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 เทคโนโลยชีีวภาพสามารถนาํมาเป็นเคร่ืองมือในการศึกษาชีววิทยาเซลล์ตน้กาํเนิด การศึกษาน้ี

ได้ทาํการสํารวจโปรตีนท่ีมีปฏิสัมพนัธ์กบัออคท์โฟร์ (OCT4) ในเซลล์ตน้กาํเนิดตวัอ่อนมนุษย ์
(hESCs) โดยใชเ้ทคโนโลยีทาเลนต์ (TALENs) เพื่อสร้าง hESCs  ท่ีสามารถสร้างโปรตีน OCT4 ท่ี

เช่ือมต่อกบัโปรตีน FLAG และไบโอติน (FLAG-Biotin-tagged OCT4) จากนั้นใช้เทคนิคการทาํให้

บริสุทธ์ิแบบสัมพรรคภาพ (Affinity purification) ร่วมกบัแมสสเปกโตรเมทรี (mass spectrometry)  

เพื่อระบุโปรตีนท่ีมีปฏิสัมพนัธ์กบั OCT4 จากผลการทดลองพบว่า OCT4 มีปฏิสัมพนัธ์กบัโปรตีนท่ี

เก่ียวขอ้งกบักระบวนการทรานสคริปชัน่ ทรานสเลชัน่ การเปล่ียนแปลงโครมาติน การซ่อมแซมดีเอ็น

เอ การตดัแต่งอาร์เอ็นเอ การยา้ยหมู่กลูโคส (ไกลโคซิเลส) และโปรตีนท่ีควบคุมกระบวนการเอพิเจ

เนติก เช่น NuRD, SWI/SNF และ FACT complexes นอกจากน้ีไดท้าํการยบัย ั้งการแสดงออกของ

โปรตีนบางตวั (BEND3, FUS, RBM25, WDR82 และ SFPQ) เพื่อทดสอบวา่โปรตีนดงักล่าวมีผลต่อ 

hESCs หรือไม่ จากการทดลองพบวา่หลงัจากการยบัย ั้งการแสดงออกของโปรตีน SFPQ ส่งผลให้เซลล์

ตาย โดยอาจจะเป็นไปไดว้า่ปฎิสัมพนัธ์ระหวา่ง SFPQ กบั OCT4 มีความเก่ียวพนัธ์กบักลไกท่ีควบคุม

กระบวนการทรานสคริปชัน่, การซ่อมแซมดีเอ็นเอ และการบาํรุงรักษาโครโมโซมซ่ึงมีบทบาทสําคญั

ต่อความเป็น hESCs การทดลองน้ีเผยให้เห็นถึงโปรตีนต่างๆท่ีมีปฏิสัมพนัธ์กบั OCT4 ซ่ึงเป็นองค์

ความรู้พื้นฐานท่ีจะใช้ในการศึกษากลไกการทาํงานของ OCT4 เพื่อให้เขา้ใจเคร่ือข่ายท่ีเก่ียวขอ้งกบั

คุณสมบติัพลูริโพเทนทข์อง hESCs โดยในอนาคตตอ้งมีการศึกษาวา่ปฏิสัมพนัธ์ของโปรตีนต่างๆ กบั 

OCT4 มีบทบาท และหนา้ท่ีอยา่งไร 

การศึกษาน้ียงัไดแ้สดงวิธีการท่ีง่ายและมีประสิทธิภาพในการผลิตเบสิคไฟโบรบลาสต์โกรธ

แฟคเตอร์ของมนุษย ์ (hbFGF) โดยไดมี้การทดสอบปัจจยัต่างๆ ท่ีมีอิทธิพลต่อการเพิ่มประสิทธิภาพ   

ในการผลิต hbFGF เ ช่น ฟิวชั่นโปรตีนท่ี ติดแท็ก  ชนิดของเซลล์ เจ้าบ้าน (BL21(DE3)  หรือ 

ArcticExpressRIL) ความเขม้ขน้ของ IPTG ระยะเวลาท่ีใชก้ระตุน้ให้เกิดการสร้าง และ วิธีการทาํให้
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บริสุทธ์ิ พบวา่ภายใตส้ภาวะท่ีดีท่ีสุดสามารถผลิต hbFGF ได ้60-80 มิลลิกรัมโปรตีน ต่ออาหารเล้ียงเช้ือ 

1 ลิตร และ hbFGF บริสุทธ์ิท่ีไดมี้คุณสมบติัทางชีวภาพหลงัจากทดสอบกบัเซลล์ NIH3T3 hESCs และ

เซลล์ตน้กาํเนิดจากการเหน่ียวนาํของมนุษย ์(iPSCs) อีกทั้งยงัพบว่า ฟิวชัน่โปรตีนท่ีติดแท็กอยู่กบั 

hbFGF (6xHis-hbFGF และ Trx-6xHis-hbFGF) ไม่มีผลต่อคุณสมบติัทางชีวภาพ และ 6xHis-hbFGF 

และ Trx-6xHis-hbFGF บริสุทธ์ิท่ีไดส้ามารถนาํมาใชเ้ล้ียงเซลล์ hESCs และ iPSCs โดยเซลล์ดงักล่าว

หลงัจากการเล้ียงหลายรุ่น (passage) ยงัคงรูปร่าง คุณสมบติัพลูริโพเทนท์ และการแสดงออกของยีน

บางยีนท่ีศึกษา ไม่ต่างจากเซลล์ท่ีเล้ียงดว้ย hbFGF ท่ีนาํเขา้จากต่างประเทศ จากการนาํ hbFGF ท่ีผลิต

ดว้ยวธีิการผลิตท่ีง่าย และมีประสิทธิภาพน้ีมาใชใ้นการเล้ียงเซลล์ตน้กาํเนิดมนุษยส์ามารถลดตน้ทุนใน

การเตรียมอาหารเล้ียงเซลลไ์ดป้ระมาณ 30-60 เปอร์เซ็นต ์จึงมีความเป็นไดท่ี้จะสามารถนาํกระบวนการ

น้ีไปประยกุตใ์ชใ้นการผลิตโปรตีนไซโตไคน์ และโกรธแฟคเตอร์ตวัอ่ืนๆ เพื่อใชใ้นงานวิจยัเซลล์ตน้

กาํเนิด 
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PROTEIN-PROTEIN INTERACTION/OCT4 INTERACTOME/HUMAN STEM 

CELL/RECOMBINANT PROTEIN/BASIC FIBROBLAST GROWTH FACTOR 

 

Biotechnology provides powerful and useful tools to study stem cell biology. 

Here, OCT4 associated proteins in human embryonic stem cells (hESCs) were surveyed. 

TALENs technology was used to engineer hESCs to express FLAG-Biotin-tagged OCT4. 

Then, affinity purification techniques in combination with mass spectrometry were used 

to purify and identify OCT4 associated proteins. OCT4 was shown to associate with 

proteins related to transcription, translation, chromatin remodeling, DNA repair, RNA 

processing, glycosylation as well as epigenetic regulation machineries including NuRD, 

SWI/SNF and FACT complexes. Validation of some interactors (BEND3, FUS, RBM25, 

WDR82 and SFPQ) revealed that knockdown expression of SFPQ protein led to hESC 

dysfunction and death. This novel result demonstrated that SFPQ-OCT4 interaction may 

provide a novel protein-protein interaction complex that plays crucial function for 

maintaining hESC pluripotency. Here, some OCT4 interacting proteins were uncovered. 

This knowledge will be a resource to help with the investigation of OCT4 function. 

However, further analysis of the listed candidates at the functional level will be needed to 

assist in the understanding of the hESC pluripotency network.  
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    An easy and efficient expression system for in-house human basic fibroblast                                       

growth factor (hbFGF) production was also performed. Several parameters for optimizing 

the expression of soluble hbFGF, including fusion tagged strategy (6xHis-hbFGF and 

Trx-6xHis-hbFGF), E. coli expression host strains (BL21(DE3) or ArcticExpressRIL), 

concentration of IPTG used for induction, duration of induction and affinity purification 

procedures were investigated. Under the optimal condition, approximately 60-80 mg of 

hbFGF fusion proteins was obtained from 1 liter culture broth. The biological activity of 

purified hbFGF was assessed using NIH3T3 cells and undifferentiated hESCs and 

induced pluripotent stem cells (iPSCs). The results demonstrated that the N-terminal 

fusion tags of 6xHis-hbFGF and Trx-6xHis-hbFGF fusion proteins did not interfere with 

their biological activities. Human ESCs and iPSCs supplemented with the fusion proteins 

could maintain undifferentiated stage for several passages. No significant differences in 

the stem cells morphology and gene expression were observed when supplement with our 

purified hbFGF fusion proteins or commercialized hbFGF. The use of the fusion proteins 

in our laboratory was found to significantly reduce the cost of media preparation, 

approximately 30-60%. We have demonstrated an easy and efficient expression system 

for in-house hbFGF production, and this system may not only facilitate further 

production of recombinant hbFGF, but also allow possible large-scale production of other 

biologically active cytokines and growth factors used for stem cell research. 
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CHAPTER I 

  INTRODUCTION 

Regenerative medicine is a broad field of biomedical research especially in tissue 

engineering and therapeutic stem cells. The hope is to regenerate the tissues or organs to 

establish and restore normal function. In mammals, four types of pluripotent stem cells 

have been identified, isolated and grown in culture including embryonic stem cells 

(ESCs), embryonic germ cells (EGCs), embryonal carcinoma cells (ECCs) and induced 

pluripotent stem cells (iPSCs). ESCs can in vitro differentiate into all kinds of cells and 

provides a powerful model system for cellular and molecular mechanism studies of 

mammalian developmental biology. These features provide the cells the potential to be 

alternative tools for the treatment of human diseases, since pluripotent stem cells 

differentiation could be used to regrow, repair or replace damaged or diseased tissues or 

organs via transplantation. However, research and development of methods for in vitro 

regulated, controlled and reproducible differentiation of the stem cells are required before 

the applications of the cells differentiation capability can be fully realized. An 

understanding of pluripotency at the molecular level should provide signs into ways to 

maintain as well as directly differentiate the stem cells which specific lineages or somatic 

cell reprograming to iPSCs. The analysis of protein complex and physical protein-protein 

interaction networks of pluripotency factors should provide valuable information lead to 

a better understanding of pluripotency mechanisms that involve self-renew and maintain 

pluripotency of the stem cells. The proteome in human ESCs has not been extensively 

study in comparison to other cellular systems. One reason for this is that the culture of  

hum  

 

 

 

 

 

 

 

 



2 
 

human ESCs is difficult to establish and manipulate. A lot of money on expensive stem 

cell culture media and growth factors are also needed. 

In this study, we examine the pluripotency interactome to try to understand the 

intricate protein interaction networks and protein complexes surrounding the OCT4 

transcription factor. To recover the transcription factors with its associated proteins, a 

biotinylation proteomic approach was used. The transcription factors complementary 

DNA bearing a carboxyl-terminal triple (3x)-FLAG epitopes followed by a short peptide 

tag that severs as a substrate for in vivo biotinylation were expressed in human ESCs that 

were previously engineered to express Escherichia coli biotin holoenzyme synthetase 

(BirA). The OCT4 tagged transcription factors and its associates were recovered from 

nuclear extracts with streptavidin beads or immunoprecipitation with anti-FLAG and 

anti-OCT4 antibodies. Protein complexes recovered from the purification were 

fractionated on SDS-PAGE followed by in-gel digestion then subjected to liquid 

chromatography-tandem mass spectrometry (LC-MS/MS) to identify component of the 

protein complexes. Here, we report OCT4 interactomes and demonstrate that the 

interactomes were connected with the pluripotency machinery in human ESCs that are 

important for human stem cells to maintain pluripotency and somatic cell reprograming.  

The studies of protein-protein interaction in human ESCs need large-scale 

purification of multi-protein complexes of approximately 20 to 40 15-cm dishes of 

human ESCs to provide enough cells to make 50 to 100 mg of nuclear extract. To 

maintain self-renew human ESCs in culture, human basic fibroblast growth factor 

(hbFGF) is a crucial growth factor needed for cell culture. To decrease the cost of the 

growth factor in human ESCs research, here, we describe a simple procedure for 

production of recombinant hbFGF. This study demonstrated an uncomplicated, fast and 

low-cost preparation of homemade soluble biologically active hbFGF fusion proteins 
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expressed in E. coli. The purified hbFGF proteins, both with and without the fusion tags, 

were biologically active. Moreover, the fusion proteins have the ability to support several 

culture passages of undifferentiated human ESCs and iPSCs. This work provided a 

simple tool for production of the hbFGF that is friendly and easy to apply in stem cell 

research. 

 

 

 

 

 

 

 

 



CHAPTER II 

LITERATURE REVIEWS 

2.1 Stem cells  

 Stem cells are undifferentiated cells that contained the capacity to differentiate 

into different cell types and self-renew with the ability to extensively proliferate without 

senescence. Stem cells can be classified according to their potency as totipotent, 

pluripotent, multipotent, oligopotent and unipotent (Table 2.1). They can also be defined 

by the origin as embryonic stem cells, adult stem cells or induced pluripotent stem cells. 

 2.1.1 Embryonic stem cells (ESCs) 

ESCs originally derived from inner cell mass (ICM) of the blastocyst of a 

pre-implantation embryo (Evans and Kaufman, 1981). These cells exhibit an unlimited 

proliferated capacity in culture and maintain their pluripotent potential to differentiate 

into tissue of the three embryonic germ layers (Yao et al., 2006). Human ESCs have been 

derived from ICM of day5/day6 fresh as well as frozen blastocyst. They are co-cultured 

on fibroblast feeder cells of either mouse or human origin, combined with fetal bovine 

serum or more human serum or serum replacement with or without bovine or human 

serum albumin and supplemented with one or more cytokines, usually basic fibroblast 

growth factor (bFGF). The bFGF has been determined to be the key factor to maintain 

human ESC pluripotency. While leukemia inhibitory factor (LIF) activates the LIF/Stat 

pathway to sustain pluripotency of mouse ESCs. LIF does not have the same effect in 

human ESCs. There have been reports that bFGF support human ESC self-renewal via
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TGFβ/Activin A signaling pathway (Thomson et al., 1998; Amit et al., 2003; Richards et 

al., 2003; Koivisto et al., 2004; Daheron et al., 2004; Park et al., 2011). In culture, human 

ESC colonies are tightly packed with clear borders of small round cells. Individual 

human stem cell has a high nucleus-cytoplasm ratio with distinctive nucleoli. Mouse 

ESCs grow and develop in three-dimensional rounded colonies with regular borders, 

while human ESCs proliferate forming bi-dimensional flat-shape colonies with clear 

border. ESCs are identified by the presence of high level of alkaline phosphatase activity 

and expression of ESC markers (Marti et al., 2013). Unlike mouse ESCs, human ESCs 

express transcription factors OCT4, SOX2 and NANOG as well as the stage-specific 

embryonic antigen SSEA-3, SSEA-4 but negative for SSEA-1 expression. Although, both 

human and mouse ESCs are derived from ICM of blastocyst, they have different 

biological properties with respect to under lying mechanism of self-renewal including 

gene expression profile, growth factor/signaling confidence and colony morphology. 

