEM High Glucose
supplemented with 10% FBS and 100 U/mL Penicillin/Streptomycin solution). For
differentiation, EB5/ReKO (EB5 Rex1-hKO knock in) were cultured in a DMEM medium
with 5 uM of retinoic acid (Sigma). All cultures were maintained at 37°C, with 5% COa.

3.2 Cloning and plasmid construction

Vectors expressing dCas9 (pEF 1a-FB-dCas9-puro) and E.coli Biotin ligase (BirA)
(pEFla-BirA-V5-neo) were purchased from Addgene. Neomycin-resistant gene and
Keima Red (KR) were cloned from pcDNA3 (Invitrogen) and complementary DNA
(cDNA) of Sendai virus defective persistent (SeVdp) vector SeVdp (KR/Bst/EGFP/KO)
encoding KR gene, Blastidicn resistance (Bsr) gene, enhanced green fluorescent protein
gene (EGFP), and a Kusabira-Orange (KO) gene (Nishimura et al., 2011), respectively.
Further, the open reading frames (ORFs) of these genes were amplified by polymerase
chain reaction (PCR), and the amplified products were gel purified by a QIAEX II Gel
Extraction Kit (Qiagen). Then the purified fragments were cloned into SeVdp vector cDNA
using In-Fusion HD Cloning Kit (TAKARA) to obtain SeVdp(dCNBR). On the other hand,
gRNA (including scaffold) or short hairpin RNA (shRNA) were cloned into pMCsAYY 1-
U6-Puro (Aizawa et al., 2022) containing U6 promoter with puromycin resistant gene
expressed under phosphoglycerate kinase (PGK) promoter. Briefly, annealed gRNA and
shRNA fragments were inserted into the Bbsl and EcoRI-BamHI sites, respectively. The
oligonucleotide sequence of gRNA (Table 1) and shRNA (Table 2) used in this study were
tabulated.

For a lentiviral vector expressing far upstream binding protein 1 (Fubp1), the mouse

Fubpl gene fused with a FLAG-tag was cloned by PCR into pCW57.1 (Addgene). Primers
used for the PCR (Table 3) were tabulated.
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For checking Cas9 recruitment efficiency of gRNAs, I inserted gRNA into pX330-
U6-Chimeric-BB-CBh-hspCas9 (Addgene) plasmid at BbsI site. An EGFP donor vector
was generated by amplifying 410 bp of Nanog promoter by PCR using the primers (Table
4) and infused into pCAG-EGxxFP (Addgene) at Sall restriction enzyme site.

3.3 Production of Sendai viral vector

SeVdp vectors were produced as described previously (Nishimura et al., 2011).
Briefly, 2 ug of SeVdp ¢cDNA and other plasmids (NP, P, M, F, HN, and L) encoding for
Sendai virus (SeV) proteins were transfected into BHK/T7/151M(SE) cells in a 6-well
plate using Lipofectamine LTX Plus reagent (Invitrogen). After one day of incubation,
cells were trypsinized and seeded onto a 100 mm plate and cultured at 32°C for 5 days. On
the 6™ day, cells were dissociated using cell dissociation buffer (Gibco) and plated onto 6-
well plates. These were further incubated at 37°C, 5% CO: for 24 hours. Then these cells
were transfected again with SeV structural proteins (M, F, and HN) to enhance the
packaging and release of viral particles into the culture medium. After 24 hours, culture
plates were transferred to 32°C for 5 days. Finally, the culture supernatant containing viral
particles was collected and filtered through a 0.45um cellulose acetate filter, snap-frozen

in liquid N2, and stored at -80°C until use.

3.4 Production of Retroviral vector

Constructed retroviral vector plasmids were transfected into Plat-E cells by
Lipofectamine 2000 (Invitrogen). Briefly, 2 ug of the plasmid was mixed with 10 pL of
Lipofectamine 2000 and 500 pL of Opti-MEM medium (Invitrogen) and incubated for 5
minutes at room temperature. After incubation, the transfection mixture was layered on 2
x 10° Plat-E cells in each well of the 6-well plate. Further, these cells were cultured
overnight with DMEM High Glucose supplemented with 10% FBS. The medium was
changed to DMEM High Glucose supplemented with 10% FBS and 1%
Penicillin/Streptomycin solution on the other day and the cells were left undisturbed for
the next two days. On day 3, the medium containing the viral vectors was collected by
passing supernatant through a 0.45um cellulose acetate filter. Thus, the collected retroviral

particles were stored at -80°C until further use.
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3.5 Transduction of viral vectors

Target cells were transduced with the respective retroviral vector based on the
purpose of each experiment. In short, a 1:1 mixture of retroviral vector and the respective
medium was mixed and supplemented with a final concentration of 8 pg/mL Polybrene.
This mixture was added to respective cells and was incubated at 37°C, 5% CO; for 14-16
hours, and the medium was replaced with a fresh culture medium. After 24 hours of adding
fresh culture medium, cells were trypsinised and transferred to a medium containing
respective drugs. Infected cells were obtained after 2-3 days or 7 days of selection with
Puromycin (2 pg/mL) or Neomycin (600-1200 pg/mL), respectively. In the case of mES
cells, the transduction protocol was modified to increase the transduction efficiency. Cells
were centrifuged at 1500 rpm for 40 minutes at room temperature after the addition of the

transduction mixture, then transferred to the incubator (Bui et al., 2019).

A 1:1 mixture of SeV viral particle with respective culture medium was left to sit on
the cells for 16 hours at 32°C for virus infection to the target cells. Infected cells were

selected by Neomycin (800 pg/mL for mESCs and 1000 pg/mL for NIH3T3 cells) drug.

3.6 CAPTURE of Nanog promoter

mESCs or NIH3T3 cells expressing dCas9, BirA, and gRNA were expanded under
described culture conditions. About 1 x 108 cells were collected with formaldehyde fixation.
Briefly, to 7 mL of culture medium, 1% Formaldehyde was added and incubated at room
temperature for 10 minutes. Then the formaldehyde was quenched with 0.125 M Glycine
for 5 minutes while shaking at room temperature. Now, the cells were washed twice with
ice-cold PBS and collected using a cell scraper in a 15 mL centrifuge tube by centrifugation
at 2500 rpm for 5 minutes. These cell pellets can be stored at -80°C until further use. To
isolate chromatin, cells were resuspended in 10 mL of cell lysis buffer (25 mM tris
hydrochloride (Tris-HCI), 85 mM KCl, 0.1% Triton X-100, pH 7.4, freshly added 1 mM
dithiotreitol (DTT), and 1:200 proteinase inhibitor cocktail (Sigma)) and rotated at 4°C for
15 minutes on a rotary mixer. To isolate nuclei, cells were centrifuged at 2,300 x g for 5
minutes at 4°C, and the supernatant was carefully removed without disturbing the pellet.
The pellet was suspended in 5 mL nuclear lysis buffer (50 mM Tris-HCI, 10 mM
ethylenediaminetetraacetic acid (EDTA), 4% sodium dodecyl sulphate (SDS), pH 7.4,
freshly added 1 mM DTT, and 1:200 proteinase inhibitor cocktail) and incubated for 10

minutes at room temperature. Nuclei suspension was then mixed with 15 mL of 8 M urea
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buffer and centrifuged at 16,100 x g for 25 minutes at room temperature. Nuclei pellets
were then resuspended in 5 mL nuclear lysis buffer and mixed with 15 mL of 8M urea
buffer and centrifuged at 16,100 x g for 25 minutes at room temperature. The samples were
washed twice with 5 mL nuclear lysis buffer and mixed with 15 mL of 8 M urea buffer,
followed by centrifugation at 16,100 x g for 25 minutes at room temperature. Pelleted
chromatin was then washed twice with 5 mL cell lysis buffer. Chromatin pellet was
resuspended in 5 mL of IP binding buffer without NaCl (20 mM Tris-HCI (pH 7.5), 1 mM
EDTA, 0.1% Nonidet P (NP)-40, 10% glycerol, freshly added proteinase inhibitor) and
aliquoted into Eppendorf tubes. The chromatin suspension was then subjected to sonication
to an average size of 300 - 500 bp on the Branson Sonifier 450 ultrasonic processor (10%
amplitude, 0.5 seconds on 1 second off for 1 minute). The fragmented chromatin was
centrifuged at 16,100 x g for 25 minutes at 4°C. The supernatant was combined and
150 mM NaCl was added to the sheared chromatin. To prepare the streptavidin beads for
affinity purification, 25 pL of streptavidin magnetic beads (Life Technologies) were
washed 3 times with 1 mL of IP binding buffer and added to the soluble chromatin. After
overnight incubation at 4°C, the streptavidin beads were collected using a magnetic stand.
The beads were then washed 5 times with 1 mL of IP binding buffer with 150~300 mM
NaCl. The collected chromatin was analyzed in CAPTURE-quantitative PCR (qPCR) or

proteomic approach.