Molecular analysis has shown that human ESCs retain their pluripotency similar to 

mouse-derived epiblast stem cells (Ginis et al., 2004). The pluripotent of ESC properties 

include not only maintenance the capable of self-renewal indefinitely in undifferentiated 

stage but also demonstrated clonally derived cell capable of differentiation into all three 

embryonic germ layers in vitro and maintaining normal karyotype during growth. 

2.1.2 Adult stem cells 

Adult stem cells are derived from adult tissue and characterized by their 

capacity for self-renewal and differentiation into tissue-specific cell types which they 

committed to differentiate into. These cells could be obtained from all tissues of the three 

germ layers as well as placenta including skin, muscle, intestine and bone marrow 

(Artlell et al., 1998; Matsuoka et al., 2001; Coulombe et al., 2004; Humphries et al., 
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2011). Different cell types of adult multipotent cells are capable of differentiating into 

various cell lineages (Table 2.2) (Slack, 2000; Blau, 2001).  

Table 2.1 Differentiation potential classification of self-renewal cells.  

Term Definition 

Totipotent The most undifferentiated cells found in early development, 

zygote and the cells of the first two divisions. They can 

differentiate into embryonic as well as extra-embryonic 

tissues. 

Pluripotent  Cells that have the potential to differentiate into derivatives of 

all three germ layers, ectoderm, endoderm and mesoderm. 

Usually are embryonic stem cells (ESCs), which were first 

derived from ICM of the blastocyst. Recently, reprogramming 

of somatic cells also generated pluripotent cells, named iPSCs 

which share similar characteristic with ESCs. 

Multipotent  Cells found in most tissues which differentiate into closely 

related family of cells. Mesenchymal stem cells are the most 

recognized cells derived from bone marrow, bone, adipose 

tissue, Wharton's jelly, umbilical cord blood and peripheral 

blood. 

Oligopotent Cells that are able to form two or more lineages within a 

specific tissue and self-renew. Example, hematopoietic stem 

cells that can differentiate into both myeloid and lymphoid 

lineages. 

Unipotent  Precursor cells that are able to differentiate into only one 

specific cell type and have the property of self-renewal. 

Example, spermatogenic stem cell giving rise to sperm and not 

any other cells. 
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Table 2.2 Example of adult stem cells and their commitment of differentiation.   

Cell type Specific tissue source Cells/Tissue destination 

Hematopoietic stem cells Bone marrow, peripheral blood Bone marrow and blood lymphohematopoietic cells 

Mesenchymal stem cells Bone marrow, peripheral blood 
Bone, cartilage, tendon, adipose tissue, muscle, marrow 
stroma, neural cells 

Neural stem cells 
Ependymal cells, astrocytes (subventricular 
zone) of the central nervous system 

Neurons, astrocytes, oligodendrocytes 

Hepatic stem cells 
In or near the terminal bile ductules (canals of 
Hering) 

Oval cells that subsequently generate hepatocytes and 
ductular cells 

Pancreatic stem cells 
Intraislet, nestin-positive cells, oval cells, duct 
cells 

Beta cells 

Skeletal-muscle stem 
cells or satellite cells 

Muscle fibers Skeletal muscle fibers 

Stem cells of the skin 
(keratinocytes) 

Basal layer of the epidermis, bulge zone of the 
hair follicles 

Epidermis, hair follicles 

Epithelial stem cells of 
the lung 

Tracheal basal and mucussecreting cells, 
bronchiolar Clara cells, alveolar type II 
pneumocyte 

Mucous and ciliated cells, type I and II pneumocytes 

Stem cells of the 
intestinal epithelium 

Epithelial cells located around the base of each 
crypt 

Paneth’s cells, brush-border enterocytes, mucussecreting 
goblet cells, enteroendocrine cells 
of the villi 

(Source: Korbling and Estrov, 2003) 7 
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Hematopoietic stem cells are typical example of adult stem cells that can be found 

abundantly in the bone marrow and are tissue-specific and can only be used to 

reconstitute the hematopoietic system. Hematopoietic stem cells can be used after 

myeloablation to repopulate the bone marrow in patients with hematologic disorders, 

potentially curing the underlying disorder.  Although, the molecular mechanisms of 

lineage switches within the hematopoietic system have been extensively studies (Graf, 

2002), but the mechanisms that determine the transitions in the fate of adult stem cell 

remain poorly understood.  

Mesenchymal stem cells are another type of adult stem cells that are able to 

differentiate into various mesodermal cell lineages including myocytes, osteoblasts, 

chondroblasts, fibroblast, adipocytes and other stromal element. Mesenchymal stem cells 

present in all organs and are organ specific. For therapeutic purposes, mesenchymal stem 

cells are mostly isolated from bone marrow and umbilical cord.  

Adult stem cells have several advantages over ESCs, mainly they can be 

autologous cells which do not raise issues of rejection or ethical controversies (Korbling 

and Estrov, 2003; McCormick and Huso, 2010). Several studies have shown that adult 

stem cells transplantation restores damaged organ in vivo, such as bone tissue repair and 

revascularization of the ischemic cardiac tissue via stem cell differentiation and 

generation of new specialized cells (Obradovic etal., 2004; Chimutengwende-Gordon and 

Khan, 2012).          

2.1.3 Induced pluripotent stem cells (iPSCs) 

iPSCs are differentiated cell that have been reprogrammed to exhibit similar 

features to ESCs including cell morphology, growth properties, telomerase activity, cell 

surface marker, gene expression, epigenetic status of pluripotent cell-specific genes. They 
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could differentiate into all cell type of the 3 germ layer. First reported in 2006, Takahashi 

and Yamanaka demonstrated the generation of mouse iPSCs by retrovial transduction of 

Yamanaka’s factors (OCT4, SOX2, KLF4 and c-MYC). A year later, in 2007, iPSCs can 

be made from both mouse and human with several cell types, as show in Table 2.3 

(Takahashi and Yamanaka, 2006; Takahashi et al., 2007; Yu et al., 2007). Additional, 

scientists are still investigating new methods to generate safer iPSCs. A number of 

different reprogramming factors and methods have been established and the results 

demonstrated that various cell source, delivery methods and combination of transcription 

factors differ significantly in their efficiency (Table 2.4). 

   

Table 2.3 Generation of iPSCs from different cell sources and different combinations of   

transcription factors (O-OCT4; S-SOX2; K-KLF4; M-cMYC; N-NANOG, L- 

LIN28). 

Cell types Transcription factors References 

Fibroblast       OSKM Takahashi and Yamanaka, 2006 

 
    OSLN  Yu et al., 2007 

Keratinocytes     OSKM Aasen et al., 2008 

Cord blood endothelial cells     OSLN  Haase et al., 2009 

Cord blood stem cells      OSKM  Ye et al., 2009 

Neural stem cells     O  Kim et al., 2009a 

Melanocytes      OSKM Utikal et al., 2009 

Amniotic cells     OSKM  Li et al., 2009 

Adipose derived stem cells     OSKM  Sugii et al., 2010 

Hepatocytes      OSKM  Liu et al., 2010 

Circulating T cells     OSKM  Seki et al.,2010 

Astrocytes     OSKM  Ruiz et al., 2010 

Peripheral blood     OSKM  Kunisato et al., 2011 

Kidney mesangial cells     OSKM  Song et al.,2011 

Exfoliated renal epithelial cells      OS Zhou et al., 2012 
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Table 2.4 The role of different factors in the generation of iPSCs (O-OCT4; S-SOX2; K- 

KLF4; M-cMYC; VPA-valproic acid; CHIR99021-inhibitor of Glycogen  

synthase kinase 3). 

Transduction 

methods 

Reprogramming 

Factors 
Cell type 

Efficiency 

% 
References 

Retroviral OSKM Mouse fibroblast 0.001-1 Takahashi and 

Yamanaka, 2006 

 

OSK + VPA Neonatal  1 Huangfu et al., 2008a 

Lentiviral  OSKM Human fibroblast 0.1-1 Yu et al., 2007 

Inducible 

lentiviral 

OK + parnate + 

CHIR99021 Neonatal  0.02 Li et al., 2009 

 

OSKM Human fibroblast 0.1-2 Maherali et al., 2008 

Sendai virus OSKM Human fibroblast ~0.1 Fusaki et al., 2009 

Adeno virus OSKM Mouse fibroblast ~0.001 Stadtfeld et al., 2008a 

Plasmid OSK Fibroblast <0.001 Okita et al., 2008 

PiggyBAC OSKM Fibroblast 0.01 Woltjen et al., 2009 

Polyarginine 

tagged OSKM Neonatal  <0.001 Kim et al., 2009b 

lox P 

lentivirus OSKM Fibroblast 0.1-1 Somers et al., 2010 

Synthetic 

mRNA OSKM Human fibroblast 4.40 Warren et al., 2010 

 

Since the beginning, the use of viral vectors integration, such as lentiviral and 

retroviral vectors which possess comparatively high reprogramming efficiency, has been 

a classic method for the generation of iPSCs. However, these manipulations changed the 

structure of the genome by integrating other gene sequences, thus may lead to 

tumorogenesis (Okita et al., 2007), which would limit practical use. To date, several non-

integrating approaches have been developed to generate human iPSCs, such as 
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adenovirus-mediated gene delivery (Zhou and Freed, 2009), non-integrative episomal 

vectors (Yu et al., 2009), piggyBac transposition (Woltjen et al., 2009), self-excisable 

vector (Somers et al., 2010), mRNAs (Warren et al., 2010), and by the delivery of 

reprogramming proteins (Zhou et al., 2009; Kim et al., 2009). Many of the non-

integrative methods still have severe limitations, such as the challenges in generation and 

purification of proteins and sendai viruses (Fusaki et al., 2009, Zhou et al., 2009), the 

need for repeated administration of synthetic mRNA (Warren et al., 2010), and the low 

reprogramming efficiency of plasmid- and protein-based methods (Kim et al., 2009). 

Developments of efficient non-integrative methods for reprogramming are still required. 

iPSCs provide the opportunity to create an identical match to the cell donor (patients) and 

thus avoiding issues of rejection. Identical match donors are widely required in 

therapeutics for disease modeling, regenerative medicine, and drug discovery. 

2.2 Methods used to study protein-protein interactions (PPIs) 

 In 1995, the word proteome was created to describe the protein complement of a 

genome while the word proteomic represents a systemic analysis of proteins composition 

of the genome (Wasinger et al., 1995). Proteomic can be divided into two fields. First, 

expression proteomic is the study of the global changes of protein expression and second, 

cell map proteomic which is the systematic study of protein-protein interactions (PPIs) 

through the isolation of protein complex (Blancksteck and Weir, 1999). The studies of 

PPIs have provided fundamental understanding of complex biology processes and 

pathways that control the growth and development including cell-to-cell interaction, 

metabolic and developmental control replication and selective elimination of cells. It is 

known that abnormal PPIs may lead to diseases and cancer. Assembly of transcriptional 

machinery also involves PPIs that provided an understanding of transcriptional regulatory 
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circuitry as response for pluripotency and self-renewal in every cells including human 

ESCs. Different methologies such as yeast two-hybrid, protein fragment complementary 

assay, and protein affinity purification have been developed for studying PPIs. 

2.2.1 Yeast two-hybrid (Y2H) 

Y2H method is an in vivo method developed by Fields and Song (1989) to 

study PPIs. In Y2H assay, both  a DNA binging domain (DBD) that helps binding to 

DNA  and an activation domain (AD) responsible for activating transcription of DNA are 

required for activating transcription of a reporter gene (Figure 2.1A). For example, 

Saccharomyces cerevisiae transcriptional activator GAL4, which is composed of two 

separable and functionally distinct domains, an N-terminal domain binds to specific DNA 

sequence and a C-terminal domain containing acidic regions, that necessary to activate 

transcription. A system of two hybrid protein was setup via the GAL4 DBD was fused to 

a protein X, termed the bait and a GAL4 AD fused to a protein Y, termed the prey. If 

protein X and protein Y are co-expressed and both proteins interact the complex of X and 

Y will bring the two domains of GAL4 into proximity, then a functional transcription 

factor is reconstituted at the GAL4 promoter site upstream of a reporter gene. 

Consequently, transcription of reporter gene is activated (Figure 2.1A). Typically, Y2H 

prey screening is replaced by a collection of unknown prey expression from cDNA or 

genomic libraries. Screening of the libraries against defined bait may lead to the 

discovery of novel interaction partners. Many studies demonstrated that Y2H can be 

easily automate for high-through put studies of PPIs on a genome wide scale including 

bacteriophage T7 (Bartel et al., 1996), S. cerevisiae (Uetz et al., 2000; Ito et al., 2001), 

Drosophila melamogaster (Formstecher et al., 2005), Caenorhabditis elegans (Obrdlik et 

al., 2004) and human (Stelzl et al., 2005; Rual et al., 2005). The reasons for the success of 
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Y2H system are an in vivo genetic screening system, easily scalable, no purification steps 

and robotic platforms are available. In addition, interactor partners could be identified by 

colony PCR followed DNA sequencing analysis which makes such screens less time 

consuming and less expensive. However, false positive and negative can occur and are 

considered to be the serious technical problem of the Y2H system. In the Y2H assay, 

PPIs must be localization to the nucleus, some of the proteins fused with DBD and AD 

cannot localize in the yeast nucleus, cannot fold properly and cannot function when 

expressed as a fusion protein. Some protein need appropriate post-translational 

modification to carry out their functions which are unlike to behave or interact normally 

in Y2H. Due to these limitations the Y2H is less popular now. 

 

Figure 2.1 Techniques to study protein-protein interactions. (A) Yeast two-hybrid system 

and (B) Protein complementation assays with Gaussia luciferase reporter 

(Gluc). DBD: DNA binding domain, AD: activation domain,  X, Y: gene 

encode for protein X and protein Y. 
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2.2.2 Protein fragment complementation assays (PCAs) 

To observe PPIs directly in cells, PCAs can be use. This techniques are 

based on two proteins of interest (bait and prey) interact by fuse each of them with an 

inactive fragment of a reporter protein when the two come together the reporter protein is 

active. Each protein requires specific breaking points that allow the non-covalent protein 

reconstitution while minimizing the spontaneous folding. If the proteins under interact 

with each other, the reporter fragments are brought together allowing them to fold into 

native structure of the reporter and then reconstituting the activity of the reporter (Figure 

2.1B). PCAs have been created with many different reporter proteins includes 

dihydrofolate reductase (DHFR) (Pelletier et al., 1998), β-lactamase (Galarneau et al., 

2002), fluorescent proteins (Hu and Kerppola, 2003) and luciferase (Villalobos et al., 

2007). The signal readout can be survival, fluorescence or colour. Originally, PCAs were 

developed with DHFR, widely used in libraries selection experiments but the availability 

of fluorescent or luminescent proteins has significant extended their application. To 

assure that PCA can occur, linker of about 10-15 amino acids flexible polypeptide that 

consist of (Gly-Gly-Gly-Gly-Ser)n is inserted between the proteins of interest and 

inactive reporter fragments. The linker provides polarity and flexibility to allow the 

fragment to find each other and fold. The length of linker could be shorter if the protein 

of interests are short peptide to avoid entropic penalty upon binding (Remy and 

Michnick, 2001).The folding and activity of the reporter depends on the interaction 

between bait and prey. One critical point for PCAs is that the dissected inactive 

fragments of the reporter protein should not associate spontaneously in the absence of the 

binding proteins. If this happen, false positive will be observed. To avoid self-association, 

if possible the expression of fusion protein should be low levels as close to those of the 

endogenous counterparts and the use of endogenous promoter is advisable (Cabantous et 
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al., 2005). Like Y2H, PCAs permit in vivo genome wide screening for weak PPIs but the 

system still requires the localization in the nuclear of fusion proteins. In addition, Y2H 

assay are limited to the study of binary interaction whereas PCAs can be applied to study 

ternary protein complexes which the competition for the binding to specific protein or the 

subcellular localization of PPIs. 

2.2.3 Protein affinity purification 

In mammal cells, protein-protein interaction complexes have been studied 

by combining protein affinity purification with mass spectrometry and bioinformatics. 

Affinity purification refers to the capture of biological material by specific enrichment 

with ligand and coupled to a solid support (Roague and Lowe, 2008). Affinity 

purification can be classified into two main approaches according to the nature of the 

target molecule (Figure 2.2). When the target molecule is the native endogenous protein, 

then the antibody-based affinity purification, usually named co-immunoprecipitation is 

applied. However, if the target molecule is tagged with an epitope, then affinity 

purification will be based on the affinity tag. One more different affinity tags can be used 

for tandem affinity purification, which can increase specificity and reduce the 

background (Puig et al., 2001; Li, 2010). 

  2.2.3.1 Co-immunoprecipitation (Co-IP) 

Co-IP, also known as antibodies pull down or antibody-based 

affinity purification was developed from the immunoprecipitation method. 

Immunoprecipitation involves the specific antigen-antibody reaction, then incubation of 

cellular extracts or protein mixture to form an immune complex with the target proteins. 

The know protein X is named the bait protein and it interaction protein Y is named prey. 

If protein X form a stable complex with protein Y in the cell. Immunoprecipitation of 
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protein X may be resulted in co-immunoprecipitation of protein Y (Figure 2.2). Co-IP is 

commonly used to investigate whether two proteins of interest are associated in vivo and 

it can be used to identify interacting partners of a target protein (Miernyk and Thelen, 

2008). The interacting protein can be identified by Western blot if suitable antibodies are 

available or by mass spectrometry. The advantages of antibody-based affinity purification 

are the endogenous protein complexes can be purified, which signifies the biological and 

functional relevance of the identified interacting proteins and the experiment can be done 

in a speedy manner, which no transgenic lines need to be established. However, the 

disadvantages of this approach are most antibodies suffer from non-specific reactivity 

such that spurious protein complexes will co-purify with the bona fide protein complexes, 

often spend the time and money associated with the preparation of the specific antibody 

and some interactions may be weak and lost during purification procedure, due to the 

affinity between antibody and the target protein is low (Master, 2004; Berggard et al., 

2007; Miernyk and Thelen, 2008). 

  2.2.3.2 Epitope-tag affinity purification 

The epitope-tag affinity purification has been widely used in 

isolating protein complexes in vivo, after the proteomic study in yeast published in 1999 

(Rigaut et al., 1999), In 2002, two studies utilized the epitope-tag affinity purification to 

isolate protein complex in yeast followed by an MS analysis, and identified hundreds of 

protein complexes in vivo (Gavin et al., 2002; Ho et al., 2002). After that several studies 

have followed this approach. This approach involves genetically engineering of an oligo 

peptide or an epitope-tag  including hexahistidine (His6), hemagglutinin (HA), FLAG, 

GST, Myc, calmodulin-binding protein (CBP) or maltose-binding protein (MBP) 

(Stevens et al., 2000) on to the target protein of interested. The epitope tag may be fused 
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to either the N- or C-terminus of the full length coding region of the target protein in an 

expression vector for protein overexpression in the cells. More than two tags can be used 

to fuse together into either the N- or C-terminus of the target protein. This is called 

tandem affinity tags. The epitope tag can be translated directly into the affinity handle, or 

may be used for further modification, such as a biotinylatable sequence can be fused to a 

bait protein such that biotinylation can be occur in vivo following co-expression of a 

biotin ligase such as the bacterial BirA protein (Rodriguez et al., 2006). The tagged 

protein can be purified using an affinity matrix that specifically recognizes the epitope 

(Jarvik and Telmer, 1998; Brizzard, 2008). This technique provides many advantages, 

such as purity of protein complex purification can be achieved higher than conventional 

approaches. Rigaut et al. (1999) demonstrated that after tandem affinity tag purification, 

purified protein complexes are much cleaner than just by one-step purification. This also 

provides a uniform system for tagging and purifying different proteins for the 

comparison. Antibodies against the tags are also commercially available. In addition, an 

epitope-tagging experiment, important concerns relate to detrimental effects potentially 

mediated by the expression level of exogenously expressed recombinant proteins is 

needed to be concerned. Massive overexpressed or problematically tagged proteins may 

exhibit protein misfolding, mislocalization, or mis-regulation, leading to increases in both 

false-positives and false-negatives and increased background contaminants (Goelet al., 

2000; Rumlova et al., 2001; Hofemeister et al., 2011). 

2.3 An overview of mass spectrometry platforms for studying PPIs in 

ESCs 

 Several methodologies have been developed to study protein complexes in 

eukaryotes. The combination of affinity purification with mass spectrometry and 
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bioinformatics analysis has become the method of choice for the characterization of 

protein complexes in ESCs (Wang et al., 2006). This section describes the overview 

workflow of mass spectrometry based PPIs studies. The identification of interacting 

protein may help defining PPIs and proteins of unknown functions. Protein(s) can be 

engineered to be fused with a single tag or a more combination of various tags to allow 

the isolation of the bait and together with its associated proteins. To isolate protein 

complexes, single step or tandem affinity purification can be used. The purified protein 

complex can be separated by SDS-PAGE. Then, the fractionated proteins will be digested 

in the gel by trypsin enzyme and the peptide fragments can be analyzed using mass 

spectrometry. Protein identification is reached by the use of an algorithm against a 

sequence data base.  

2.3.1 Engineering of interested protein  

The selection of the proteins of interest, or baits is the first step for 

designing an affinity purification-mass spectrometry (AP-MS) experiment that will be 

used to characterize a network of PPIs. In ESCs, transcription factors OCT4, SOX2 and 

NANOG are core factors involved in maintaining pluripotency. The characteristic of the 

protein complexes and mapping the protein interaction networks of the pluripotency 

factors provide an understanding of pluripotency at the molecular level includes 

epigenetic modifications operating in a regulatory network. These methods have also 

uncovered new factors in self-renewal signaling pathways that will provide both direct 

differentiation with specific lineages and reprogram somatic cells to an ESCs. The 

experimental designs must balance optimizing bait expression to maintain relevance 

biological level. The expression of the bait protein should be comparable to the 

expression level of the endogenous counterparts (Al-Hakim et al., 2012). If the 
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expression level of the bait protein is too high, the protein complexes assembly may not 

occur under physiological conditions (Drewes and Bouwmeester, 2003). In ESCs, there 

are many techniques to generate in vivo affinity-tagged bait protein including episomal 

vectors transfection (for example, pEF1∝5His and pPyCAG), lentivirus transfection and 

recombinase-mediated cassette exchange (Wang et al., 2006; van den Berg et al., 2008; 

Pardo et al., 2010; Ding et al., 2012; Gagliardi et al., 2013). Programmable nuclease 

approaches, such as transcription activator-like effector nuclease (TALEN) and clustered 

regularly interspersed short palindromic repeats (CRISPR)/Cas9 systems, can also be 

considered to generate stable cell lines that express affinity-tagged proteins (Musunuru, 

2013). These systems directly fuse affinity tags to bait proteins within their gene located 

in the genome. However, engineering stable expression cell lines may need to develop of 

multiple clones to select for optimal expression levels which require more money and 

time (Moorman et al., 2010).  

2.3.2 In vivo biotinylation of bait proteins 

Biotin is an occurring cofactor for metabolic enzymes, which is active only 

when covalently attached to the enzymes through the action of specific protein-biotin 

ligases. Biotin ligase is responsible for attaching biotin to a specific lysine at the active 

site of newly synthesized biotin enzymes (Chapman-Smith and Cronan, 1999). 

Biotinylation is an attractive approach for protein complex purification due to the very 

high affinity binding avidin and streptavidin to the biotinylated protein. 

Biotin/streptavidin binding is the strongest noncovalent interaction known in nature (Kd ~ 

10-15 M), allowing for more efficient and stable capture of the bait protein and associated 

factors without the use of antibodies. This offers advantages compared to the traditional 

FLAG and HA tags affinity purifications (Wang et al., 2006). In ESCs, there are a few 
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endogenously biotinylated proteins that have been well defined, thus reducing the chance 

for cross-reactivity when using biotinylation in protein purification (de Boer et al., 2003; 

Wang et al., 2006). The characterization of the minimal amino acid sequence 

requirements for in vivo biotinylated proteins has been developed for substrate peptide 

sequences. This 23 amino acids (MSGLNDIFEAQKIEWHEGAPSSR) known as 

biotinylation peptide that can be biotinylated in ESCs (Kim et al., 2009). Biotinylation 

can occur by co-expression of an exogenous biotin ligase. Escherichia coli biotin 

holoenzyme synthetase (BirA) is an enzyme that performs highly selective biotinylation 

to the biotinylation peptide sequence. Wang and his colleague established an in vivo 

biotinylation system in mouse ESCs and demonstrated that co-expressed BirA and 

transcription factors tagged by an N-terminal fusion of the biotinylation peptide can be 

done. The resulting stable line produced biotinylated transcription factors that can be can 

be efficiently purified by streptavidin affinity. This improves the AP-MS studies in ESCs 

(Wang et al., 2006; Kim et al., 2009; Ding et al., 2012). However, additional time is 

required to establish cell lines for in vivo biotinylation when compared to direct 

endogenous antibody immunoprecipitation, and like affinity tagging, cell lines expressing 

a controlled level of biotinylated proteins are necessary for analysis. 

2.3.3 Affinity tags  

In vivo affinity fusion-based protein purification has been implemented in 

AP-MS studies. It takes advantage of the selective binding of a genetically fused affinity 

tag. Typically, this method depends on the expression of a bait protein with an affinity 

tag. As shown in Table 2.7, many different types of affinity tags include c-Myc, FLAG, 

hemagglutinin (HA), biotin, poly histidine, Streptavidin-tag II, glutathione S-transferase 

(GST), green fluorescent  protein (GFP), protein A, maltose-binding protein (MBP), 
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calmodulin-binding protein (CBP), FLAG-HA, FLAG-biotin and FLAG-CBP have been 

successfully applied to AP-MS studies. Two or more tags can be combined effectively to 

generate tandem affinity purification for investigating mammalian protein interaction. 

The tagged protein can be purified using an affinity matrix that specifically recognizes 

the tags. To increase affinity and specificity, the affinity tags can be multiplied such as 

3xFLAG. The affinity tag can be fused single or tandem to the N- or C terminus of the 

bait protein. However, each tagging system has its optimal applicability to different 

number proteins with different purity, yield and cost. 

 

Figure 2.2 Affinity purification of protein complex. Co-immunoprecipitation performed 

with endogenous proteins and then the protein of interest is isolated with a 

specific antibody. The tagged protein complex is purified by either one-step or 

muti-steps affinity purification using affinity columns. 
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The affinity tags especially a big tag may affect the native structure of bait protein and its 

binding activity with other partners. Additional, it is important that overexpressed tagged 

bait proteins may exhibit protein misfolding or mislocalization leading to increases in 

both false-positives and -negatives and increased background contaminants (Dunham et 

al., 2012). However, every tag has its own specific background protein profile, such as 

STK38 and the associated CRAPome for FLAG-tagged baits or biotin-cofactor enzymes 

include some carboxylases and ribosomal proteins associated with the streptavidin tag 

system (Wang et al., 2006; Mellacheruvu et al., 2013). Recently, the 3xFLAG, in vivo 

biotinylation and endogenous antibody co-IP strategies have been the most widely used 

affinity tags for both immunodetection and affinity purification to studies the PPIs 

network in ESCs (Wang et al., 2006; van den Berg et al., 2008; Pardo et al., 2010; Ding 

et al., 2012; Gagliardi et al., 2013).  

2.3.4 Affinity purification  

Affinity tagged bait protein purification is an excellent method to purify and 

identify multiprotein complexes when compared with other methodologies. It allows 

rapid purification of protein complex under native conditions and the detection are well 

recognized. Purification of the tagged bait protein can be performed through either one- 

or multiple-step purification from the stable cell lines by affinity or immune-affinity 

columns. One-step affinity purification purifies bait protein with one tag fused to either 

the N- or C-terminus of the bait protein. With the affinity column, the tagged bait protein 

from the cell lysate can bind to the affinity column or antibody, and be eluted by 

competition tag peptide analog, changing salt concentrations, pH, ionic strength or 

detergents to displace the bait protein and bait-associated proteins (Table 2.5). The 

washing conditions determine purity and the composition of protein complex in the one-
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step affinity purification. Using buffers containing high salt concentrations or detergents 

for stringent washes are used to reduce contaminating proteins. However, stringent 

washes may also reduce the binding of low-affinity targets and the weak interactions will 

also lose. 

Table 2.5 Affinity tags used for purification of tagged bait protein in the AP-MS studies. 

Tag Sequence/size Binding agent Elution conditions 

c-myc EQKLISEEDL Anti-c-myc Low pH 

FLAG DYKDDDDK Anti-FLAG FLAG peptide/pH/EDTA 

HA YPYDVPDYA Anti-HA HA peptide 

Biotin MSGLNDIFEAQKIEWHEGAPSSR 

(biotinylation peptide) 

Streptavidin SDS 

His-Tag HHHHHH Ni2+/CO2+ 

NTA 

Imidazole/low pH 

Strep-

tag II 

WSHPQFEK Streptavidin Desthiobiotin 

GST 26 kDa Glutathione Reduced glutathione 

GFP 26.9 kD Anti-GFP pH 

Protein 

A 45 kDa IgG Protein A/low pH  

MBP 40 kDa Amylose Maltose 

CBP 4 kDa Calmodulin EGTA 

(Source: modified from Dunham et al., 2012)  

 In addition, a rapid strategy with high yield of protein complex under 

cellular native conditions of the one-step affinity is not only expected to produce more 

interaction candidates but also with additional false positives (Westermarck et al., 2013). 

For example, Wang and his colleague established an in vivo biotinylation system in 

mouse ESCs to perform one-step affinity purification of the biotin-streptavidin binding 

with successful construction of the NANOG interactome in mouse ESCs (Wang et al., 

2006). In another example, van den Berg et al., (2008) and Pardo et al., (2010) utilized 
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3xFLAG tagging strategy to purify and identify OCT4 interaction network in mouse 

ESCs. The 3xFLAG tagged OCT4 and its associated protein complexes can be isolated 

with anti-FLAG and eluted with FLAG peptides by competition. Although, the FLAG 

strategy has been success in HeLa and HEK293 cells but its application in ESCs still 

suffers from non-specific binding. This may be due to the presence of many nuclear 

proteins in ESC extracts that react nonspecifically to the FLAG tag and the FLAG 

antibody (Wang, 2012). Therefore, to improve affinity purification strategy employing 

FLAG in tandem with a second tag is more often a preferred for the second step 

purification to achieve better discrimination of specific associations against unspecific 

protein background. Alternatively, in vivo biotinylation strategy has been also developed 

to complement and improve the affinity purification studies in ESCs (Kim et al., 2009).  