3.7 CAPTURE-gqPCR

The Nanog promoter region was captured as described above. After, overnight
incubation and washing, streptavidin beads were eluted using 80 uL. of SDS elution buffer
(1% SDS, 10 mM EDTA, 50 mM Tris-HCI, pH 8.0) and incubated at 85°C for 10 minutes.
The eluted fraction was separated from beads using a magnetic stand. The eluted samples
were incubated at 65°C overnight to reverse cross-linking. DNA fragments were purified
Phenol/Chloroform/Isoamyl alcohol treatment followed by ethanol precipitation. Primers
targeting Nanog promoter (Table 5) were used for qPCR analysis, and enrichment was

quantified relative to non-specific gRNA (gRNA4)-expressing samples.

3.8 CAPTURE-proteomics

For proteomics analysis, the beads were washed twice in IP binding buffer without
NP-40 and treated with trypsin (Promega) overnight at 37°C, followed by purification
using SPE C-TIP-T300 (Wako). Peptide analysis by liquid chromatography tandem mass
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spectrometry (LC/MS/MS) was performed as described previously (Bui et al., 2019;
Chronis et al., 2017).

For western blotting, beads were eluted for proteins by directly adding 2X sample
buffer (50 mM Tris-HCI (pH 6.8), 2% SDS, 10% Glycerol, 0.1 mg/mL bromophenol blue,
5% 2-mercaptoethanol) and incubating at 100°C for 5 minutes. Thus, eluted proteins were
loaded through an 8% SDS-PAGE gel in a 2X sample buffer at 70-120 volts until separated.
Later, these gels were layered with PVDF, and proteins were transferred onto the
membrane using a semi-dry blotting system. Further, the poly vinylidene difluoride
(PVDF) membrane was blocked in 5% skim milk prepared in tris buffered saline with
tween 20 (TBS-T) (25 mM Trizma base, 140 mM NacCl, 0.0005% KCI, 0.1% Tween 20)
for a minimum of one hour at room temperature. Then the membrane was washed followed
by incubation at 4°C overnight with primary antibody (diluted in TBS-T to a final
concentration of 1 pg/mL). These blots were washed twice followed by incubation with
horse radish peroxidase (HRP) conjugated secondary antibody (diluted in TBS-T to a final
concentration of 1 ug/mL) at room temperature for 2 hours. Finally, blots were developed

using chemiluminescence and visualized under Fusion Fx7.Edge system (Vilber Lourmat).

3.9 Gene Ontology (GO) analysis

mRNA expression profiles of proteins identified by the proteomics were obtained
from published data (Chronis et al., 2017), and mESC/MEF ratio of the profiles was plotted
by a custom R script that is available on GitHub (https://github.com/akikuno/iPS-
proteomics). Proteins expressing highly in mESC (mESC/MEF > 2) were selected for
further analyses. GO Term Finder (Boyle et al., 2004) was used for GO analysis of the
highly expressed proteins.

3.10 Fluorescence-Activated Cell sorting (FACS)

For FACS, cells were collected by trypsinization, and by gentle pipetting, a single-
cell suspension was made. Cells were passed through a 1 um nylon mesh filter to remove
any clumps. The filtered suspension was supplemented with 2 pg/mL Propidium Iodide
(PI) dye to distinguish live cell from dead cells. PI(-) cells were sorted as live cells by
MoFlo XDP (Beckman).
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3.11 RNA extraction & reverse transcription

RNA was extracted from RNeasy Mini Kit (QIAGEN) unless mentioned by
following the manufacturer's guidelines. Once eluted, RNA was mixed with 1 pL of 10
mM deoxyribonucleotide triphosphate (ANTP) mix and 1 uL of 50 ng/uL random primers,
followed by heating at 65°C for 5 minutes and on ice for 5 minutes. 5X First-Strand Buffer,
0.1 M DTT, RNaseOUT™ Recombinant RNase Inhibitor, and SuperScript™ III RT were
added to the mixture, which was incubated at 25°C for 5 minutes and 50°C for 60 minutes.
The reaction was inactivated by heating at 70°C for 15 minutes, and the synthesized cDNA

was stored at -20°C until use.

3.12 qPCR analysis

PCR was performed in a 10 pL reaction containing 1 pL of 10-fold dilution of
cDNA, 0.04 pL each of 50 uM forward and reverse primers, and 5 uL. of GoTaq qPCR
master mix (Promega), using 7500 Fast Real-Time PCR system (Applied Biosystem). A
housekeeping gene, TATA-binding protein (TBP), was used as an internal control. Primers

for qPCR are listed in Table 6

3.13 Microscopy & Image analysis

Whole well good images of EB5/ReKO cells with shRNA’s were obtained by
multi-point capture setting in BZ-X710 (Keyence) microscope and the raw images were
stitched to get a final whole well image. Images were captured in brightfield and
fluorescence filters separately. Fluorescent images were analyzed for intensities using the
Image Analyzer program in BZ-X710 (Keyence). Briefly, for each image measurement
area was set to cover the whole well. To remove background, threshold fluorescence was
set as hue:255; brightness 40-125; tolerance:20. Then edge smoothening was applied, and
the areas larger than 1500 um? were extracted as colonies. Then the Image Analyser
program automatically perform quantification of colony numbers and fluorescence

intensities. This data was further analyzed in Microsoft-Excel worksheet.
Graphing of the analyzed data was prepared using Graphpad Prism v8.0.

Immunofluorescent images were captured using AxioObserver microscope (Zeiss) and the

data was processed using Axiovision software (Zeiss).
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3.14 Immunofluorescence

To visualize the target protein in the cells, cells growing in monolayer were gently
washed with phosphate-buffered saline (PBS) and incubated for 10 minutes at room
temperature in the presence of 3.7% formaldehyde. The fixed cells were washed again with
PBS and incubated for 10 minutes at room temperature in PBS containing 0.1% NH4CL
The cells were then permeabilized by incubation for 5 minutes at room temperature in the
presence of 0.1% Triton X-100. The cells were then washed with PBS, overlaid with
primary antibody diluted in 0.1% Saponin (in PBS) to the required dilution, and incubated
for 60 minutes at room temperature. The cells were washed with PBS, and, after the
addition of a secondary antibody, the cells were incubated for 30 minutes. Nuclei were
counterstained with 4',6-diamidino-2-phenylindole (DAPI) using Fluoro-KEEPER
Antifade Reagent (Nacalai).

3.15 Statistical analysis

Replicate samples were analyzed for statistical significance using a student ¢-fest.
Fluorescence intensity measurements were tested for significance groups using one-way
analysis of variance (ANOVA) in GraphPad Prism v8.0. A value of P < 0.05 was regarded

as statistically significant.
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4. RESULTS
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4.1 Generation of cells expressing CAPTURE components

To identify proteins that regulate Nanog gene transcription in mESCs, I relied on
the previously described CAPTURE method (Liu et al., 2017). To that end, dCas9 and
BirA genes were cloned into a SeV vector backbone along with genes for neomycin
resistance and KR fluorescence. A FLAG tag and a biotin acceptor site were added to the
N-terminus of the dCas9 protein (Figure 1A). The obtained SeVdp(dCNBR) Sendai virus
was transduced into EB5S (mESC) and NIH3T3 cells using the protocol described before
(Nishimura et al., 2014) (Figure 1A). After 3 days of transduction, infected cells were
selected by neomycin treatment to obtain EBS/dCNBR and NIH3T3/dCNBR cells. Thus,
obtained cells showed KR fluorescence as expected (Figure 1B). Then, the expression of
dCas9 and BirA as well as in vivo biotinylation in EBS/dCNBR and NIH3T3/dCNBR cells
were verified with affinity conjugation of with Avidin-488. This data confirmed the
expression of dCas9, BirA, and proper biotinylation of dCas9 in vivo (Figure 1C). Then,
biotin-labeled dCas9 was affinity purified using Streptavidin Dynabeads (Thermo Fisher
Scientific) and the dCas9 enrichment was confirmed by western blotting (Figure 1D). Thus,

I obtained cells that can be utilized for capturing the locus-specific proteome.

4.2 gRNAs efficiently recruit Cas9 to the target site

Because of its important roles in pluripotency maintenance and acquisition, the
Nanog promoter was used as a bait for locus-specific proteome capture. To recruit dCas9
and purify the Nanog promoter region, three specific gRNAs (gRNAI, 2, and 3) were
designed using the CRISPRdirect (https://crispr.dbcls.jp/) tool. Care was taken to avoid
gRNAs interfering with the OCT4-SOX2 consensus binding region on the Nanog promoter
(Figure 2A). The ability of these gRNAs to recognize the target and recruit Cas9 protein
was screened as described previously (Mashiko et al., 2013). All gRNAs generated EGFP
fluorescence by homologous recombination, (Figure 2B) confirming their ability to recruit
Cas9 protein to their target site. Thus, I used all three gRNAs to purify the Nanog promoter
along with a gRNA against the yeast Gal4 gene (Liu et al., 2017) as negative control
(gRNA4).