 2.3.5 Pre-Mass spectrometry (Peptide purification and digestion) 

For identification of protein complexes, mass spectrometry is one of the best 

method that is superior in speed and sensitivity when compared to traditional protein 

sequencing by Edman degradation or other methods. Typically, the analysis starts from 1- 

or 2-D gels that are used to separate the components of a protein and stained with 

Coomassie or silver staining. After the gel is stained, whole lane or bands can be excised 

and processed generally include destaining, reduced disulfide bonds, alkylation of free 

cysteine residues and in-gel digestion. In-gel digestion approach has been developed for 

the enzymatic fragmentation of proteins embedded in gel pieces and the extraction of the 

resulting peptides. Peptides are normally generated by trypsin proteolytic digestion. 

Trypsin cleaves peptide bonds specifically C-terminal to arginine and lysine residues 

leads to peptides in the preferred mass range required for analysis by mass spectrometry 

(Olsen et al., 2004; Medzihradszky, 2005). After digestion, peptide mixtures are 

 

 

 

 

 

 

 

 



25 
 

concentrated and desalted with reversed-phase micro-columns to remove salts and other 

digestion impurities. The peptide fragments are then analyzed using mass spectrometry 

strategies.  

2.3.6 Mass spectrometry 

The mass spectrometer (MS) is used to determine the accurate molecular 

mass of proteins and the derived peptides, and tandem mass spectrometry (MS/MS) 

facilitates amino acid sequencing and mapping of post-translational modifications 

(Aebersold and Mann, 2003; Seet et al., 2006). MS measure the mass to charge (m/z) 

ratio of charged molecules in gas phase, allowing for the determination of their molecular 

masses after charge state resolution. Commonly, the MS platform for AP-MS analyses is 

implemented by liquid chromatography (LC), coupled to electrospray ionization (ESI) 

tandem mass spectrometers, as named LC-MS/MS systems. Briefly, high-performance 

liquid chromatography (HPLC), using nanoscale reversed-phase columns (50-100 

microns in diameter), is used for separation peptides. Charged peptides are introduced 

into the MS by ESI, allows the transfer of analyses from a liquid phase to the gas phase at 

atmospheric pressure. The mixture of peptides is separated according to their m/z by the 

first MS and a list of the most intense peptide peaks is established. Then individually 

selected m/z species, presumably a unique peptide ion, is allowed to enter the second MS. 

These ions are directed into a collision cell and their kinetic energy is increased lead to 

break peptide bonds. The set of peptide fragments is then recorded and generate the 

MS/MS spectrum for that peptide. The m/z of the intact peptides and their corresponding 

fragment ions (MS/MS) are recorded. The MS/MS spectra contain fragmentation pattern 

of the amino acids in the peptide were then searched against a protein sequence database 

to find the peptides that best match the spectra. Matching raw MS data to protein 
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sequences can be performed using search engines such as Mascot, Sequest, X!tandem and 

Protein Prospector (Eng et al., 1994; Perkins et al., 1999; Craig and Beavis, 2004; 

Chalkley et al., 2008). However, the identity of the peptide is determined by comparison 

of the mass spectral data with an in silico protein data bank. The quality of mass spectra 

is critically dependent on the amount of sample introduced into the mass spectrometer 

and on sample purity. 

2.4 Protein interaction networks in ESCs 

Protein plays essential roles in all biological processes of cells for example; 

metabolism, signaling pathways, DNA replication, transcription, translation, protein 

degradation, and cell cycle control. Proteins do not function in isolation but they interact 

with one another and also with other molecules that mediate essential biological 

processes. All biological processes are regulated through association and dissociation of 

protein molecules. These protein complexes are important cellular machineries that work 

hand in hand to maintain normal cell homeostasis. Protein interactions control the 

mechanisms leading to healthy and diseased states in organisms. It is known that 

impaired or deregulated protein-protein interactions can lead to human disease and cancer 

(Charbonnier et al., 2008; Bader et al., 2008; Kar et al., 2009). A pluripotent state of 

ESCs and iPSCs is maintained through the combinatorial activity of core transcriptional 

factors in conjunction with many other factors. Transcription factors play key roles in 

undifferentiated state of ESC pluripotency because they control gene expression. OCT4, 

SOX2 and NANOG are the main molecules of the transcriptional regulatory hierarchy 

that specifies ESC pluripotency. These factors are known to play roles in stem cell 

biology as self-renewal regulators and key reprogramming factors. Understanding the 

molecular mechanisms of pluripotency will provide valuable information on how the 
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pluripotent state is established and maintained and enable scientist to utilize stem cells 

more effectively, particularly in the field of regenerative medicine. The strong evidence 

for the involvement of OCT4, SOX2 and NANOG in pluripotency makes them good 

starting points to study the protein interaction network of pluripotency. Recently, datasets 

that are used to build the mouse ESCs protein interaction network have been generated 

from affinity purification-mass spectrometry experiments. However, no protein 

interaction networks base on affinity purification-mass spectrometry approaches have 

been generated from human ESCs. 

 2.4.1 OCT4 interactome 

OCT4 is a POU domain-containing transcription factors encoded by Pou5f1 

and known to be central player in ESC self-renewal and early embryonic development. A 

decrease or increase in OCT4 levels by 50% induces differentiation into trophectoderm or 

endoderm and mesoderm lineages, respectively (Niwa et al., 2000). The loss of OCT4 in 

the mouse embryo causes failure in the development of inner cell mass of the zygote 

(Nichols et al., 1998). There have been reports suggested that OCT4 is essential for 

integrating the epigenetic machinery into the pluripotency network. Recently, three 

independent studies have investigated the OCT4 protein interaction network in mouse 

ESCs. The van den Berg study established ZHBTc4 ESCs line that expresses N-terminal 

triple FLAG-tag-OCT4 in the absence of endogenous OCT4 (van den Berg et al., 2010). 

The Pardo study introduced the 3xFLAG epitope and a calmodulin binding peptide 

(CBP) fused at the C-terminal of the OCT4 coding region by recombining into a BAC 

clone containing full-length OCT4. (Pardo et al., 2010). The Ding study established a 

transgenic mouse ESC line via lentivirus infection and Dox treatment, that expresses only 

biotinylated OCT4 replacing the doxycycline suppressible OCT4 in ZHBTc4 cells (Ding 
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et al., 2012). The current OCT4 network studies are shown in Figure 2.3. There are 54, 92 

and 198 OCT4 interacting proteins identified by the van der Berg, Pardo and Ding 

studies, respectively. It is unclear at this point whether the bona fide OCT4 centered 

interactome should be constructed as a union or intersection of the data sets. However, 

when compared the dataset with the recently published OCT4 interactome studies (Figure 

2.3) (Ding et al., 2012), 18 proteins were identified consistently observed in all three 

OCT4 interactomes experiments. They are either involved in the nucleosome remodeling 

histone deacetylase (NuRD) complex (CHD4, GATA2A, GATA2B, MTA2, MTA3, 

MBD3, HDAC1), SWI/SNF (also called BAF complex, BRG1, BAF155), or LSD1 

(LSD1, RCOR2) complexes, or they are individual transcription factors (SALL1, SALL4, 

HCFC1, HELLS, etc.) playing important roles in ESCs. Additional, other proteins that 

have been used as baits include NANOG, SALL4, TCFCP2l1, DAX1, ESRRB, REX1, 

NAC1 and ZFP281, all of which also were shown to interact with OCT4. However, Ding 

et al., (2012) demonstrated that OCT4 links to multiple epigenetic regulatory pathways of 

the pluripotency network and the interactome components of regulatory protein 

complexes such as LSD1, FACT, COMPASS-like, MLL5-L, MutSalpha, ISWI, and 

PAF1 complexes (Figure 2.4). This has indicated that OCT4 either directly or indirectly, 

interact with an extensive set of proteins, including transcription factors, chromatin 

remodelers, and components of the basal transcriptional machinery. This could explain 

why many of the OCT4-interacting proteins are ubiquitously expressed in both 

differentiated and undifferentiated cells. 
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Figure 2.3 OCT4-interacting proteins in mouse ESCs. (A) List of the 155 OCT4-

associated proteins from AP-MS-based approaches in ZO4B4 ESCs. (B) 

Comparison of OCT4 interactome with the three published OCT4 network 

studies. The overlapping proteins between three published studies are listed  

(Source: Ding et al., 2012). 
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Figure 2.4 Connection of OCT4 with multiple epigenetic regulatory pathways (Source:  

Ding et al., 2012). 

2.4.2 SOX interactome 

The SOX2 gene, designated as SRY- (Sex determining Region Y-) box2, 

encodes a transcription factor belonging to the Sox family of proteins, which bind to 

DNA through their 79-amino-acid HMG domain (Bullejos et al., 2000). SOX2 is one of 

the core transcription factors. The mechanism by which SOX2 controls the fate of ESCs 

is much less well defined. SOX2 expression is dosage sensitive for stem cell maintenance 

(Kopp et al., 2008).This leads to the investigation of SOX2 protein complexes and its 

interaction network for understanding stem cell pluripotency. Gao and colleagues have 

identified the SOX2-interactome in mouse ESC. They first engineered ESC for inducible 
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expression of FLAG-Strep tagged SOX2 along with OCT4. The result shows that 

exogenously express tagged-SOX2 and OCT4 together disrupts the self-renewal of ESC 

and induces their differentiation. In contrast, elevating tagged-SOX2 along with OCT4, 

Klf4, and c-Myc in ESC does not disrupt their self-renewal or induce differentiation. This 

suggests that the identification of SOX2 protein complexes in ESCs require careful 

manipulation of the ectopic expression of the affinity-tagged SOX2 and the maintenance 

of the self-renewal and pluripotency of ESC depends upon a carefully orchestrated 

balance of multiple master regulators (Gao et al., 2012). The Gao study demonstrated that 

among the 71 SOX2-associated proteins are transcription factors, components of 

chromatin remodeling complexes (e.g. NuRD and SWI/SNF), DNA repair machinery 

(XRCC1, XRCC5, XRCC7, RBPJ, TOP2A), and DNA replication machinery (POLB, 

RPA1, RPA2, RPA3) (Figure 2.5). To understand the function of SOX2-associated 

proteins, Gao study performed gene ontology analysis and indicated that the SOX2-

associated proteins involve into several cellular processing including transcription, 

chromatin assembly/modification, macromolecule metabolism, development, cell cycle 

progression/cell division, RNA processing and DNA repair (Figure 2.6). Additionally, 

many of the SOX2-associated proteins are required for the self-renewal of ESC, 

including: SALL4, ESRRB, MTA1, and MTA2 and approximately 25% of the SOX2-

associated proteins have been shown by others to be part of the OCT4-interactome. 

Moreover, knockdown SMARCD1, SMARCA5 and PARP1, the SOX2-associated 

protein that also associate with several pluripotency-associated factors, disrupts the self-

renewal of ESCs and induces the differentiation (Gao et al., 2012; Lai et al., 2012). This 

led to suggest that proteins found to associate with multiple required transcription factors 

are very likely to be required by undifferentiated ESCs. 

 

 

 

 

 

 

 

 



32 
 

 

 

 

 

 

 

 

Figure 2.5 SOX2-association proteins in mouse ESCs (Source: modified from Gao et al.,  

2012). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6 Gene ontology classifications of SOX2-associated proteins in mouse ESCs.  

(Source: Gao et al., 2012). 
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2.4.3 NANOG interactome 

NANOG transcription factor, known as the homeobox protein, plays 

fundamental roles in early development and stem cell pluripotency (Mitsui et al., 2003). 

ESCs are sensitive to the dosage of NANOG. The levels of NANOG vary considerably 

with high levels of NANOG directing efficient self-renewal when enforced expression of 

this gene relieves ESCs from the LIF requirement for stem cell maintenance in mouse 

(Chambers et al., 2003). However, the mechanisms by which NANOG delivers this 

function in ESCs are not fully understood. To understand how pluripotency is 

programmed and maintained in ESCs, in 2006, the first pioneering protein interaction 

network in NANOG was studied by Wang and his colleagues. They have utilized a 

proteomic approach to isolate protein complexes and constructed a protein interaction 

network surrounding the pluripotency factor NANOG in mouse ESCs (Wang et al., 

2006). With a high-affinity biotin/streptavidin (Bio/SA) purification, Wang et al. purified 

N-terminal FLAG-biotin NANOG and its associated partner protein complexes followed 

by LC-MS/MS, to identify components of NANOG protein complexes. They have 

identified a total of 17 proteins of highest confidence that are physically associated with 

NANOG. A number of factors in the NANOG interactome with both ESC-specific and 

ubiquitous expression patterns connect to several epigenetic regulatory pathways. These 

include the histone deacetylase NuRD (P66B and HDAC2), PRC1 (YY1, RNF2/Ring1B 

and Rybp) and SWI/SNF chromatin remodeling (BAF155) complexes (Wang et al., 

2006). The NANOG interactome was further extended in later studies by using biotin-, 

FLAG tag-, and endogenous NANOG antibody-based affinity approaches (Liang et al., 

2008; Costa et al., 2013; Gagliardi et al., 2013). With an improved tagging method and 

less stringent purification, the Gagliardi (2013) study identified 130 NANOG interactors 

including transcription factors, chromatin modifying complexes, phosphorylation and 
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ubiquitination enzymes, basal transcriptional machinery members and RNA processing 

factors. (Figure 2.7). This information dramatically expanded the knowledge of the 

NANOG interactome in ESCs. Interestingly, protein complexes with opposing functions, 

such as histone deacetylase complexes (NuRD, N-CoR, SIN3A) and acetyltransferase 

complexes (Tip60–p400, also called NuA4–HAT), the LSD1 demethylase complex and 

the histone 3 lysine 4 methyltransferase (MLL) complex are observed to interact with 

NANOG. All these data suggest a NANOG-dependent epigenetic regulation of distinct 

activated and repressed loci in pluripotent cells (Gagliardi et al., 2013; Huang and Wang, 

2014). 

 

Figure 2.7 NANOG-interacting proteins in mouse ESCs. (Source: modified from  

Gagliardi et al., 2013). 
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2.5 Application of recombinant proteins in stem cell researches 

 In ESC research, the ability to maintain cells in self-renewal stage without losing 

the pluripotency and no chromosomal aberrations are the main objectives for scientists. 

Stem cell always balances itself between self-renewal and differentiation. The success of 

stem cell research depends on the development of optimal cell culture systems. The 

interest of optimizing stem cell culture is not only because the cells culture are widely 

used in basic research for studying stem cell biology, but also owing to the potential to 

the therapeutic applications of cultured stem cells. Therefore, optimization of stem cell 

cultures required the development of well-defined media supplemented with recombinant 

growth factors or cytokines. Both expansion and differentiation of stem cells is highly 

reliant on growth factor and cytokine supplements. There are a number of cytokines and 

growth factors identified to be crucial for stem cell survival, self-renewal, differentiation, 

and de-differentiation. Nowadays, more than 150 growth factors and cytokines targeted 

to stem cell culture are commercially available (http://www. sigmaaldrich.com), 

including activins, bone morphogenetic proteins (BMPs), epidermal growth factor (EGF), 

fibroblast-derived growth factors (FGFs), insulin-like growth factor (IGFs), transforming 

growth factor (TGF), neurotrophic factor, platelet derived growth factors (PDGFs) and 

vascular endothelial growth factor (VEGF). The high price of growth factors and 

cytokines is the main cost in stem cell research. Culture of human ESCs on feeder cells in 

fetal bovine serum (FBS) and basic fibroblast growth factor (bFGF) -containing media is 

the standard protocol used in many laboratories (Table 2.6). To maintain healthy human 

ESC cultures, cells must be passaged every 4-7 days. At this time the colonies have 

reached their maximum size and may merged together. Merged colonies increase the rate 

of differentiation in the culture. Human ESC research requires careful attention to culture 

conditions. As shown in Table 2.8, the main cost of human ESC medium preparation is 
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serum and growth factors. The needs of bFGF and several other growth factors and 

cytokines, increase the costs of reliable stem cell research. Recently, many laboratories 

have successfully used recombinant protein technology to produce in-house growth 

factors and cytokines for stem cell biology (Tomala et al., 2010; Imsoonthornruksa et al., 

2011; Song et al., 2013; Rassouli et al., 2013). Several hosts such as, mammalian cells, 

insect cells, bacteria, yeast and plant seeds are valuable hosts for the production of many 

recombinant growth factors and cytokines. Eukaryotic expression system is usually 

chosen for post-translationally modified proteins that are frequently essential for correct 

protein function since, bacteria are currently unable to incorporate such modifications 

(Walsh, 2010). In 2013, Magnusdottir reported the production of growth factors and 

cytokines in barley seeds. This plant does not produce any endotoxins or toxins to human 

health. (Magnusdottir et al., 2013). There is an inherent limitation to the eukaryotic 

system with regard to high production cost, sometimes together with low yields. For 

proteins that are not required to be synthesized in a glycosylated or extensively post-

translationally modified form, bacteria are often used as expression system (Terpe, 2006). 

Bacteria have several advantages. It is an easy system of culture, and very rapid cell 

growth, the expression can be induced easily using inducer and the purification is quite 

simple in prokaryotic expression systems. Escherichia coli is the most commonly used 

expression host of a diverse range of proteins. It also has a long pedigree of safe use in 

laboratories and industry (Huang et al., 2012). E. coli is a cost-effective host for 

recombinant protein production with well characterized physiologically and 

metabolically (Baneyx, 1999). In an ideal situation, the recombinant protein is expressed 

from a strong promoter, highly soluble, and recovered in high yield and activity. 

Unfortunately, it is quite common that the overexpressed recombinant protein is either 

detrimental to the cell or simply compartmentalized into insoluble inclusion bodies 
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(Ventura and Villaverde, 2006). A variety of vectors and methods are available to 

facilitate cloning and expression of target genes to improve the solubility of the target 

protein in E. coli. The effect of medium composition, choice of expression host strains, 

fusion tags, timing of induction, temperature and duration of induction, inducer 

concentration and co-expressed in the presence of chaperones should be considered 

(Papaneophytou and Kontopidis, 2014). Currently, approximately 30% of 

biopharmaceutical proteins on the market that had been approved by the FDA/EMEA are 

recombinant protein (Ferrer-Miralles et al., 2009). Many studies have successfully used 

E. coli to produce several human growth factors and cytokines such as epidermal growth 

factor (Abdull Razis., 2008), basic fibroblast growth factor (bFGF) (Gasparian et al., 

2009), interleukin-29 (Le and He, 2006), interleukin-24 (Yang et al., 2007) and leukemia 

inhibitory factor (Gearing et al., 1989; Samal et al., 1995; Tomala et al., 2010; 

Imsoonthornruksa et al., 2011). As an example, leukemia inhibitory factor (LIF) is an 

activator of signal transducer that activates several other activators and appears to be 

sufficient for maintenance of the mouse ESC pluripotency (Smith et al., 1998). LIF is one 

of the major costs in stem cell research. Imsoonthornruksa and his colleagues 

demonstrated that biologically active human LIF fusion proteins could easily be obtained 

from soluble fraction of E. coli protein using single step purification. The study described 

a simple, quick, cost-effective method to produce recombinant active human LIF that can 

reduce the cost for medium preparation of approximately 20-40% (Imsoonthornruksa et 

al., 2011). Another growth factor, bFGF which potently promotes human ESC self-

renewal and necessary to supplement into culture to maintain the undifferentiated of 

human ESCs and iPSCs (Thomson et al., 1998; Amit et al., 2000; Xu et al., 2005). In 

human ESCs, exogenous bFGF activates the ERK MAPK pathway, which is important 

for maintaining pluripotency and viability of the human ESCs and iPSCs (Ding et al., 
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2011; Kinehara et al., 2013). Inhibition of this signaling transduction pathway results in 

stem cell differentiation (Li et al., 2007). Several hosts such as E. coli, Pichia pastoris, 

insect cell, S. cerevisiae, Bacillus subtilis, soybean seeds, silkworm (Bombyx mori L.) and 

rice seed have been used for the expressions of recombinant hbFGF with the yield of 

about 1-100 mg of protein per liter of cell culture (Squires et al., 1988; Hill and Crane-

Robinson, 1995; Wu et al., 2001; Ding et al., 2006; Mu et al., 2008; Gasparian et al., 

2009; Song et al., 2013; Rassouli et al., 2013; Kwong et al., 2013). The Rassouli’s study 

indicated that there is not a significant difference in the function of in-house produced 

and commercialized bFGF. This study provided a rapid, cost effective purification of a 

soluble and biologically active human bFGF protein that can be used in human ESC and 

iPSC culture (Rassouli et al., 2013). Although, E. coli expression system has been remain 

the first choice, with a number of the advantages. One of the limitations in using E. coli 

relates to the lipopolysaccharide (LPS), also referred to as endotoxin, which is a 

component of the outer membrane of virtually all Gram-negative bacteria. Such toxic 

component requires extensive, and expensive, removal during protein purification. 

However, the studies on hematopoietic stem cells, mesenchymal stem cells and human 

ESCs have revealed that only traces of endotoxin induce serious adverse effects on stem 

cell behavior and function (Rinehart and Keville, 1997; Cho et al., 2006; Brandau et al., 

2010). Endotoxin removal methods are varied such as ultrafiltration, Triton X phase 

separation, activated carbon, anion exchange chromatography and immobilized 

sepharose. The use of these strategies often results in significant yield reduction, 

increased cost or a loss of the bioactivity of the recombinant proteins. However, E. coli 

produced recombinant proteins are still widely being used, endotoxin contamination stills 

an important issue for the scientific community. To date, a new E. coli strain with a 
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genetically modified LPS molecule has been created that enables protein expression 

without the endotoxin (Mamat et al., 2015). 

In conclusion, development of the optimal cell culture system for propagation and 

differentiation of stem cells is highly dependent on growth factor and cytokine 

supplements. The activity and purity of these growth factors and cytokines is crucial for 

the study of stem cell biology as well as for future clinical applications. The biological 

activity testing is also critical point to determine the success of recombinant protein 

production. Specific cell type have been used to test the biological activity of each 

growth factor or cytokine such as human leukemic cell line, TF-1 response to human LIF 

and NIH3T3 cells response to bFGF. If chose the wrong cell type it may led to a false 

positive or negative. The ability to produce in-house growth factors and cytokines from 

the published platforms can be reduced the cost in stem cell cultures, accounting for 

approximately 20-60% depending on the concentration of the growth factors or cytokines 

produced. 

 

 

 

 

 

 

 

 

 



40 
 

Table 2.8 Composition and price of human ESC feeder-dependent culture medium. 

Ingredient Vendor/Cat. No./Price ($) Final 
Concentration 

Final volume 
(ml) 

Price ($)/500 ml medium 

DMEM-F12 (1x; 500ml) Invitrogen/21331-020/30 1x 387 23.22 

Knockout serum replacement (100ml) Invitrogen/10828-028/68 5% 25 17.00 

FBS (500ml) Hyclone/SH30088.03/325 15% 75 48.75 

Non-essential amino acids (100x; 100ml) Invitrogen/11140-050/26 1x 5 1.30 

L-glutamine (200mM; 100ml) Invitrogen/25030-081/20 1mM 2.5 0.50 

β-mercaptoethanol (14.3M; 10ml) Sigma/M6250/27 0.1mM 0.003 0.01 

bFGF (25 ug) R&D systems/233-FB/185 8 ng/ml 0.16 29.60 

Penicillin-streptomycin (100x; 100ml) Invitrogen/10378-016/25 1x 5 1.25 
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CHAPTER III 

AN INTERACTOME OF OCT4 TRANSCRIPTION 

FACTOR IN HUMAN EMBRYONIC STEM CELLS 

3.1 Abstract  

The knowledge of the molecular mechanism of human embryonic stem cells 

(ESCs) pluripotency is essential for manipulation and differentiation of ESCs. OCT4 is 

one of the key factors in the regulation of pluripotency. To provide the answer of how 

OCT4 transcription factor is central to human stem cell pluripotency, an affinity-tagged 

endogenous OCT4 cell line was established via TALEN-mediated gene targeting in 

human ESCs to express FLAG-Biotin-tagged OCT4. OCT4 protein complexes were 

purified and identified by affinity purification combined with liquid chromatography-

tandem mass spectrometry (LC-MS/MS). A number of OCT4 interacting proteins that 

involved in many processes such as transcription factors and epigenetic regulators that 

play important roles in maintaining pluripotency were found. Our results showed that 

SFPQ and OCT4 act as a transcriptional regulatory module that is critical for 

pluripotency capacity of human ESCs. This study provided the first survey of OCT4 

interactome in human ESCs and it also uncovered new candidate proteins which may 

function significantly in human stem cell pluripotency and self-renewal. 

3.2 Introduction 

Self-renewal ability and pluripotency property are two main characters that define 

embryonic stem cells (ESCs) (Evans and Kaufman, 1981). Both human and mouse ESCs 
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have therapeutic potential value in regenerative medicine (Prelle et al., 2002). The 

undifferentiated state of ESCs is maintained by a set of transcription factors including 

OCT4, SOX2 and NANOG which are the core pluripotency factors for human and mouse 

ESCs (Orikin, 2005). Pluripotency factors regulated not only the expression of other 

essential genes but also regulate their own expression by auto- regulatory feedback loops 

(Boer et al., 2007; Ding et al., 2012). However, the mechanisms that regulate these core 

factor protein levels have not yet been clarified. The POU transcription factor OCT4 is a 

central player in ESCs self-renewal and differentiation into specific lineages. It is 

recognized to be essential for both in vivo and in vitro early development and 

maintenance of pluripotency. The loss of OCT4 in mouse embryo causes the failure of 

inner cell mass development (Nichols et al., 1998). ESCs are sensitive to dosage 

alterations of OCT4. Overexpression or repression in OCT4 level causes differentiation 

toward primitive endoderm and mesoderm or trophectoderm lineage, respectively (Niwa 

et al., 2000), possibly due to the direct repression of the NANOG promoter by excessive 

OCT4 (Pan et al., 2006). It would be necessary to understand the interaction of 

transcription factors and epigenetic cofactors that are critical for maintaining as well as 

directly differentiating pluripotent stem cells. Analyzing the protein interaction network 

and their regulation can provide useful clues for understanding protein functions. 

Recently, proteomic approaches have been used to characterize the network of protein-

protein interactions controlling pluripotent stem cell functions. Wang and his colleagues 

were the first to report a protein interaction network surrounding the transcription factor 

NANOG in mouse ESCs. They suggested that some NANOG interactors may assist 

NANOG to mediate gene regulation and established connections to several epigenetic 

regulatory pathways such as histone deacetylase Mi-2/NuRD, PRC1 and SWI/SNF 

chromatin remodeling complexes (Wang et al., 2006). An OCT4 interactome was also 
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reported in independent studies of van den Berg et al. (2010), Pardo et al. (2010) and 

Ding et al. (2012). These results demonstrated that the OCT4 interactors are co-regulated 

and specifically downregulated upon ESC differentiation. They are also involved in 

NuRD, SWI/SNF and LSD1 protein complexes which are consistent with the finding in 

the NANOG interactome. OCT4 binding partners include transcription factors with 

important roles in ESCs, for examples SALL1, SALL4, HCFC1 and HELLS. These 

findings suggest that OCT4 is essential for integrating the epigenetic machinery into the 

pluripotency network and that NANOG and OCT4 interactomes are inherently 

connected. Recent reports focused almost exclusively on the pluripotency interactome of 

transcription factors and epigenetic regulators in mouse ESCs (Huang and Wang, 2014). 

The pluripotency-centered protein interaction network has not been fully explored in 

human ESCs. To elucidate the human ESC transcriptional network, here we surveyed the 

OCT4-associated proteins using affinity purification and mass spectrometry approaches 

to isolate protein complexes and identified a protein interaction network surrounding 

OCT4. Stable isotope labeling with amino acids in cell culture (SILAC) system was 

performed to increase the protein identification sensitivity and differentiate it from the 

nonspecific interacting proteins. Here, in vivo biotinylation was applied to human ESCs 

and biotin tagged OCT4 was recovered from nuclear extracts with one-step streptavidin 

purification and subjected to LC-MS/MS. The results demonstrated that many proteins in 

the human OCT4 interactome are components of complexes involved in epigenetic 

regulation and chromatin remodeling. They include transcription factors essential in self-

renewal and differentiation of pluripotency stem cells. Our data here provide a resource 

that can be used to map the pluripotency landscape of human ESCs and to explore the 

basic principles underlying stem cell biology.   
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3.3 Materials and Methods  

3.3.1 Cell culture 

Human ESCs (Whitehead Institute for Biomedical Research (WIBR) line #29, 

Lengner et al., 2010) were maintained on mitomycin C inactivated mouse embryonic 

fibroblast (MEF) feeder layers and cultured in DMEM/F12 (Invitrogen) supplemented 

with 15% fetal bovine serum (FBS) (Hyclone), 5% KnockOutTM Serum Replacement 

(KSR) (Invitrogen), 1 mM glutamine (Invitrogen), 1% nonessential amino acids 

(Invitrogen), 0.1 mM β-mercaptoethanol (Sigma), 1% penicillin-streptomycin 

(Invitrogen) and 4 ng/ml human bFGF (R&D systems) at 37°C under 5% CO2 and 5% O2 

in air (label-free experiment). Cultures were enzymatically passaged every 5 to 7 days 

with 1.5 mg/ml collagenase type IV (Invitrogen). For the Stable Isotope Labeling by 

Amino acids in Cell culture (SILAC) labeling experiment, human ESCs were grown for 

three passages in DMEM/F12 SILAC media with corresponding complete supplements 

but deficient in both L-lysine and L-arginine (Thermo Fisher Scientific) and 

supplemented with normal L-arginine and L-lysine (SILAC light) (Thermo Fisher 

Scientific) or 13C615N4 L-arginine, and 13C615N2 L-lysine (SILAC heavy) (Cambridge 

Isotope Laboratories). The medium was supplemented with 10% dialyzed FBS for 

SILAC (Thermo Fisher Scientific), 5% KSR, 1 mM glutamine, 1% nonessential amino 

acids, 0.1 mM β-mercaptoethanol, 1% penicillin-streptomycin and 4 ng/ml human bFGF.   

3.3.2 Targeting of human ESCs using transcription activator-like effector 

nuclease (TALEN) mediated homologous recombination 

AAVS1 and OCT4 TALEN plasmids were designed and assembled as 

previously described by Hockemeyer et al., 2011. In this study, AAVS1 and OCT4 loci 

were engineered for gene targeting with biotin ligase BirA and FLAG-Biotin tag to the 
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intron 1 of AAVS1 and the N-terminus of OCT4 loci, respectively (Figure 3.1). Plasmid 

containing cDNA encoding the biotin ligase of E. coli BirA was a generous gift from Dr. 