4.3 Enrichment efficiency of dCas9 on the Nanog promoter in mESCs and

fibroblasts
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For dCas9-based purification of the Nanog promoter, retrovirus expressing
individual gRNAs under the U6 promoter (Figure 3A) were transduced to EB5S/dACNBR
and NIH3T3/dCNBR cells as described previously (Bui et al., 2019). After infection and
selection of infected cells by puromycin, the morphology (Figure 3B) of EB5/dCNBR cells
indicate that the dCas9-gRNA complex did not interfere with the mESC properties. Further,
the target enrichment efficiency of the gRNAs was verified by affinity purifying dCas9
bound to chromatin using Streptavidin Dynabeads and quantifying Nanog promoter by
CAPTURE-gPCR. The enrichment efficiency of gRNA2 was higher than the other two
(Figure 3C). Interestingly, fibroblast cells (NIH3T3) showed enrichment of Nanog
promoter with gRNA1 (Figure 3D) indicating the possible difference in dCas9 accessibility
based on their respective chromatin status (Yarrington et al., 2018). Because gRNA?2 did
not exhibit transcriptional interference of Nanog gene (Figure 3E) while enriching Nanog
promoter efficiency, [ used gRNA2 for the CAPTURE-proteomics experiment. Thus, using
the CAPTURE system, I successfully collected Nanog promoter DNA.

4.4 CAPTURE purification of Nanog promoter interacting proteome

Now to identify proteins that may regulate Nanog expression, I isolated soluble
chromatin from approximately 1x10® EB5/dCNBR cells expressing gRNA2 or gRNA4 and
subjected them to affinity purification using Streptavidin Dynabeads (Figure 4A). Briefly,
chromatin was treated with Streptavidin Dynabeads (Thermo Fisher Scientific) and
processed as described in materials and methods (Section 3.6). Then, the beads were
subjected to on-bead trypsin digestion to identify proteins using LC/MS/MS. Enriched
proteins were filtered out among gRNA2 and gRNA4 to obtain a total of 325 proteins
(Figure 4B) (Table 7) specific to the Nanog promoter. Of these 325 proteins, some were
previously known to occupy the Nanog promoter including Tripartite motif-containing 28
(TRIM28) protein (Hu et al., 2009; Seki et al., 2010), Thyroid Hormone Receptor
Associated Protein 3 (THRAP3), and BCL2 Associated Transcription Factor 1 (BCLAF1)
(Knaupp et al., 2020) (Figure 4B). However, well-known Nanog promoter-occupying
proteins including OCT4 and SOX2 were not enriched in my CAPTURE proteome. Thus,
I isolated previously known and new proteins from the Nanog promoter region. To verify
the relevance of the candidate proteins in pluripotency, I compared the expression levels
of these proteins between MEFs and mESCs from the published RNA-Seq data (Chronis
etal., 2017). This revealed that nearly 34% of the isolated proteins have a higher expression
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(2-fold) in mESCs over MEFs (Figure 4C), suggesting that the isolated proteins may have
a function in pluripotency. GO analysis of the highly expressed proteins, using GO Term
Finder (Boyle et al., 2004) showed that enriched proteins have functions related to RNA
metabolism, splicing, gene expression, and cellular homeostasis (Figure SA). These results
indicate that the isolated proteins have distinct roles in pluripotency and mESC
homeostasis. To explore novel regulatory mechanisms in Nanog gene transcription and
pluripotency, I choose proteins that have functions related to aspects of gene regulation
(Figure 5A). Briefly, proteins from metabolic processes were excluded first to obtain 73
proteins that includes proteins from RNA splicing, RNA processing, ribo-nucleoproteins,
and gene expression. Of 73 proteins, 22 proteins showed DNA binding or DNA binding
transcription factor binding activity. Six proteins among the 22 have previously described
roles in transcriptional regulation including BCLAF1 (Vohhodina et al., 2017), Far
upstream binding protein 1 (FUBP1) (Hoang et al., 2019), Parkinsonism Associated
Deglycase (PARK7) (Vasseur et al., 2009), PC4 And SRSF1 Interacting Protein 1 (PSIP1)
(Singh etal., 2017; Sono et al., 2018), and THRAP3 (Sono et al., 2018). In addition, a DNA
repair protein MutS Homolog 6 (MSH6) has been shown to cooperate with OCT4 in mice
(Ding et al., 2011; Pardo et al., 2010) and human ES cells (Huang et al., 2021). Because of
their functions in gene expression (Table 7), I wanted to understand its role in Nanog gene
regulation. To re-confirm the occupancy of the candidate proteins on the Nanog promoter,
a ChIP-qPCR was performed with antibodies against each chosen protein in mESCs.
Observed Nanog promoter enrichment suggests the occupancy of these proteins except for
FUBPI1 (Figure 5B). The reason for no enrichment in FUBP1 could be the compatibility of
the antibody used for ChIP. Hence, I expressed FUBPI1 fused with 3xFLAG under the
control of doxycycline inducible system and verified its expression in a western blot
(Figure 5C). When ChIP was performed using an anti-FLAG antibody, FUBP1 showed
enrichment of Nanog promoter was significantly higher than the background (Figure 5D).
Thus, I have identified known and new proteins that bind to the Nanog promoter using the
CAPTURE method. Now, I ought to understand the function of these proteins on the Nanog

gene transcription and pluripotency.

4.5 Knockdown of candidate proteins affects the self-renewal ability of mESC
To monitor pluripotency in mESCs during analyses of Nanog expression and
pluripotency regulation by candidate proteins, I used a pluripotency reporter cell line which

had been produced in our lab. In this mESC cell line, Zfp42 (Rex1) OREF is replaced with
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humanized KO (hKO) fluorescent gene because Zfp42 (Rexl) expression is tightly
correlated to pluripotency. Thus, these cells exhibit hKO fluorescence in pluripotency

maintenance conditions. These mES were named as EB5/ReKO

Next, to determine the regulatory role of candidate proteins on Nanog gene
expression and the self-renewal ability of mESCs, I designed a pair of retroviruses that
express sShRNA against each candidate protein and transduced them into EB5/ReKO cells
(Figure 5A). shRNA’s against Oct4 (shOct4) and Luciferase (shLuc) was used as positive
and negative control, respectively. Two shRNA for each candidate protein and one Oct4
that showed a significant knockdown of the candidate gene were used in the further
analysis (Figure 6A). Then the effect of knockdown on the pluripotency properties of the
EB5/ReKO cell line was tested. First, I checked if the downstream effect of knockdown
was noticeable on day 5, and no difference in hKO fluorescence (Figure 6B) or expression
of pluripotency genes, Nanog and Oct4, was observed on day 5 after shRNA transduction
(Figure 6C & 6D). The self-renewal ability was quantified based on colony number and
hKO fluorescence intensity as described in Materials and Methods (Figure 6E). Thus, to
assess the function of candidate proteins on the self-renewal ability of mESCs, 1 x 103
shRNA expressing EB5/ReKO cells were sorted using an MD-Cell sorter onto a 0.1%
Gelatin coated 96-well tissue culture plate on day 5 after knockdown (Figure 7A). Except
for shRNA against Bclafl and Fubpl, cells expressing shRNA against all candidate
proteins formed a significantly smaller number of colonies as compared to the background
(Figure 7B & 7C), indicating loss of the colony-forming ability of mESCs. However, the
intensity of hKO fluorescence shows a significant increase in fluorescence levels in
knockdown of Thrap3, Psipl, Park7, and Oct4 (Figure 7D). This increase in fluorescence
could be due to the compact shape of the survived mESC colonies. qPCR analyses of
available colonies on day 7 showed a significant loss of pluripotency gene expression
(Nanog, Oct4, and Rexl) in Fubpl knockdown cells compared to control (Figure 8 A-C)
along with the loss of hKO fluorescence (Figure 7D). Knockdown of Psip! showed loss of
Nanog (Figure 8A) and Oct4 (Figure 8B) gene expression, although not significant.
Knockdown of Thrap3 exclusively showed a reduction of Nanog (Figure 8 A) but no other
pluripotency gene expression. These results recapitulate the significance of the candidate
proteins in regulating Nanog gene expression as well as pluripotency of mESC. Although
the candidate proteins occupy Nanog promoter, knockdown of these proteins did not exert

a significant effect on Nanog transcription except for Fubpl. On the other hand, most
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knockdowns reduced colony numbers except for Fubpl. This indicates that FUBP1 has a

functional role in pluripotency maintenance in mESCs.

4.6 Effect of the candidate proteins on mESC exit from pluripotency

Next, I asked if the candidate proteins have any role in mESC exit from
pluripotency when LIF is removed. To this extent, I sorted 1 x 10° shRNA-expressing
EBS5/ReKO cells onto each well of gelatin-coated 96 well plates using an MD-Cell sorter
and cultured with mES medium with LIF. After 2 days, the medium was replaced with
mES medium without LIF and cultured for seven days (Figure 9A). EB5/ReKO cells
reduced hKO fluorescence (Figure 9B), and pluripotency gene expression in control
shRNA cells by 52%, 68%, and 55.5% in Nanog (Figure 9C), Oct4 (Figure 9D), and Rex/
(Figure 9E) genes indicating that mESCs exited from pluripotency. Interestingly, upon the
knockdown of Park7 or Thrap3 mESCs did not exit from pluripotency as efficiently as the
control cells (Figure 9C & 9D) suggesting that PARK7 and THRAP3 are necessary for
switching off self-renewal program and initiating differentiation when LIF is removed.
Thus, from the Nanog promoter capture, I have identified novel regulators of mESC self-

renewal maintenance and differentiation initiation.