Jianlong Wang (Department of Developmental and Regenerative Biology, Icahn School 

of Medicine at Mount Sinai, NY, USA). The AAVS1 and OCT4 targeting vectors were 

constructed by PCR amplifying arms of homology from the corresponding loci using 

genomic DNA isolated from human ESCs. The homology arms followed by either biotin 

ligase of E. coli BirA or 3xFLAG-Biotin sequences (Figure 3.1C) were then cloned into 

pCR®2.1-TOPO vector using standard cloning methods. 

 

Figure 3.1 Schematic overview depicting the targeting strategy for the AAVS1 and OCT4 

loci using TALENs directed against the first intron of AAVS1 (A) and the 

exon 5 of OCT4 (B). The binding sites for the TALEN pair used in this study 

are highlighted. The different donor vectors to targeting the AAVS1 and OCT4 
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loci were indicated. (C) The sequences of triple FLAG tag and biotin-binding 

peptide used in this study (modified from Hockemeyer et al., 2011). 

3.3.2.1 Gene targeting of biotin ligase BirA to the AAVS1 locus in human 

ESCs 

Human ESCs were cultured in Rho Kinase (ROCK)-inhibitor 

(Calbiochem) 24 h prior to electroporation. Cells were harvested using 0.25% 

trypsin/EDTA solution (Invitrogen) and resuspended in phosphate buffered saline (PBS). 

Ten million cells were electroporated with 40 μg of targeting vectors and 5 μg of each 

AAVS1 TALEN encoding plasmid using Gene Pulser Xcell System, Bio-Rad: 250 V, 500 

μF, 0.4 cm cuvettes. Cells were subsequently plated on DR4 MEFs feeder layer with 

neomycin for selection in human ESC medium supplemented with ROCK-inhibitor for 

the first 24 h. Individual colonies were picked and expanded after neomycin selection 

(300 μg/ml) 10 to 14 days after electroporation. Gene targeting analysis was verified by 

Southern blotting. 

3.3.2.2 TALEN-mediated biotinylation of endogenous OCT4 in AAVS1-

BirA human ESCs 

AAVS1-BirA human ESCs, named WIBR#29BirA were cultured in 

ROCK-inhibitor 24 h prior to electroporation. Cells were harvested using 0.25% 

trypsin/EDTA solution and resuspended in PBS. The cells were electroporated with 40 

μg of targeting vectors and 5 μg of each OCT4 TALEN encoding plasmid. Cells were 

subsequently plated on DR4 MEFs feeder layer under puromycin selection in human ESC 

medium supplemented with ROCK-inhibitor for the first 24 h. Individual colonies were 

picked and expanded after puromycin selection (0.5 μg/ml) 10 to 14 days after 
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electroporation. Correct targeted clones were confirmed by Southern blot analysis 

(EcoRV digested). 

3.3.2.3 Removal of PGK-Puro cassette by transient Cre-recombinase  

expression 

WIBR#29BirA with 3xFLAG-Biotin and PGK-Puro cassette in the 

OCT4 locus was cultured in ROCK-inhibitor 24 hours prior to electroporation. Cells were 

harvested using 0.25% trypsin/EDTA solution. Ten million cells were resuspended in 

PBS and co-transfected with pTurbo-Cre (40 μg; GenBank accession number AF334827) 

and pEGFP-N1 (10 μg; Clontech) by electroporation. Cells were subsequently plated on 

MEF feeder layers in human ESC medium supplemented with ROCK inhibitor for the 

first 24 h. Cre-recombinase-expressing cells were selected with FACS sorting (FACS-

Aria; BD Biosciences) of a single cell suspension for EGFP-expressing cells 60 h after 

electroporation followed by replating at a low density in ROCK inhibitor containing 

human ESC medium. Individual colonies were picked 10 to 14 days after electroporation. 

The removal of PGK-Puro cassette and correctly targeted clones, named 

WIBR#29OCT4FLAG-Bio were confirmed by Southern blot (BamHI digested). 

3.3.3 Southern blot  

Genomic DNA was extracted from WIBR#29, WIBR#29BirA and 

WIBR#29OCT4FLAG-Bio by tail lysis buffer (10 mM Tris-Cl (pH8.0), 100 mM NaCl, 

10 mM EDTA, 0.5% SDS and 0.4 mg/ml proteinase K) and incubated overnight at 37°C. 

The next morning an equal volume of isopropyl alcohol was added and centrifuged at 

7500 rpm for 5 min. The supernatant was discarded and pellet resuspended in 1 ml of 

70% ethanol and centrifuged at 7500 rpm for 5 min. The supernatant was carefully 

decanted and the pellet was air dried. After that, the pellet was resuspended in 200 µl TE 
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buffer. 5 µg aliquots were digested overnight with the appropriate enzymes (EcoRV and 

BamHI for AAVS1 and OCT4 targeting experiments, respectively) at 37°C. EcoRV or 

BamHI digested genomic DNA was separated on a 0.8% agarose gel followed by 

capillary transfer to a Hybond N+ membrane (Amersham Biosciences). For making an 

AAVS1-specific probe, the targeting vector was double digested with SacI and EcoRI to 

generate a 643 bp fragment of 5’ arm of AAVS1. For OCT4-specific probe, the targeting 

vector was digested with SbfI and NheI to generate a 697 bp fragment of 5’ arm of 

OCT4. These DNA fragments were labeled by using [∝-32P]dCTP and Prime-It II 

Random Primer Labeling Kit (Agilent Technologies) according manufacturer’s protocol. 

Hybridization was carried out overnight at 65°C. Post-hybridization washes were done 

sequentially with two standard saline citrate (SSC) (20xSSC; 3M NaCl in 0.3M sodium 

citrate (pH 7.0)), 2x SSC and 0.2x SSC along with 0.2% SDS, each for 20 min at 65°C. 

Blots were exposed at -80°C with X-ray film in film cassette for 24h. Then, the films 

were developed by an auto-processor in a darkroom. 

3.3.4 Immunostaining 

Cells in 12-well plate were fixed in PBS supplemented with 4% 

paraformaldehyde for 20 min at room temperature. The cells were then permeabilized 

and blocked using 0.2% Triton X-100, 0.1% Tween-20 and 3% donkey serum in PBS for 

30 min. Primary antibody against human OCT4 (1:500, mouse monoclonal, Santa Cruz 

Biotechnology), human SOX2 (1:500, goat polyclonal, R&D Systems) and human 

NANOG (1:250, goat polyclonal, R&D Systems) was diluted in 0.2% Triton X-100 in 

PBS and incubated with the samples overnight at 4°C. The cells were treated with 

appropriate Molecular Probes Alexa Fluor® dye conjugated secondary antibodies (1:500, 

Invitrogen) and then incubated for 1 h. The nuclei were stained with DAPI for 10 min. 
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3.3.5 Teratoma formation  

WIBR#29BirA and WIBR#29OCT4FLAG-Bio colonies were collected by 

collagenase treatment and separated from feeder cells by subsequent washes with 

medium and sedimentation by gravity. The cells were resuspended in 250 µl of PBS and 

injected subcutaneously in SCID mice. Tumors generally developed within 4-8 weeks 

and animals were sacrificed before tumor size exceeded 1.5 cm in diameter. Teratomas 

were isolated after sacrificing the mice and fixed in formalin. After sectioning, teratomas 

were diagnosed based on hematoxylin and eosin staining. 

3.3.6 Western Blot 

Cell pellets were lysed on ice in Lysis Buffer (10 mM Tris-HCl (pH 7.4), 2% 

SDS, 1 mM DTT, 10% glycerol, and 120 mg/ml urea) for 30 min in presence of 

Complete EDTA-free Protease Inhibitor Cocktail (Roche Diagnostics) and then boiled for 

10 min at 95ºC. Samples were fractionated by SDS-PAGE on 4-12% precast minigels 

(Invitrogen) and electrophoretically transferred to nitrocellulose membranes (GE 

Healthcare) by wet electrotransfer using a tank blot device (TransBlot, system, Bio-Rad) 

at 100 volt for 2 h. Blots were blocked with 10% non-fat milk powder in PBS containing 

0.1%Tween 20 for 1h at room temperature. Primary antibodies (1:500) used were mouse 

human OCT4 (mouse monoclonal, Santa Cruz), FLAG (mouse monoclonal-HRP 

Conjugated, Sigma), Streptavidin-HRP Conjugate (GE Healthcare), human GAPDH 

(rabbit polyclonal, Proteintech), at concentrations as recommended (1:5,000). Blots were 

incubated with primary antibodies overnight at 4°C. Subsequently the blots were 

incubated with anti-mouse or anti-rabbit pig IgG-HRP (H+L) secondary antibody for 

OCT4 and GAPDH antibodies, respectively (EMD Biosciences) for 1 h at room 
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temperature. Amersham ECL Western Blotting Detection Reagent (GE Healthcare) was 

used for visualization. 

3.3.7 Affinity purification of OCT4 associated protein complexes  

WIBR#29OCT4FLAG-Bio and WIBR#29BirA were cultured in SILAC 

medium for two passages to incorporate the heavy and light amino acids, respectively. 

Then, the WIBR#29OCT4FLAG-Bio containing biotin-tagged OCT4 transcription factor 

and control WIBR#29BirA cells were expanded to fifteen 15 cm diameter dishes in 

SILAC conditions. Duplicates were performed for SA agarose-based affinity purification 

of SILAC conditions, one of FLAG antibody pull down (label-free) and one of 

endogenous OCT4 antibody pull down (label-free). The colonies were collected by 

collagenase treatment and separated from feeder cells by subsequent washes with 

medium and sedimentation by gravity. Nuclear extraction and affinity purification of 

biotin-tagged OCT4-associated protein complexes were performed as previously 

described (Kim et al., 2009). Briefly, the cell pellets were resuspended in ice-cold nuclear 

extract buffer A (10 mM HEPES, pH 7.9, 1.5 mM MgCl2, 10 mM KCl, 0.5 mM DTT, 0.2 

mM PMSF and protease inhibitor cocktail (Roche)) and incubated for 10 min on ice. The 

sample was centrifuged at 4,300 ×g for 5 min at 4°C and the pellet containing nuclei was 

washed by resuspending with 3 ml of ice-cold nuclear extract buffer A and centrifuging 

at 25,000 x g for 20 min at 4°C. Then, nuclei were resuspended with 3 ml of ice-cold 

nuclear extract buffer B (20 mM HEPES, pH 7.9, 25% glycerol (v/v), 0.42 M NaCl, 1.5 

mM MgCl2, 0.2 mM EDTA, 0.5 mM DTT, 0.2 mM PMSF, and protease inhibitor 

cocktail) and incubated at 4°C for 30 min. Insoluble materials were pelleted by 

centrifugation at 25,000 x g for 20 min at 4°C. The supernatant was collected as nuclear 

extract (NE) and dialyzed against buffer C (20 mM HEPES, pH 7.9, 20% glycerol (v/v), 
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100 mM KCl, 0.2 mM EDTA, 0.5 mM DTT, 0.2 mM PMSF) at 4°C for 1.5 h. For 

SILAC experiment, mix equal amounts of total protein from the NE of WIBR#29Bir A 

and the NE of WIBR#29OCT4FLAG-Bio samples were performed, approximately 100-

200 mg of total protein. Then, 1 ml of Protein G agarose (Roche Diagnostic) equilibrated 

in buffer C containing 0.02% NP40 was added to 3 ml of nuclear extract in 50 ml tubes 

(BD Falcon) and incubated overnight at 4°C, the extract in the presence of 750 units of 

Benzonase (Novagen) with continuous mixing to pre-clear. Precleared extract was then 

transferred to the already equilibrated (with buffer C) streptavidin-agarose beads 

(Invitrogen), and rotated for 6 h at 4°C. Beads were washed five times for 15 min each 

with buffer D containing 0.02% NP40. Bound material was eluted by boiling for 5 min in 

Laemmli buffer, fractionated on a 10% SDS-PAGE, stained with the GelCodeTM Blue 

Safe Protein Stain buffer (Thermo). The gel lanes were horizontally cut into 8-10 pieces 

and each piece was subjected to digestion with porcine trypsin (Promega) as previously 

described (Shevchenko et al., 2006). The resulting peptides from each piece were dried 

down and analyzed by LC-MS/MS 

3.3.8 Mass spectroscopy  

The samples were reconstituted in 5-10 µl of HPLC solvent A (2.5% 

acetonitrile, 0.1% formic acid). A nano-scale reverse-phase HPLC capillary column was 

created by packing 5µm C18 spherical silica beads into a fused silica capillary (100 µm 

inner diameter x 12 cm length) with a flame-draw tip. After equilibrating the column 

each sample was loaded onto the column. A gradient of acetonitrile from 2.5% to 97.5% 

was used to elute the peptides. As peptides eluted, they were subjected to electrospray 

ionization and then they entered into a LTQ-Orbitrap-Velos mass spectrometer 

(ThermoFinnigan) with collision-induced dissociation (CID). Eluting peptide were 
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detected, isolated, and fragmented to produce a tandem mass spectrum of specific 

fragment ions for each peptide. MS data were processed by Thermo Proteome Discoverer 

software with SEQUEST engine and using the Mascot search engine with the IPI human 

protein sequence database. The biological processing and molecular function of identified 

proteins were assessed using Gene Ontology database (http://www.geneontology.org). 

3.3.9 Verification of OCT4 interactions by co-immunoprecipitation (co-IP) 

To validate OCT4-associated proteins in human ESCs, nuclear extracts were 

prepared from WIBR#29OCT4FLAG-Bio or WIBR#29BirA. Endogenous BEND3, FUS, 

RBM25, SFPQ and WDR82 were immunoprecipitated with pre-bound BEND3, FUS, 

RBM25, SFPQ and WDR82 antibodies and rabbit IgG beads were used as a control. Co-

IP OCT4 was identified by western blotting with SA-HRP and anti-OCT4 antibodies. 

3.3.10 Functional validation of OCT4 interactome by lentivirus expressing  

shRNAs  

VSV-glycoprotein pseudotyped lentiviral vector particles were produced by 

co-transfection of HEK293T cells with packaging and envelope plasmids and either 

pLKO.1-shRNA plasmids that targeted to the mRNA of BEND3, FUS, RBM25, SFPQ or 

WDR82 coding sequences. The shRNA plasmids were a generous gift from Dr. Jianlong 

Wang. Viral supernatants were harvested after 48 h and filtered through a 0.45 µm 

membrane. Human ESCs were infected with the lentivirus expressing shRNAs against 

BEND3, FUS, RBM25, SFPQ or WDR82 in the presence of 6 µg/ml polybrene 

(Millipore). One day after transduction, cultures were switched to human ESC medium 

supplemented with ROCK-inhibitor. The next day, the cells were trypsinized and re-

seeded onto 6-well plate with mitomycin C inactivated DR4 feeder cells. Infected cells 

were selected with 1.5 µg/ml of puromycin at day five after transduction and selection 
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was maintained for 10 days. Colony morphology and proliferation rate were used to 

determine the effects of gene expression knockdown. 