4.7 Effect of the candidate proteins on differentiation via EB formation
Knockdown of candidate proteins showed various effects on self-renewal and early
phase of differentiation of mESCs. To further explore the role of the candidate proteins on
embryonic development, I used shRNA expressing EB5/ReKO cells to test their effect on
the formation of EBs, which recapitulates some aspects of early embryogenesis. Five days
after transduction of each shRNA expressing vector and drug selection, the cells were
trypsinized and hKO" cells were sorted into 96-well v-bottom plates to allow formation of
EBs (Figure 10A). These EB’s were cultured for the next 7 days with intermittent medium
change. Growth of EB, as estimated by their lateral diameter, showed significantly slower
growth in EBs in which Thrap3, Psipl, and Msh6 were knocked down, like knockdown of
Oct4 (Figure 10B-D), which indicates their supportive roles in EB development. I then
analyzed the expression of differentiation markers including Fgf5 a marker for epiblast
development; Gata6, a marker for primitive endoderm; and mesenchyme homeobox 1
(Meox1), a marker for mesodermal differentiation. No consistent or significant difference

in the Fgf5 gene was observed either on day 4 or day 7 EBs (Figure 11A). A significant
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decrease in Gata6 expression was observed for all gene knockdown on day 7 EB (Figure
11B), indicating that they may be important for primitive endodermal formation.
Knockdown of Thrap3, Psipl and Oct4 significantly decreased Meox! expression (Figure
11C), indicating their roles in the differentiation of the mesodermal lineage. The candidate
proteins thus exhibited various levels of regulation on mESC self-renewal, differentiation
initiation, and embryonic development implying that CAPTURE enables the purification
of regulatory proteins in mESCs.

4.8 Effect of the candidate proteins on somatic cell reprogramming

Reprogramming of fibroblasts to iPSCs enables an understanding of various
regulatory mechanisms of pluripotency. To study the significance of candidate proteins in
somatic cell reprogramming, I used the Stage Specific Sendai virus based (3S)
reprogramming system (Figure 12A) (Nishimura et al., 2014). In this system, a Sendai viral
vector SeVdp(fKg-OSM) expresses four reprogramming factors and KLF4 was fused with
the destabilization domain (DD) and FLAG tag, which can be stabilized by adding Shield1
(Nishimura et al., 2014). Immunostaining of FLAG enabled to monitor the infectivity of
the SeVdp(fKg-OSM) viral vector (Figure 12B). A low amount of KLF4 in the absence of
Shieldl generates a low pluripotent iPSCs, and 100 nM of Shield] maintains the protein
level of KLF4 same as wild type, enabling generating of iPSC cells with full pluripotency
(Figure 12C).

To test the roles of the candidate proteins in reprogramming, I infected MEFs with
retrovirus expressing sShRNA specific to each candidate mRNA. shRNA-expressing MEFs
were selected for 5 days (Figure 13A) and reprogrammed for 28 days with SeVdp(fK-
OSM) vector by adding either shO or sh100 nM of Shield1 into the medium. At 28 days of
reprogramming, iPS colonies were analyzed for the expression of pluripotency genes
(Figure 13A). Knockdown of Park7 induced expression of pluripotency genes Nanog, Oct4
and Rex/ in both Low-K and High-K iPSCs (Figure 13B). Knockdown of Psipl and Thrap3
induced expression of Nanog (Figure 13B) both in Low-K and High-K cells. Whereas
knockdown of Msh6 significantly reduced the expression of Nanog even in High-K cells
(Figure 13B). Interestingly, knockdown of Fubp1, significantly induced Rex/ expression
(Figure 13B). Overall, knockdown of candidate proteins in somatic cell reprogramming

suggests that PARK7, PSIP1, and THRAP3 could be reprogramming roadblocks.
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Hence, from my analysis on proteins identified from the Nanog promoter proved to
exhibit different levels of regulation from self-renewal maintenance to embryonic

development and somatic cell reprogramming.
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5. DISCUSSION
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In this study we purified proteins that have a role in Nanog transcription and
pluripotency maintenance, development, and reprogramming using a dCas9-based
approach. This is the first of its kind locus-based proteomic approach to an important
pluripotency promoter using the CRISPR-based approach (Knaupp et al., 2020; Liu et al.,
2017). Affinity purification resulted in 325 proteins, of which the majority of highly
expressed (>log2) proteins have functions related to RNA splicing and mRNA metabolism.
These results revealed a different proteome from the recent Nanog proteome purified using
transcription activator like effector (TALE) based approach (Knaupp et al., 2020),
indicating the differences in the approaches and the insufficiency of either approach in
purifying a complete protein complex from a promoter site. We applied a single gRNA-
based proteome purification, which might have revealed a rare interactome of the Nanog
promoter (Liu et al., 2017). Nevertheless, we identified proteins BCLAF1, FUBP1, MSH6,
PARK?7, PSIP1, and THRAP3; which are highly expressed in mESCs with function in gene

expression and showed binding to the Nanog promoter.

My data (Figure 7 & 8) indicate that the FUBP1 could be an essential factor in the
expression of pluripotency genes in mESCs. However, knockdown of Fubp1 has no effect
on the number of mESC colonies formed; and EB size compared with the control agreeing
that the absence of FUBP1 has no differences in cell-cycle progression in mESCs (Wesely
et al., 2017). Recent studies implied that the DNA repair couples transcription regulation
is prominent in mESCs (Fong et al., 2011). One study showed that a DNA repair complex
directly coordinates and acts as a co-activator for OCT4-SOX2 heterodimer in mESCs
(Fong et al., 2011). MSH6 purified in this study has been implicated in co-purified with
OCT4 in mice (Ding et al., 2011; Pardo et al., 2010) and human ESCs (Huang et al., 2021).
However, in this study, we reported first time the function of this protein in Nanog gene
transcription and pluripotency. MSH6 decreases transcription of methylation rich sites by
recruiting DNA Methyltransferase 1 (DNMT1) and the knockdown of either MSH6 or
DNMTT1 abolishes the transcription inhibition at sites of oxidative damage (Ding et al.,
2016) a phenomenon partly true to the increased expression of some genes after Msh6
knockdown in my study. PARK7, PSIP1, and THRAP3 showed functions related to
switching off pluripotency gene expression when LIF was removed. These proteins also
behaved as barriers to the induction of pluripotency gene expression during somatic cell
reprogramming. Candidate proteins from Nanog promoter exhibited a role in embryo

development via the EB formation experiment. These proteins seemed to be important for
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proper growth as evident from the smaller EBs. The retarred growth of EBs can be
attributed to the loss of nutrient assimilation because the EBs with knockdown proteins
cannot express Gata6 a primitive endoderm marker. Primitive endoderm was shown to be
a vital extraembryonic layer contributing to the yolk sac formation and as a nutrient
absorption source for embryo development (Ross & Boroviak, 2020). Thus my data re-

implying the function of these proteins in the transcriptional outcome of pluripotent cells.

In other cell types, functions of these candidate proteins were reported to be
involved in RNA-related cellular processes and have functional similarities with RNA
binding proteins (RBPs). FUBP1 is a single-strand DNA and RNA binding protein, that
has functions in regulating transcription (Hoang et al., 2019; Rabenhorst et al., 2015;
Wesely et al., 2017); splicing (Elman et al., 2019) and exon inclusion in vivo (Li et al.,
2013). BCLAF1 and THRAP3 functions related to mRNA splicing and export (Vohhodina
et al., 2017). PSIP1 mediates alternative splicing by interacting with methylated histone
H3K36 and splicing factors (Pradeepa et al., 2012). Actively transcribing chromatin
regions are the hotspot for RBPs interaction. RBPs were recently found to co-ordinate with
transcription factors and influence transcriptional outcomes (Xiao et al., 2019). Functional
genomic studies revealed that many RBPs were enriched from chromatin (Ren et al., 2021;
Xiao et al., 2019) and thus they establish cross-talk between transcription and post-
transcriptional control via chromatin binding (Du and Xiao, 2020). Proteins analyzed in
this study must have such functions as observed from their Nanog promoter occupancy and

regulation in the transcriptional output of pluripotency-related genes

Identification of a different set of proteins from a recent locus-specific proteome of
Nanog promoter using TALEs indicates that neither of the methods is sufficient to
comprehensively purify the proteome of a particular locus. However, the absence of OCT4,
SOX2, KLF4, and SALL4 in my method and the presence of these known Nanog regulators
in the TALE-mediated isolation of nuclear chromatin (TINC) method (Knaupp et al., 2020)
reflect the sensitivity differences in these two approaches. It is surprising to note that the
previous studies that used CAPTURE for proteome analysis have never discussed the
quality of their MS data (Zhang et al., 2020, 2021). But, according to Wierer & Mann,
2016, this decreased sensitivity in MS identification is an inherent phenomenon in locus-
specific proteome approaches especially mediated by dCas9. Previous research shows that

TALEs can purify both the strands of target DNA while dCas9 is strand-specific (Fujita
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and Fujii, 2013). Secondly, I used only a single guide RNA, unlike TINC which used two
TALEs targeting the Nanog promoter (Knaupp et al., 2020) adding to the decreased
sensitivity of this approach. It was shown that in human cells dCas9/Cas9 is displaced by
the FACT complex in either of the strands as an intrinsic mechanism to safeguard
nucleosomes and that the residence of dCas9 was increased by the knockdown of FACT
(Wang et al., 2020). As the outcomes of the CAPTURE method were dependent on the
residence of dCas9 on the target locus, I suggest future studies consider such caveats in
applying this method. Albeit high-abundance proteins like RBPs could have masked the
identification or blocked the purification of transcription factors in this dCas9-based
approach. Nevertheless, binding data of the candidate proteins to Nanog promoter DNA
and regulation of transcription and pluripotency clarifies the specificity of CAPTURE
approach used in this study.