3.4 Results and Discussion 

3.4.1 Establishment of transgenic human ESC lines for in vivo biotinylation and 

biotin-tagged OCT4  

In this study, E. coli BirA biotin ligase gene was inserted into adeno-

associated virus site 1 (AAVS1) locus of human ESC line WIBR#29 to establish in vivo 

biotinylation cell line, named WIBR#29BirA. Then, the cells expressing BirA biotin 

ligase were used for targeting of endogenous OCT4 with biotin-binding peptide 

sequences at the lysine side chain within the peptides (Figure 3.1C) and named 

WIBR#29OCT4FLAG-Bio. The AAVS1 locus is a safe-harbor region for the integration 

of foreign DNA in the human genome. The transgene can function without perturbation 

of endogenous gene activity and no phenotypic effects were observed (Sadelain et al., 

2011). Transcription activator-like effector nucleases (TALENs) have been used to target 

genome engineering of human pluripotent stem cells. The TALEN pairs were designed to 

target the human AAVS1 and OCT4 loci (Hockemeyer et al., 2011). Here, AAVS1 and 

OCT4-TALENs from Hockemeyer study were applied for genome targeting. We targeted 

the AAVS1 gene in the first intron of WIBR#29 cells with a gene trapping cassette 

consisting of a splice acceptor (SA) site immediately upstream of a neomycin resistance 

(neo) selectable marker gene followed E. coli BirA biotin ligase gene that was driven by 

CAGGS-promoter. The WIBR#29BirA cells were then targeted at the last codon of the 

OCT4 gene with targeting vector that generated an in-frame fusion of exon 5 with the 

triple FLAG tag and biotin-binding peptide (Figure 3.1C),  followed by a loxP-flanked 

puromycin (Puro) gene expressed from the constitutive PGK promoter (PGK-Puro). This 
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cell was named WIBR#29FLAG-Bio-PGK-Puro.The correctly targeted clones were 

electroporated with Cre recombinase plasmid. Sixty hours after electroporation, GFP 

positive cells were isolated using FACS. The looping out of PGK-Puro strategy 

minimizes any potential impact on the endogenous protein. Due to the concern that the 

insertion of a drug resistance cassette may interfere with the expression of the targeted 

gene or neighboring genes, it is necessary to remove the drug-resistance cassette for 

proper targeting gene expression (Zhu et al., 2015). Southern blot analysis showed 

correct AAVS1 and OCT4 targeted clones and the removal of the PGK-Puro cassette 

(Figure 3.2A, 3.3A and 3.3C). The efficient targeting of the human AAVS1 and OCT4 loci 

by TALENs was showed in Table 3.1. The efficiency of TALEN-mediated AAVS1 and 

OCT4 targeting in human ESCs was 58% (7/12) and 3.5% (2/57), respectively. All of the 

clones were targeted only in one allele (heterozygous). The targeting efficiencies were 

comparable to that of a previous study using similar targeting strategies (Hockemeyer et 

al., 2011).  

Table 3.1 Summary of TALEN gene targeting efficiency.  

 

Gene targeting of human ESCs for creating homologous recombination 

knock-in alleles is still considered inefficient (Goulburn et al., 2011; Irion et al., 2007). 

The development of TALENs dramatically increased the efficiency of genome targeting. 

TALENs consist of a sequence specific DNA binding domain and a nonspecific DNA 
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cleavage module, Fok1. The nucleases are composed of active pairs of scissors in which 

two monomers bind adjacent target sites separated by a DNA spacer which allows for the 

formation of an active dimer to introduce targeting DNA double strand breaks (DSBs) 

(Ul Ain et al., 2015). Nuclease-induced DSBs can be repaired by either nonhomologous 

end-joining (NHEJ) or homology-directed repair (HDR). NHEJ often results in 

introduction of insertion and/or deletions (Indels) which can disrupt the translational 

reading frame of a coding sequence that can lead to knock-out of the target gene in 

human ESCs (Ding et al., 2013). In contrast, HDR can be employed to efficiently 

incorporate exogenous sequences that can introduce specific point mutations or to insert 

desired sequences through recombination of the target locus with exogenously supplied 

DNA. Recent studies demonstrated that TALENs allow for not only efficient gene 

inactivation through NHEJ but also enhanced HDR-based gene targeting for functional 

correction of genetic diseases or insertion of the functional gene into a safe harbor locus 

in human stem cells (Merkert et al., 2014; Hou et al., 2013; Hockemeyer et al., 2011; 

Soldner et al., 2011; Yusa et al., 2011). In additional, the TALEN system has provided 

rapid and simple construction and is now available from the non-profit organization 

Addgene (www.addgene.org) and commercial companies. 

The off-target activity of AAVS1- and OCT4-TALENs was checked by 

Southern blot analysis (Figure 3.2A and 3.3A and Table 3.1). The results showed 33% of 

off-targets were present in AAVS1-TALENs (4/12). In OCT4 TALENs, no random 

integration was found. The off-target effects involved non-specific recognition and 

digestion of non-targeted region by TALENs. This can be toxic to cells, and is difficult to 

comprehensively predict and presents a common problem for genome editing. It has been 

reported that TALENs have minimal off-target effects when compared with other 

programmed nucleases, zinc finger nucleases or clustered regularly interspaced short 
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palindromic repeat (CRISPR)/CRISPR-associated (Cas) system (Ding et al., 2013; 

Hisano et al., 2013). 

WIBR#29BirA and WIBR#29OCT4FLAG-Bio lines maintained normal 

human ESC morphologies (Figure 3.4B and C) and remained pluripotent based on 

expression of the pluripotency markers OCT4, SOX2, and NANOG and they retained the 

ability to differentiate into all three germ layers by in vivo teratoma formation after 

injection into immunodeficient mice (Figure 3.2B-C and 3.3B-C). This suggested that 

TALEN-mediated AAVS1 and OCT4 targeting did not perturb the function of the 

protein.   

 

Figure 3.2 Characterization of WIBR#29BirA human ESCs. (A) Southern blot analysis 

of WIBR#29 human ESC targeted AAVS1 locus with a CAGGS-BirAV5his 
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pA cassette using TALENs, wild type (WT) = 5.4 kb, targeted = 3.5 kb. (B) 

Immunofluorescence staining of WIBR#29BirA colony for pluripotency 

markers OCT4, SOX2, and NANOG. (C) Teratoma formation analysis 

composed of tissues derived from the three germ layers. 

 

Figure 3.3 Characterization of WIBR#29OCT4FLAG-Bio human ESCs. (A) Southern  

blot analysis of WIBR#29BirA human ESC targeted in the OCT4 locus with 
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a triple-FLAG and biotin-binding peptides and PGK-Puro cassette using 

TALENs, wild type (WT) = 4.2 kb, targeted = 6.2 kb. (B) Looping out the 

PGK-Puro cassette in WIBR#29OCT4FLAG-Bio. Pre-Cre control is the 

WIBR#29OCT4FLAG-Bio-PGK-Puro prior to Cre recombinase plasmid 

electroporation. Cre-mediated excision results in the removal of the PGK-

Puro cassette from the WIBR#29OCT4 FLAG-Bio-PGK-Puro line. (C) 

Immunofluorescence staining of WIBR#29OCT4 colony for pluripotency 

markers OCT4, SOX2, and NANOG (40X). (D) Teratoma formation 

analysis composed of tissues derived from the three germ layers (endoderm, 

mesoderm and ectoderm). 

 

Figure 3.4 Phase contrast photographs of human ESCs (40X). Colonies of 

undifferentiated WIBR#29 (A), WIBR#29BirA (B) and WIBR#29OCT4 

FLAG-Bio (C) grew on mytomycin-inactivated MEFs. 
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Further western blot analysis was performed to check the expression of 

biotinylated OCT4 of WIBR#29BirA and WIBR#29OCT4FLAG-Bio using anti-OCT4, 

anti-FLAG and anti-Biotin antibodies (Figure 3.5), thus indicating efficient biotinylation 

of the tagged protein. This study obtained only heterozygous biotinylated OCT4 allele 

encoding 3xFLAG-Biotin tagged OCT4 (50kDa) and the wild type allele wtOCT4 of 

45kDa. The result revealed that the WIBR#29OCT4FLAG-Bio contained biotin tag as a 

50 kDa band (lane 2 and 3) which was absent in the WIBR#29BirA having no tag (lane 

1). The targeted allele was expressed at lower level than the wild type allele. Previous 

studies used biotinylation-proteomics approach to identify OCT4 and NANOG 

interactomes in mouse ESCs. They also obtained expression of biotin tagged transcription 

factors at about 20% of the endogenous level. However, it was still within sufficient 

range to recover the biotinylated OCT4 and NANOG from mouse ESC nuclear extract 

with streptavidin agarose (Ding et al., 2012; Wang et al., 2006). The result demonstrated 

that targeting and modification of the OCT4 locus with TALENs results in stable 

transgene expression and no discernible off-target phenotypes. This evidence indicates 

specificity and safety of using TALENs for genome editing in human ESCs. 

3.4.2 Identification of OCT4 interacting proteins in human ESCs 

To survey and identify proteins associated with biotinylated OCT4, complexes 

were isolated from nuclear extracts of human ESCs expressing either BirA plus 

biotinylated OCT4 or BirA alone: WIBR#29OCT4FLAG-Bio or WIBR#29BirA, 

respectively. Here, we used SILAC and label-free conditions to perform a relative 

quantitation of interactor proteins. Four independent experiments including two 

experiments of streptavidin pull down (SILAC), one experiment of FLAG antibody pull 

down (label-free) and one experiment of endogenous OCT4 antibody pull down (label-
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free) were performed in duplicates. MS data were analyzed and the spectra were 

compared to determine peptide abundance in WIBR#29OCT4FLAG-Bio relative to 

WIBR#29BirA. Proteome Discoverer generated the protein abundance ratios between 

WIBR#29OCT4FLAG-Bio versus WIBR#29BirA proteins of SILAC (heavy-labeled/ 

light-labeled) and label-free conditions. 

 

Figure 3.5 Expression of 3xFLAG-Biotin tagged transcription factor OCT4 in 

WIBR#29BirA, WIBR#29OCT4FLAG-Bio clone # 1 and 2 analyzed by 

Western blotting against OCT4, FLAG or Biotin antibodies. GAPDH used 

as loading control. 

The ratios with less than 2.0 were removed from the lists. Background proteins 

(carboxylases and their coenzymes; ribosomal and splicing factors; cytoskeletal proteins 

such as actins, tubulins and keratins; etc.) were also excluded from the lists. We analyzed 

four independent experiments and representations of the identified proteins by threshold 

ratio value of ≥ 2.0 or ∝ (2/0) were considered to be in the OCT4 interacting proteins lists 

(Figure 3.6). The final list of OCT4 interacting proteins, Figure 3.7 and Appendix A, 
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included only those proteins detected in at least two independent experiments (Figure 

3.6) with protein abundance ratio over WIBR#29BirA control at least 2.0 or ∝ (2/0). 

  

Figure 3.6 The number of OCT4 interacting proteins of the four experiments. The 

threshold ratio value of 2.0 or ∝ (2/0) of identified proteins was selected for 

the lists of OCT4 interacting proteins. The overlapping proteins in at least 

two independent experiments were considered as high-confidencec OCT4 

interacting proteins. 

From the Figure 3.7, we identified 142 interaction partners of OCT4. We then 

performed a functional annotation analysis using the PANTHER database (Thomas et al., 

2003). The data set was classified into known protein complexes and functional 

categories. We found an enrichment of gene ontology (GO) terms such as proteins 

associated with binding activity and catalytic activity involved in transcription regulation, 

translation regulation, RNA splicing, helicase, kinase, ligase, isomerase, hydrolase, 

oxidoreductase and transferase activities (Figure 3.8 and Appendix B). This GO analysis 
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indicates that OCT4 is engaged with multiple cellular mechanisms (Appendix B). OCT4 

interacted with many transcription factors (EWSR1, FUS, GTF3C1, SALL1, SALL4, 

SMARCA1, SOX2, ZFR, ZMYM2, ZMYM3), translation factor activity (ABCF1, 

DDX17, DDX19A, DDX39B, DDX41, DDX42, DDX47, DDX6, DHX15, EFTUD2, 

EIF4A1, EIF4A3, GTPBP1, HELLS, SNRNP200, SNRNP70), DNA repair (MSH6, 

RAD21, XRCC5, XRCC6), RNA processing (ADAR, CPSF1, CSTF3, FUBP3, GIGYF2, 

IGF2BP1, IGF2BP2, NCBP1, PCBP2, PRPF19, PRPF40A, PRPF6, PTBP2, PUF60, 

RBM14, RBM39, SF3A1, SF3A3, SF3B1, SFPQ, U2AF2), replication (MCM5, RFC2, 

RFC3, RFC4, SMC1A, SMC2, SMC3, SMC4) and glycosyl transferase (PARP1). In 

addition, a number of factors in the OCT4 interactome are connected to several 

regulatory pathways include the nucleosome remodeling deacetylase (NuRD; CHD4, 

MTA1, HDAC1, HDAC2, RBBP4), SWI/SNF chromatin remodeling (ACTL6A, 

SMARCA4, SMARCB1, SMARCC1, SMARCE1) and FACT (SUPT16H) complexes. 

The activities of the interactors provide a hint of the possible mechanisms that OCT4 

employs. Recent  studies in mouse ESCs identified the interactome of a number of 

pluripotency-associated proteins, such as OCT4, SOX2, NANOG, SALL4, ESRRB, 

DAX1, NAC1, REX1, ZFP281, TCFCP2L1 and ZFP281 (Huang and Wang, 2014). A 

protein interactome study conducted in human ESCs has not been reported yet. Like the 

previous studies in mouse ESCs, we observed that OCT4 associates with a number of 

different proteins to form various functional complexes in the nucleus including 

transcriptional regulators and chromatin binding proteins involved in DNA replication, 

recombination and repair. This observation emphasizes the importance of coordination 

among pluripotency factors and the critical role of OCT4 in the maintenance of a 

pluripotent state to form auto-regulatory and cross-regulatory loops (Liang et al., 2008; 

Pardo et al., 2010; van den Berg et al., 2010). OCT4 is a transcription factor expected to 
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interact with other transcription factors in a modular fashion to effect transcription 

regulation. 

Here, the majority of the OCT4 associated proteins showed binding 

(GO:00005488; 39%) and catalytic (GO: 0003024; 36%) activities involved 

transcriptional regulation, including helicases, ligases and RNA processing. This might 

reflect a tendency of OCT4 to recruit several enzymes to modify themselves or their 

associated proteins as machinery for gene regulation. Modification of OCT4 activity 

levels and association with various enzymes gives OCT4 the ability to modify DNA or 

other proteins (Xu et al., 2004; Wei et al., 2007; Issad and Kuo, 2008). Moreover, OCT4-

associated helicases may be recruited to OCT4 mediated transcriptional sites to maintain 

genome stability. Consistent with this hypothesis was a report that proliferation of ESCs 

and embryos required a rapid rate of DNA replication and transcription, suggesting that 

the helicases are needed to keep the genome stable when replication and transcriptional 

complexes collide (Koledova et al., 2010; Pomerantz and O’Donnell, 2010). NANOG 

and SOX2 as well are known to be the OCT4 partners that are part of the same protein 

complexes (Wang et al., 2006; Liang et al., 2008). Here, we did not detect the 

transcription factor NANOG that might be because the NANOG-OCT4 interactions are 

too weak, requiring crosslinking for efficient detection, or because NANOG protein is 

resistant to trypsin digests. Additional, reduced expression of NANOG compared to 

OCT4 may make it harder to detect NANOG in OCT4 purifications (Zhang et al., 2007; 

van den Berg et al., 2010; Pardo et al., 2010). SALL4 is a member of Spalt-like family of 

transcriptional cofactors that also associate with the Mi-2/NuRD complex in mammals 

(Lauberth and Rauchman, 2006). Yang’s study demonstrated that SALL4 is essential for 

regulation of pluripotency and self-renewal of ESCs through both transcriptional and 

epigenetic controls including direct interaction with OCT4 and NANOG (Yang et al., 
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2010). Our results also revealed that OCT4 associated with the three FET (FUS, EWSR1, 

and TAF15) families of RNA binding proteins, originally discovered as N-terminal 

partners of fusion oncoproteins and as components of transcription or splicing complexes. 