Thus, 1 have isolated Nanog promoter bound proteins using CAPTURE; and
identified novel regulators of pluripotency and reprogramming as claimed. In a way, I
succeeded in picking candidates that might have regulation with pluripotency, but I could
not enrich the complete network at the Nanog promoter. This suggests that although
CAPTURE is efficient and easy to apply, its success could depend majorly on the target
site. Increasing the sensitivity of mass spectrometry with the adoption of some labeling
methods would have helped us identify the comprehensive identification of transcription

regulation complex at the Nanog promoter.
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6. CONCLUSION

In conclusion, dCas9 mediated purification of Nanog promoter locus identified
novel regulatory proteins that are relevant to pluripotency maintenance and somatic cell

reprogramming.
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7. ILLUSTRATIONS
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[llustration 1: Regulatory mechanisms of pluripotency
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[lustration 2: Overview of the CAPTURE method
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e dCas9 is biotinylated in vivo through biotin ligase enzyme.

e Target specific gRNA guides biotinylated dCas9 to target chromatin region.

e dCas9-gRNA complex on the and the target chromatin region is fixed in situ.

e Target region is purified via streptavidin affinity purification and the chromatin

interacting molecules can be identified.
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[lustration 3: Regulation of Nanog gene expression through promoter binding proteins

e Nanog is regulated in a context dependent manner by a variety of promoter

binding proteins
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8. FIGURES
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Figure 1: Generating mES cells for CAPTURE
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A. SeV vector (SeVdp(dCNBR)) was used to express proteins for CAPTURE including

NIH3T3

NIH3T3/
dCNBR

dCas9; Neomycin resistance (NeoR); Biotin Ligase (BirA) and Keima Red fluorescent
gene. dCas9 is fused with FLAG and Biotin Acceptor sequences on the N-terminal. N, P,
and L genes encode Sendai viral proteins N, P, and L, respectively. EB5 and NIH3T3 cells
after the vector infection were named as EB5/dCNBR and NIH3T3/dCNBR respectively.

B. EB5/dCNBR and NIH3T3/dCNBR cells expressing Keima Red from the vector after

Neomycin selection. Scale bars represent 200 um.

C. Green fluorescence of Avidin-488, binding to the biotinylated dCas9 in the nuclei of
infected cells. Top and bottom panels represent EBS/dACNBR and NIH3T3/dCNBR cells

respectively. Scale bars represent 200 um.

D. Western blot of affinity purified dCas9 protein by streptavidin beads. Cell lysate from
NIH3T3 transfected with FLAG-tagged Cas9 was used as control.
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Figure 2: Designed gRNAs can recruit Cas9 to the target site.
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A. Position of gRNAs on Nanog promoter region along with the indicated binding sites of
OCT4-SOX2 proteins.

B. Three days after transfection of donor and gRNA expressing plasmids, HEK293T cells
express EGFP fluorescence representing the functioning of gRNAs. The positive control is
the plasmid with control sequences described previously (Mashiko et al., 2013). Scale bars,

50 um
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Figure 3: dCas9 has cell type-specific target enrichment efficiency
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A. Scheme of generating cells expressing gRNA with SeVdp(dCNBR).

B. Morphology of EB5/dCNBR cells after the transduction of gRNA expressing retrovirus.
Scale bars, 200 um

C. Enrichment of Nanog promoter in EB5S/dCNBR cells after affinity purification of dCas9.

Enrichment was quantified using ChIP-qPCR of Nanog promoter region and shown as

relative to gRNA4.

D. Enrichment of Nanog promoter in NIH3T3/dCNBR cells after affinity purification of

dCas9. Enrichment was quantified using ChIP-qPCR of Nanog promoter region and shown
as relative to gRNA4.

E. mRNA expression of the Nanog gene in gRNA2 expressing EB%/dCNBR cells. Data
is normalized to TBP and shown as relative to Nanog expression in mESC. Data represent

the mean + SEM of three independent experiments.
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Figure 4: Purification of proteins binding to the Nanog promoter in mESCs
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A. Scheme of CAPTURE and isolation of proteins from Nanog promoter in mESC.

B. Venn diagram of identified proteins by LC/MS/MS using gRNA2 and gRNA4. Proteins

were identified from three independent experiments. Totally, 325 proteins were obtained

as unique proteins for gRNA2.

C. The published RNA-seq data (Chronis et al., 2017) was used to obtain differential

expression data of each unique protein in MEFs and mESCs. Log2-fold change was

calculated and shown in a violin plot. Highly expressed (> 2-fold) genes in mESC were

selected for further analyses. The 6 candidate proteins are highlighted.
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Figure 5: Purified proteins have gene regulatory functions
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A. Top 20 enriched GO terms from GO Term Finder (Boyle et al., 2004) along with the
number of genes corresponding to each GO term were plotted. Scheme of selection of
candidate proteins involved in gene regulatory function. Total of 73 genes enriched in GO
terms including RNA processing, ribonucleotide complex biogenesis, RNA splicing, and

gene expression were narrowed down to six proteins as indicated.

B. Binding of the 6 candidate proteins to the Nanog promoter. ChIP assays of chromatin
from EBS5 cells were performed using an antibody against each protein. Data represent the

mean = SEM of three independent experiments.

C. Expression of FLAG-tagged FUBP1. EBS5 cells were transduced with a lentiviral vector
(LV(TO-3F-Fubpl)) expressing FLAG-tagged FUBPI1 using a doxycycline-inducible
expression system. Whole cell lysate from the cells cultured with or without 2 pg/mL
doxycycline for 5 days were prepared and subjected to western blotting using anti-FLAG

antibody.
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D. Binding of the FUBP1 to the Nanog promoter. ChIP assay of chromatin from cells in C
was performed using anti-FLAG antibody. Data are represented as the means £ SEM of

three independent experiments.
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Figure 6: Knockdown of candidate proteins have no immediate effect on mESC
properties
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A. Knockdown of candidate gene expression by shRNA. EB5/ReKO cells were transduced
with a retroviral vector expressing the indicated shRNA followed by puromycin selection.
mRNA levels of each candidate gene were determined 5 days after transduction. Data
represent mean £ SEM from three independent experiments. *P < 0.05 versus EB5 cells

treated with control shRNA (shLuc).
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B. hKO fluorescent level in Rex/ reporter cells with shRNA treatment. EBS/ReKO cells
were transduced as A. Five days after transduction, cells were analyzed for hKO expression
using MoFlo XDP. Representative FACS histograms are shown.

C. Pluripotency of cells after shRNA treatment for 5 days. EB5/ReKO cells were
transduced as A. Nanog mRNA levels in the cells were determined 5 days after

transduction. Data are represented as the means = SEM of three independent experiments.
D. Pluripotency of cells after shRNA treatment for 5 days. EB5/ReKO cells were
transduced as A. Oct4 mRNA levels in the cells were determined 5 days after transduction.

Data are represented as the means £ SEM of three independent experiments.

E. Pipeline for image analyses of mESC colonies. mESC colonies expressing hKO were

analyzed as described in Materials and Methods. Scale bars, 1,000 um.
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Figure 7: Changes in self-renewal properties of mESCs after knockdown of candidate
proteins
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A. Experimental scheme of pluripotency analysis. EB5/ReKO cells were transduced with
a retroviral vector expressing each shRNA followed by puromycin selection for 2 days.
Five days after transduction, 1,000 cells/well were sorted to a flat-bottom 96-well plate for

culture in mESC medium with LIF.

B. Whole well images of hKO (+) EB5/ReKO colonies cultured with LIF. EB5/ReKO cells
were treated with indicated shRNA and cultured in mESC medium with LIF. Whole well
images were collected 7 days after sorting. Representative images are shown. Scale bars,

1,500 pm.
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C. Colony numbers of EB5/ReKO cells treated with shRNA. Colony numbers were
counted from the images collected in B. Data represent the mean £ SEM from five
independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 versus EB5/ReKO cells
treated with control shRNA (shLuc).

D. Mean fluorescent intensity of EBS/ReKO cells treated with shRNA. hKO fluorescent
intensity in each colony was measured from the images collected in B. Data represent the
mean + SEM from total colonies in each shRNA. *P < 0.05, **P < 0.01, ***P < 0.001
versus EB5/ReKO cells treated with control shRNA (shLuc).
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Figure 8: Changes in pluripotency gene expression after knockdown of candidate proteins
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A. mRNA level of pluripotency-related genes. Nanog mRNA levels in the EB5/ReKO cells
prepared as Figure 7A were determined 7 days after cell sorting. Data represent the mean
+ SEM of three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 versus
EBS5/ReKO cells treated with control shRNA (shLuc).

B. mRNA level of pluripotency-related genes. Oct4 mRNA levels in the EB5/ReKO cells
prepared as Figure 7A were determined 7 days after cell sorting. Data represent the mean
+ SEM of three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 versus
EBS5/ReKO cells treated with control shRNA (shLuc).

C. mRNA level of pluripotency-related genes. Rex/ mRNA levels in the EB5/ReKO cells
prepared as Figure 7A were determined 7 days after cell sorting. Data represent the mean
+ SEM of three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 versus
EBS5/ReKO cells treated with control shRNA (shLuc).
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Figure 9: Comparative analysis on the pluripotency in the presence and absence of LIF
after knockdown
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A. Experimental scheme of differentiation analyses. EB5/ReKO cells were transduced with
retroviral vector expressing each shRNA followed by puromycin selection for 2 days. Five
days after transduction, 1,000 cells/well were sorted to a flat-bottom 96-well plate for

culture in mESC medium without with LIF for first 2 days, then without LIF for 7 days.
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B. Whole well images of hKO (+) EB5/ReKO colonies cultured without LIF. EB5/ReKO
cells treated with indicated shRNA and cultured in mESC medium without LIF. Whole

well images were collected 9 days after cell sorting. Representative images are shown.

Scale bars, 1,500 um.

C. mRNA level of pluripotency-related genes. Nanog, mRNA levels in the EB5/ReKO
cells prepared as (A) were determined 9 days after cell sorting. Data represent the mean +
SEM of three independent experiments. P < 0.05, **P < 0.01, ***P < 0.001 versus
EBS5/ReKO cells treated with control shRNA (shLuc).

D. mRNA level of pluripotency-related genes. Oct4 mRNA levels in the EB5/ReKO cells
prepared as (A) were determined 9 days after cell sorting. Data represent the mean + SEM
of three independent experiments. P < 0.05, **P < 0.01, ***P < 0.001 versus EB5/ReKO
cells treated with control shRNA (shLuc).

E. mRNA level of pluripotency-related genes. Rex/ mRNA levels in the EB5/ReKO cells
prepared as (A) were determined 9 days after cell sorting. Data represent the mean + SEM
of three independent experiments. P < 0.05, **P < 0.01, ***P < 0.001 versus EB5/ReKO
cells treated with control shRNA (shLuc).
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Figure 10: Effect of knockdown on EB growth
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A. Experimental scheme of differentiation analysis. EB5/ReKO cells were transduced
with retroviral vector expressing each shRNA followed by puromycin selection for 2
days. Five days after transduction, 1,000 cells/well were sorted to a V-bottom 96-well
plate for EB formation (EB).



B. Images of EBs. Representative images of EB from EB5/ReKO cells treated with
indicated shRNA and cultured in EB differentiation medium were taken at indicated date.

Scale bars, 150 um.

C. Size of EBs. Lateral diameters of EB from EB5/ReKO cells prepared as A were
measured 4 days or 7 days after sorting. Data represent the mean + SEM of 16 (Day 4) or
8 (Day 7) EBs. P < 0.05, **P < 0.01, ***P < 0.001 versus EB5/ReKO cells treated with
control shRNA (shLuc).
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Figure 11: Effect of knockdown on EB development
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Figure 12: SeV mediated somatic cell reprogramming
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A. Schematic representation of iPSC generation using SeVdp(fKg-OSM) and cultured with
(High-K) or without (Low-K) 100 nM Shield1.

B. Infectivity of SeVdp(fKg-OSM) verified from the immunostaining with anti-FLAG
antibody conjugated with AlexaFlour 555-conjugated secondary antibodies. Top panel is
MEF cell without infection and bottom panel with SeV infection. Scale bars, 200 pm

C. mRNA expression level of pluripotency-related genes Nanog, endogenous Oct4 and
Rex1 in Low-K and High-K cells were determined, and the expression was plotted relative

to mESC.
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Figure 13: Effect of knockdown of candidate proteins on somatic cell reprogramming
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A. Schematic representation of iPSC production with knockdown of candidate proteins.
MEFs were transduced with retroviral vector expressing each shRNA. After puromycin
selection for 3 days, the selected MEFs were infected with SeVdp(fK-OSM) and cultured
with (High-K) or without (Low-K) 100 nM Shield1.
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B. mRNA level of pluripotency-related genes. MEFs were treated with indicated shRNA
and reprogrammed as described in (A). Nanog, endogenous Oct4 and Rex] mRNA level
were determined at day 28 of reprogramming. Data represent the mean + SEM of three
independent experiments. *P <0.05, **P <0.01, ***P <(0.001 versus reprogrammed MEFs

treated with control shRNA (shLuc).
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9. TABLES

Resource Table 1: List of FDA-approved cell based therapies (Mao and Mooney,

2015)
Category Name Biological agent Approved use
Biologics laViv Autologous Improving nasolabial
fibroblasts fold appearance
Carticel Autologous Cartilage defects from
chondrocytes acute or repetitive
trauma
Apligraf, Allogeneic cultured | Topical mucogingival
GINTUIT keratinocytes and | conditions, leg and
fibroblasts in bovine | diabetic foot ulcers
collagen
Cord blood Hematopoietic stem | Hematopoietic and
and progenitor cells | immunological
reconstitution after
myeloablative
treatment
Cell-based medical | Dermagraft Allogenic fibroblasts | Diabetic foot ulcer
devices Celution Cell extraction Transfer of autologous
adipose stem cells
Biopharmaceuticals | GEM 125 PDGF-BB, tricalcium | Periodontal defects
phosphate
Regranex PDGF-BB Lower extremity
diabetic ulcers
Infuse, Infuse | BMP-2 Tibia  fracture and
bone  graft, nonunion, and lower
Inductos spine fusion
Osteogenic BMP-7 Tibia nonunion
protein-1
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Table 1: Sequence of gRNAs used in this study

gRNA1
(sgNanog-1)

5'-CACC GCTGTAAGGTGACCCAGACT-3'

5'-AAAC AGTCTGGGTCACCTTACAGC-3'

gRNA2
(sgNanog-2)

5'-CACC GTGGGGCGTGGGTGCCGCCT-3'

5'-AAAC AGGCGGCACCCACGCCCCAC-3'

gRNA3
(sgNanog-3)

5'-CACC GCTCAAGGCGATAGATTTAA-3'

5'-AAAC TTAAATCTATCGCCTTGAGC-3'

gRNA4
(sgGald)

5'-CACC GAACGACTAGTTAGGCGTGTA-3'

5'-AAAC TACACGCCTAACTAGTCGTTC-3'

Table 2: Sequence for shRNAs used in this study

shBclafl-1

5'-GATCCGGATCTGGCTCTGTTGGAAATTTCAAGAGAATTTCCAACAGAGCCA
GATCCTTTTTTGGAAAG-3'

5S'-AATTCTTTCCAAAAAAGGATCTGGCTCTGTTGGAAATTCTCTTGAAATTTCC
AACAGAGCCAGATCCG-3'

shBclafl-2

5'-GATCCGGTTCATCATGTGAAAGAATTCAAGAGATTCTTTCACATGATGAAC
CTTTTTTGGAAAG-3'

5'-AATTCTTTCCAAAAAAGGTTCATCATGTGAAAGAATCTCTTGAATTCTTTCA
CATGATGAACCG-3'

shFubp1-1

5'-GATCCGCTGGTACATCATTGAATTCATTCAAGAGATGAATTCAATGATGTA
CCAGCTTTTTTGGAAAG-3'

5'-AATTCTTTCCAAAAAAGCTGGTACATCATTGAATTCATCTCTTGAATGAATT
CAATGATGTACCAGCG-3'

shFubp1-2

5'-GATCCGGACAGGTTGATTATACAATTCAAGAGATTGTATAATCAACCTGTC
CTTTTTTGGAAAG-3'

5'-AATTCTTTCCAAAAAAGGACAGGTTGATTATACAATCTCTTGAATTGTATA
ATCAACCTGTCCG-3'

shMsh6-1

5'-GATCCGAGGTGCATGAGGCTTATTTATTCAAGAGATAAATAAGCCTCATGC
ACCTCTTTTTTGGAAAG-3'

5'-AATTCTTTCCAAAAAAGAGGTGCATGAGGCTTATTTATCTCTTGAATAAAT
AAGCCTCATGCACCTCG-3'

shMsh6-2

5'-GATCCGCTACTGAGTAAGATTCATTTCAAGAGAATGAATCTTACTCAGTAG
CTTTTTTGGAAAG-3'

5S'-AATTCTTTCCAAAAAAGCTACTGAGTAAGATTCATTCTCTTGAAATGAATC
TTACTCAGTAGCG-3'

shPark7-1

5'-GATCCGCAGTGTAGCCGTGATGTAATTTCAAGAGAATTACATCACGGCTAC
ACTGCTTTTTTGGAAAG-3'

5S'-AATTCTTTCCAAAAAAGCAGTGTAGCCGTGATGTAATTCTCTTGAAATTAC
ATCACGGCTACACTGCG-3'

shPark7-2

5'-GATCCGCTGCAGTCTTTAAGAAATTTCAAGAGAATTTCTTAAAGACTGCAG
CTTTTTTGGAAAG-3'

5'-AATTCTTTCCAAAAAAGCTGCAGTCTTTAAGAAATTCTCTTGAAATTTCTTA
AAGACTGCAGCG-3'

shPsip1-1

5'-GATCCGGTTATTGATGAAGATAAATAACCTGACCCATTATTTATCTTCATC
AATAACCTTTTTTGGAAAG-3'

5S'-AATTCTTTCCAAAAAAGGTTATTGATGAAGATAAATAATGGGTCAGGTTAT
TTATCTTCATCAATAACCG-3'

shPsip1-2

5'-GATCCGCAATGAGGATGTGACTAAAGTTCAAGAGACTTTAGTCACATCCTC
ATTGCTTTTTTGGAAAG-3'
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5S'-AATTCTTTCCAAAAAAGCAATGAGGATGTGACTAAAGTCTCTTGAACTTTA
GTCACATCCTCATTGCG-3'

5'-GATCCGGGATATATAGTAATATTATAACCTGACCCATTATAATATTACTAT
ATATCCCTTTTTTGGAAAG-3'

shThrap3-1 5-AATTCTTTCCAAAAAAGGGATATATAGTAATATTATAATGGGTCAGGTTAT
AATATTACTATATATCCCG-3'
5-GATCCGGAGCTGGATGAGCACGATAATTCAAGAGATTATCGTGCTCATCCA
GCTCCTTTTTTGGAAAG-3'

shThrap3-2

5S'-AATTCTTTCCAAAAAAGGAGCTGGATGAGCACGATAATCTCTTGAATTATC
GTGCTCATCCAGCTCCG-3'

shOct4

5'-GATCCGCCTTAAGAACATGTGTAATTCAAGAGATTACACATGTTCTTAAGG
CTTTTTTGGAAAG-3'

5'-AATTCTTTCCAAAAAAGCCTTAAGAACATGTGTAATCTCTTGAATTACACA
TGTTCTTAAGGCG-3'

Table 3: Sequence of primers used to amplify ORF of Fubpl gene

mFubpl

5'-ATGGCCGACTACTCCACAGTG-3'

STTATTGGCCCTGAGGTGCTGG-3'

Table 4: Sequence of primer to amplify Nanog promoter region

Nanog promoter

5'-TAGCCTGCAGGTCATCCCCCACTTGACCTGAAAC-3'

5'-TATCGAATTCGTCCAGCCTTCCCACAGAAAGAGC-3'

Table 5: Sequence of primers used in enrichment analysis

CAPTURE-qPCR

5'-GGTCACCTTACAGCTTCTTTTG-3'

5'-TATTCTCCCAGGCACCCAG-3'

ChIP-qPCR

5'-GCAGGACCTACCCTTTAAATC-3'

5'-CCCACAGAAAGAGCAAGAC-3'

Table 6: Sequence of primers used for mRNA expression analysis in this study

5'-AGAAAAGCCCAGAGATACACAG-3'

mThrap3
S5-TATTTTCCCTCAGCCTTGTAGCC-3'
5-TGTTGAAGATGACGAAGAGACC-3'
mBclaf]
5'-CAAGTTCTGCTCCCTGTTGC-3'
Poin] 5'-CGAGGAAGAAAGAGAAAGGCTG-3'
mPsi
P 5'-AGGTCTGCCTCTTGGTTTGG-3'
5'-TGCAGTGTAGCCGTGATGTA-3'
mPark7
5'-TATGGTCCCTGCGTTTTTGC-3'
mFubpl 5'-GCTACAACCCAAACGAACGG-3'
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5'-AGGAACTGCTTGACCCATTTTC-3'

5-CGTGCCTCCCAGTTCTTGTG-3'

mMsh6
5_GGACAGATTTCCCTTTCTTCCG-3'

. S_TATCTGCTGGCGGTTTGGC-3'
S_TGAAATAGTGATGCTGGGCAC-3'

. S_GCTTCAAGGAGCTAACTAACGAG-3'
S_CCAGCAAGAAAGAGTACATGGC-3'
5_ACCTGAGCTATAAGCAGGTTAAGAC-3'

TN G TGCTGAGCCCTTCTGAATCAGACS
S_ATACCACTGACCAAAAAGCAGG-3'

mikex] 5_GCCACTTGTCTTTGCCGTTTTC-3'
S_AGCATTGAGAACCGTGTGAGG-3'

mOctd 5" AACCATACTCGAACCACATCC-3'

- S_AAGTAGCGCGACGTTTTCTTC-3'
S_CTGGAAACTGCTATGTTCCGAG-3'

oy | S-ACAGCCTTCACCAAGGAGC-Y
5_CCCCTTCACACGTTTCCA-3'

| S-GGCTCTGTCCCTATGACTCC-S

5'-TGATGCCCCTACCCCTGAG-3'
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Table 7: List of purified proteins from Nanog promoter

Accession Gene
No. Symbol ESC/MEF

Q8BGQ7 Aars <2.0
Q5SWU9 Acaca <20
E9Q472 Acacb >2.0
Q07417 Acads <2.0
QIJIX8 Acinl >2.0
Q99KI0 Aco2 <2.0
Q32MW3 Acot10 <2.0
QI9R0X4 Acot9 <2.0
P68134 Actal <2.0
P62737 Acta2 <2.0
P60710 Actb <2.0
P68033 Actcl >2.0
P63260 Actgl <2.0
P45376 Akr1b3 <2.0
P07724 Alb <2.0
055143 Atp2a2 <2.0
P56480 Atp5Sb >2.0
Q9DB20 Atp5o <2.0
P28658 Atxnl0 <2.0
Q8CI6l Bag4 >2.0
Q8KO019 Bclafl >2.0
P80317 Cctba NA

Q61390 Cct6b >2.0
P42932 Cct8 >2.0
Q61081 Cdc37 <2.0
Q6A068 Cdcsl >2.0
P18760 Cfil <2.0
Q68FDS5 Cltc <2.0
P08122 Col4a2 <2.0
Q9QZSs0 Col4a3 <2.0
055029 Copb2 <2.0
Q9ERK4 Csell >2.0
P16381 D1Pasl <2.0
QOJIIS Dazapl >2.0
Q501J6 Ddx17 <2.0
QIJIKS Ddx21 >2.0
Q8VDWO Ddx39 >2.0
Q9Z1N5 Ddx39b >2.0

70



Q62167 Ddx3x >2.0
Q61656 Ddx5 <2.0
035286 Dhx15 <2.0
Q9D2G2 Dlist <2.0
Q9QYJO Dnaja2 <2.0
QI9CWRS Dnmt31 <2.0
P10126 Eeflal >2.0
P62631 Eefla2 <2.0
070251 Eeflb2 <2.0
QI9D8NO Eeflg <2.0
P58252 Eef2 <2.0
008810 Eftud2 >2.0
P63242 Eif5a >2.0
Q8BGY2 Eif5a2 <2.0
P17182 Enol >2.0
P17183 Eno2 <2.0
P21550 Eno3 <20
QI9DCW4 Etfb <2.0
P62862 Fau <2.0
P35550 Fbl >2.0
Q80WS3 Fbll1l <2.0
P39749 Fenl >2.0
P97807 Fh1 <2.0
P30416 Fkbp4 >2.0
P11276 Fnl <2.0
QI91WI8 Fubpl >2.0
P97855 G3bpl >2.0
P16858 Gapdh >2.0
P03975 Gfap <2.0
Q61543 Glgl <2.0
P50247 Gm4737 NA

P05202 Got2 <2.0
P24472 Gsta4 >2.0
P10922 H110 <2.0
Q8RIM2 H2afj <2.0

71



Accession Gene
No. Symbol ESC/MEF

Q3THWS H2afv >2.0
P27661 H2afx >2.0
POCOS6 H2afz >2.0
P84244 H3f3a <20
P02301 H3f3c NA

P01942 Hba-al <20
Q6NVF4 Helb >2.0
P43275 Histlhla >2.0
P43276 Histlhlb <20
P15864 Histlhlc <20
P43277 Histlhld <20
P43274 Histlhle <20
Q07133 Histlhlt <20
COHKE4 Histlh2ac <2.0
Q8CGP5 Histlh2af >2.0
Q8CGP6 Hist1h2ah >2.0
Q8CGP7 Histlh2ak >2.0
P70696 Histlh2ba <20
P68433 Histlh3g >2.0
Q6GSS7 Hist2h2aal | <2.0
Q64522 Hist2h2ab <20
Q64523 Hist2h2ac <2.0
Q64524 Hist2h2be <20
Q8BFU2 Hist3h2a <2.0
Q9D2U9 Hist3h2ba >2.0
Q8CGPO Hist3h2bb- | <2.0

ps

P17095 Hmgal <2.0
P52927 Hmga?2 <2.0
P63158 Hmgb1 <20
P30681 Hmgb2 >2.0
054879 Hmgb3 <20
P09602 Hmgn2 <2.0
088569 Hnrnpa2bl <2.0
Q99020 Hnrnpab >2.0
Q97204 Hnrnpc >2.0
P61979 Hnrnpk <2.0
Q8RO081 Hnrnpl >2.0
Q9DOE1 Hnrnpm >2.0
Q8VEK3 Hnrnpu >2.0
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P07901 Hsp90aal >2.0
P11499 Hsp90abl >2.0
PO8113 Hsp90bl <20
Q61696 Hspala <2.0
P17879 Hspalb <2.0
P16627 Hspall <2.0
P17156 Hspa2 <2.0
P63017 Hspa8 >2.0
P14602 Hspbl >2.0
P63038 Hspdl >2.0
P54071 Idh2 <20
P33175 Kif5a >2.0
Q61768 Kif5b <20
P28738 Kif5c <20
P04104 Krtl <20
P08730 Krt13 >2.0
Q61781 Krt14 >2.0
Q61414 Krtl5 <20
Q9QWL7 Krt17 <20
P19001 Krt19 <20
Q3TTYS Krt2 <20
Q8KO0Y2 Krt33a <20
Q9D646 Krt34 <20
Q49714 Krt35 <20
Q6IFX3 Krt40 <20
QOIFX2 Krt42 <20
Q92202 Krt5 <20
QI9ROHS Krt71 <20
Q6NXH9 Krt73 <20
Q6IFZ9 Krt74 <20
Q3UV17 Krt76 <20
Q6IFZ6 Krt77 <20
Q8VEDS Krt79 <20
P11679 Krt8 >2.0
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Accession Gene
No. Symbol ESC/MEF
QI9ERE2 Krt81 <2.0
Q99M74 Krt82 <2.0
P97861 Krt86 <2.0
P19137 Lamal >2.0
P02469 Lambl <2.0
P48678 Lmna <20
P14733 Lmnbl >2.0
Q9D5S7 Lrguk <2.0
Q8BGSO Mak16 >2.0
P63085 Mapkl <2.0
Q3THS6 Mat2a >2.0
Q8K310 Matr3 <2.0
Q99MRS Mcccl <20
Q3ULDS Mccc2 <20
P54276 Msh6 >2.0
Q7TPV4 Mybbpla >2.0
Q61879 Myhl10 <2.0
Q8VDDS5 Myh9 <2.0
Q8BWZ3 Naa25 >2.0
Q8BP47 Nars <20
P09405 Ncl >2.0
P10493 Nidl <2.0
Q9D6Z1 Nop56 >2.0
Q6DFW4 Nop58 >2.0
Q61937 Npml >2.0
P09103 P4hb <2.0
P29341 Pabpcl >2.0
Q9DCL9 Paics >2.0
Q99LX0 Park?7 >2.0
P11103 Parpl >2.0
P24610 Pax3 <20
P47239 Pax7 <2.0
P60335 Pcbpl >2.0
Q91ZA3 Pcca <2.0
Q99MNOI Pccb <2.0
P17918 Pcna >2.0
Q05920 Pcx <2.0
P35486 Pdhal <2.0
Q8QZR7 Pdik11 <2.0
P70296 Pebp1 <2.0
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Q9DBIJ1 Pgaml1 >2.0
070250 Pgam?2 >2.0
P09411 Pgkl <2.0
P09041 Pgk2 <2.0
035129 Phb2 >2.0
Q8R1K4 Phykpl NA

P53657 Pklr <2.0
P52480 Pkm NA

P17742 Ppia >2.0
QICRI16 Ppid >2.0
Q99KR7 Ppif >2.0
Q9D868 Ppih >2.0
P35700 Prdx1 >2.0
QO9JIFO Prmtl >2.0
Q99JF8 Psipl >2.0
P62334 Psmc6 <2.0
Q8VDM4 Psmd2 <2.0
P17225 Ptbp1 >2.0
Q8BHD7 Ptbp3 NA

QI9R0Q7 Ptges3 >2.0
Q3UEB3 Puf60 <2.0
Q922W5 Pycrl <2.0
Q92204 Pycr2 >2.0
P61027 Rab10 <2.0
Q9DDO03 Rabl13 <2.0
Q8K386 Rabl5 <2.0
P62821 Rabla NA

Q9D1Gl1 Rablb <2.0
Q6PHNO Rab35 <20
P55258 Rab8a <2.0
P61028 Rab8b <20
Q64012 Raly <2.0
P62827 Ran >2.0
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No. Symbol ESC/MEF

Q61820 Rasl2-9 NA

Q60972 Rbbp4 >2.0
Q60973 Rbbp7 <20
089086 Rbm3 <20
Q8VHS51 Rbm39 <20
Q9WVO02 Rbmx <20
QI91VMS5 RbmxI1 NA

QIWUKA4 Rfc2 >2.0
Q99J62 Rfc4 >2.0
P56716 Rpl <20
Q6ZWV3 Rpl10 <20
P53026 Rpl10a <20
P86048 Rpl101 <20
QICXW4 Rplll <20
P35979 Rpl12 <20
P47963 Rpl13 <20
QI9CR57 Rpl14 >2.0
Q9CzZM2 Rpl15 <20
P62717 Rpl18a >2.0
P84099 Rpl19 <20
P67984 Rpl22 <20
P62751 Rpl23a >2.0
P61358 Rpl27 >2.0
P14115 Rpl27a <20
P62911 Rpl32 <20
P17932 Rpl32-ps NA

P83882 Rpl36a <20
Q9DSE6 Rpl4 >2.0
P47962 Rpl5 >2.0
P47911 Rpl6 >2.0
P14148 Rpl7 <20
P12970 Rpl7a >2.0
P63325 Rps10 <20
P62281 Rpsll <2.0
P63323 Rps12 <20
P62301 Rpsl13 <20
P62264 Rpsl14 <20
P62245 Rpsl5a <2.0
P14131 Rpsl6 <20
P62270 Rps18 <20
P25444 Rps2 <2.0
P62267 Rps23 <2.0
P62852 Rps25 <20
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P62855 Rps26 <20
P62983 Rps27a <20
P62908 Rps3 <20
P97351 Rps3al NA

P62702 Rps4x <20
P62754 Rps6 <2.0
P62242 Rps8 <2.0
Q6ZWNS5 Rps9 <2.0
QIWTMS Ruvbl2 >2.0
Q9D1J3 Sarnp <2.0
Q8K2B3 Sdha <20
P19324 Serpinhl <20
QI99NB9 Sf3bl <20
Q921M3 Sf3b3 >2.0
Q62407 Speg <20
Q62261 Sptbnl NA

Q6PDM?2 Srsfl >2.0
P84104 Srsf3 >2.0
Q8VE97 Srst4 >2.0
035326 Srsf5 <20
Q3TWWS Srst6 >2.0
Q8BL97 Srsf7 >2.0
Q80ZWO0 Stk35 >2.0
Q69ZM6 Stk36 <20
Q9WUMS Suclgl <20
Q920B9 Supt16 NA

Q7TMKO9 Syncrip <2.0
Q9WVA4 Tagln2 <2.0
Q8C4J7 Tbl3 >2.0
P10711 Tceal NA

QI9QVN7 Tcea2 <20
008784 Tcofl >2.0
Q8K3F7 Tdh <20
Q56976 Thrap3 >2.0
P40142 Tkt >2.0
Q62318 Trim28 >2.0
Q923J1 Trpm7 <20
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No. Symbol ESC/MEF

QIWTRI Trpv2 <2.0
P68369 Tubala <2.0
P05213 Tubalb >2.0
P68373 Tubalc <2.0
P68368 Tubada >2.0
A2AQ07 Tubbl <2.0
Q7TMMO9 Tubb2a <2.0
QICWE2 Tubb2b <2.0
Q9ERD7 Tubb3 <2.0
Q9D6F9 Tubb4a NA

P68372 Tubb4b NA

P99024 Tubb5 <2.0
Q922F4 Tubb6 <2.0
Q8BFR5 Tufm <2.0
P62984 Uba52 <2.0
POCG49 Ubb >2.0
POCG50 Ubc <2.0
Q6WKZ8 Ubr2 <2.0
P52624 Uppl >2.0
Q8CGR?7 Upp2 <2.0
Q01853 Vep <2.0
P62960 Ybx1 >2.0
P62259 Ywhae >2.0
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