FET-proteins associate with a number of factors involved in transcriptional regulation, 

pre-mRNA splicing, RNA transport, translation, miRNA processing, and DNA repair 

(Kovar, 2011). PARP1 and SUPT16H were also identified as associated with OCT4 and 

recent studies have shown that PARP1 is a multifunctional protein involved in 

transcriptional regulation, epigenetics, and apoptosis (Wang  et al., 2009; Caiafa  et al., 

2009; Krishnakumar and Kraus, 2010). SUPT16H is a member of FACT complex that is 

conserved in the chromatin-remodeling complex implicated in DNA replication and 

regulated transcription. Recently, the FACT complex has been shown to be essential for 

opening of chromatin and pluripotency of ESCs and for cell reprogramming (Gaspar-

Maia et al., 2009). Additionally, OCT4 can both activate and repress transcriptional 

targets in mouse and human ESCs. Many reports including this study found that OCT4 

interactomes contain chromatin-modifying complexes, such as NuRD and SWI/SNF, 

which may be recruited to prevent differentiation of pluripotent cells by repression of 

lineage-specific transcription factors. (Wang et al., 2006; Liang et al., 2008; van den Berg 

et al., 2010; Pardo et al., 2010; Ding et al., 2012). These findings suggest that links 

between epigenetic modifying complexes and pluripotency transcriptional factors have an 

essential role in stem cell pluripotency during normal development and cell 

reprogramming (Ho et al., 2009; Singhal et al., 2010).  
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Figure 3.7 OCT4 interactor proteins as identified by mass spectrometry analysis were grouped in classes. Protein-protein 

interactions of each grouped was predicted by STRING database. 84 
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Figure 3.8 Analysis of the OCT4 interactome for gene ontology terms molecular 

function. 

In comparing the dataset from this study with the recently published mouse 

OCT4 interactome study (Ding et al., 2012), we found 43 proteins that overlapped 

between human and mouse OCT4 interactome (Figure 3.9). The overlapping proteins are 

involved in many cellular pathways include NuRD (CHD4, HDAC1), SWI/SNF 

(ACTL6A, SMARCA4), FACT (SUPT16H) complexes, chromatin remodeling factors 

(BPTF, SMARCA5, SMARCB1, SMARCE1, SMCHD1), transcription factors (ILF3, 

SALL1, SALL4, SND1, ZMYM2, SMARCC1) and transcription and translation 

regulators (ATP1A1, COPB1, CPSF1, DDX47, FUBP3, GIGYF2, HELLS, L1TD1, 
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LRRC47, MCM5, MSH2, MSH6, PARP1, PCBP2, PTBP2, RAD21, RFC4, SF3A3, 

TOP2B, UBAP2L) that play important roles in ESCs and are associated with multiple 

transcription factors required in ESCs. In addition, this study uncovered 99 novel OCT4 

interacting proteins. These proteins may be specific for human ESCs. We next examined 

the presence of these interactors in more detail by preforming OCT4 

immunoprecipitation followed by immunoprecipitation (co-IP) experiments. The co-IP 

results were done to confirm the physical association of OCT4 with novel partners 

including BEND3, FUS, RMB25, SFPQ and WDR82. However, in this study only a 

small number of interactome proteins were confirmed by co-IP because most commercial 

available antibodies show low specificity. 
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Figure 3.9 Comparison of human OCT4 interacting proteins with the published mouse OCT4 interactome. 
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3.4.3 Functional validation of OCT4 interacting proteins for human ESC 

pluripotency 

As OCT4 is a key transcription factor and essential for self-renewal and 

pluripotency of both mouse and human ESCs, it is expected to interact with multiple 

functional modules involved in different areas of cellular regulation to effect transcription 

regulation. Here, we were interested in the candidates with a role in transcriptional 

regulation. Functional investigation of BEND3, FUS, RBM25, SFPQ and WDR82 was 

not previously examined in human ESCs. BEND3 is a transcriptional repressor that 

associates with the NuRD complex, possibly via recruiting the histone deacetylases 

(HDACs) and the transcription factor sal-like 4 (SALL4) (Saksouk et al., 2014). BEND3 

heterochromatin-associated protein has an important role in regulating chromatin 

structure and transcription. The overexpression of BEND3 causes excessive 

heterochromatinization and transcriptional shut-down (Sathyan et al., 2011). BEND3 is 

also involved in rDNA silencing, the loss of BEND3 increases histone H3K4 

trimethylation and decreases rDNA promoter DNA methylation (Khan et al., 2015). FUS 

is a member of the FET family (FUS, EWS and TAF15), involved in multiple cellular 

functions, including RNA processing and transport, transcriptional regulation. FUS is 

required for self-renewal capacity of hematopoietic stem cells (Sugawara et al., 2010). 

RBM25 belongs to a family of RNA-binding proteins and functions in pre-mRNA 

processing. RBM25 overexpression correlates with increased apoptotic cell death, 

promoting the selection of the proapoptotic Bcl-xS 5′ ss, whereas knockdown of RBM25 

shifts the balance toward the antiapoptotic Bcl-xL form (Zhou et al., 2008). WDR82 is 

involved in initiation of transcription and required for the targeting of SETD1A-mediated 

histone H3-Lys4 trimethylation complex to transcription start sites of transcribed genes 

(Lee and Skalnik, 2008). Downregulated WDR82 caused mouse ESCs to begin to lose 
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pluripotency and differentiate (Van Hoof et al., 2006). SFPQ is a DNA- and RNA 

binding protein involved in pre-mRNA modification due to its binding to the pre-mRNA 

splicing factor polypyrimidine tract binding protein (Patton et al., 1993). SFPQ is 

implicated in central cellular processes including DNA repair, transcriptional regulation, 

mRNA processing as part of the spliceosome complex and transport (Shav-Tal and 

Zipori, 2002). In this study, we explored the consequences of knockdown of the 

candidates, BEND3, FUS, RBM25, WDR82 and SFPQ genes. We employed inhibition of 

the endogenous RNAs by short hairpin RNA (shRNA). If the candidates influence OCT4 

activity, its functional loss would affect ESC pluripotency. As shown in Figure 3.10, we 

found that BEND3, FUS, RMB25, WDR82 knockdown had no effect on human ESCs. In 

contrast, SFPQ knockdown promoted the differentiation and death of the cells.  

 

Figure 3.10 Functional validations by shRNA knockdown of the OCT4 interacting 

proteins. The human ESCs were transfected with lentiviral vectors 

expressing shRNA constructs against BEND3 (B), FUS (C), RBM25 (D), 

WDR82 (E), SFPQ (F) genes and non-targeting shRNA  (pLKO.PIM) 

served as a negative control (A).    
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Moreover, we repeated the knockdown of SFPQ in two different human ESC 

lines with feeder-free condition on matrigel in mTesr1 medium by three different 

shRNAs (Figure 3.11). Human ESCs can be cultured either on MEFs in KSR+FBS+FGF 

or on matrigel in commercial mTesr1 medium. We wanted to see if the phenotype for 

SFPQ knockdown was specific to one culture system or not so we repeated the 

knockdown in cells grown on matrigel in mTesr1. The cells showed rapid cell death 

using two independent shRNAs (#1 and #2), indicating that the phenotype is very robust 

(Figure 3.11B and C). The third shRNA did not cause cell death because this shRNA did 

not reduce SFPQ expression according to the Western blot (Figure 3.11D). This may be 

due to the target sequences of shRNA #1 and #2 being located at the coding sequence of 

SFPQ mRNA. However, the targeting sequence of shRNA#3 was located at the 5’ 

untranstranslated region (UTR) of the gene.  

The result of this study showed that knockdown BEND3, FUS, RBM25, 

WDR82 proteins has no effects on the phenotype of human ESCs. This may due to 

compensation by another protein in the same family or related genes (Zhang, 2012). 

Taken together, the contributions of these factors may be only critical at different 

developmental stages or regulated and expressed in a cell type-specific manner. In 

contrast, knockdown of SFPQ protein associated with OCT4 can lead to human ESCs 

dysfunction and death. A possible explanation for this phenotype is that SFPQ/PSF 

serves as an interacting partner with the RAD51 paralogs (RAD51D, RAD51C and 

XRCC2) and non-POU domain-containing octamer-binding protein (NONO/p54nrb). 

These complexes are multifunctional nuclear proteins that are implicated in a wide 

variety of regulatory roles in key processes within the cells. Previous studies 

demonstrated that deficiency of SFPQ leads to sister chromatid cohesion defects and 

chromosome instability, and that the SFPQ/NONO complex affected messenger 
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ribonucleoprotein (mRNP, mRNA with bound proteins) dynamics within the cell (Rajesh 

et al., 2011; Snijders et al., 2015). In addition, we also found SFPQ associated with 

SOX2 and NANOG in human ESCs (unpublished data). The phenotype of SFPQ is quite 

striking and the OCT4/SFPQ/NONO complex may be essential for human ESC 

pluripotency. 

 

Figure 3.11 Knockdown of the OCT4 interacting protein SFPQ in human ESCs. A) 

Schematic of shRNA lentivirus transfection. B) Five days after the two 

different cell lines were transfected with virus expressing different shRNA 

constructs (#1, #2 and #3) against SFPQ. Non-targeting shRNA 

(pLKO.PIM) served as a negative control. C) The cells were fixed and 

stained for alkaline phosphatase. D) Western blot of SFPQ protein after 

knockdown by shRNA#3. 
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In conclusion, the OCT4 interacting protein dataset of human ESCs was 

generated via affinity purification-mass spectrometry methods. We identified 142 high-

confidence OCT4 interactors that are implicated in transcriptional regulation, DNA 

repair, splicing and RNA transport. The network is linked to epigenetic regulatory 

pathways including NuRD, SWI/SNF, FACT complexes that play important roles in 

maintaining pluripotency. Functional validation of the candidates by shRNA revealed 

that SFPQ associated with OCT4 protein may provide a novel PPI complex approach to 

simultaneously activate multiple transcriptional regulatory, DNA repair and chromosome 

maintenance pathways that plays a crucial function for maintaining human ESC 

pluripotency. The OCT4 interactors provide a resource to investigate mechanisms of 

OCT4 function. Further analysis of the listed candidates at the functional level and 

through systems biology approaches can greatly assist in the understanding of the human 

ESC pluripotency network. 

3.5 References  

Boer, B., Kopp, J., Mallanna, S., Desler, M., Chakravarthy, H., Wilder, P. J., Bernadt, C., 

and Rizzino, A. (2007). Elevating the levels of Sox2 in embryonal carcinoma 

cells and embryonic stem cells inhibits the expression of Sox2:Oct-3/4 target 

genes. Nucleic Acids. Res. 35: 1773-1786. 

Caiafa, P., Guastafierro, T., and Zampieri, M. (2009). Epigenetics: Poly(ADP-

ribosyl)ation of PARP-1 regulates genomic methylation patterns. FASEB J. 23: 

672-678. 

Ding, J., Xu, H., Faiola, F., Ma'ayan, A., and Wang, J. (2012). Oct4 links multiple 

epigenetic pathways to the pluripotency network. Cell Res. 22: 155-167. 

 

 

 

 

 

 

 

 



93 
 

Ding, Q., Lee, Y.K., Schaefer, E.A., Peters, D.T., Veres, A., Kim, K., Kuperwasser, N., 

Motola, D.L., Meissner, T.B., Hendriks, W.T., Trevisan, M., Gupta, R. M., 

Moisan, A., Banks, E., Friesen, M., Schinzel, R. T., Xia, F., Tang, A., Xia, Y., 

Figueroa, E., Wann, A., Ahfeldt, T., Daheron, L., Zhang, F., Rubin, L. L., Peng, 

L. F., Chung, R. T., Musunuru, K., and Cowan, C. A. (2013). A TALEN genome-

editing system for generating human stem cell-based disease models. Cell Stem 

Cell 12: 238-251. 

Evans, M. J., and Kaufman, M. H. (1981). Establishment in culture of pluripotential cells 

from mouse embryos. Nature 292: 154-156. 

Gaspar-Maia, A., Alajem, A., Polesso, F., Sridharan, R., Mason, M. J., Heidersbach, A., 

Ramalho-Santos, J., McManus, M. T., Plath, K., Meshorer, E., and Ramalho-

Santos, M. (2009). Chd1 regulates open chromatin and pluripotency of embryonic 

stem cells. Nature 460: 863-868. 

Goulburn, A.L., Alden, D., Davis, R.P., Micallef, S.J., Ng, E.S., Yu, Q.C., Lim, S.M., 

Soh, C.L., Elliott, D.A., Hatzistavrou, T., Bourke, J., Watmuff, B., Lang, R. J., 

Haynes, J. M., Pouton, C. W., Giudice, A., Trounson, A. O., Anderson, S. A., 

Stanley E. G., and Elefanty, A. G. (2011). A targeted NKX2.1 human embryonic 

stem cell reporter line enables identification of human basal forebrain derivatives. 

Stem Cells 29: 462-473. 

Hisano Y, Ota S, Arakawa K, Muraki M, Kono N, Oshita K, Sakuma T, Tomita M, 

Yamamoto T, Okada Y, Kawahara A. (2013). Quantitative assay for TALEN 

activity at endogenous genomic loci. Biology Open. 2: 363-367. 

Ho, L., Jothi, R., Ronan, J. L., Cui, K., Zhao, K., and Crabtree, G. R. (2009). An 

embryonic stem cell chromatin remodeling complex, esBAF, is an essential 

 

 

 

 

 

 

 

 



94 
 

component of the core pluripotency transcriptional network. Proc Natl Acad Sci 

USA. 106: 5187-5191.  

Hockemeyer, D., Wang, H., Kiani, S., Lai, C. S., Gao, Q., Cassady, J. P., Cost, G. J., 

Zhang, L., Santiago, Y., Miller, J. C., Zeitler, B., Cherone, J. M., Meng, X., 

Hinkley, S. J., Rebar, E. J., Gregory, P. D., Urnov, F. D., and Jaenisch, R. (2011). 

Genetic engineering of human pluripotent cells using TALE nucleases. Nat. 

Biotechnol. 29: 731-734. 

Hou, Z., Zhang, Y., Propson, N.E., Howden, S.E., Chu, L.F., Sontheimer, E.J., and 

Thomson, J.A. (2013). Efficient genome engineering in human pluripotent stem 

cells using Cas9 from Neisseria meningitidis. Proc. Natl. Acad. Sci. USA. 110, 

15644-15649. 

Huang, X., and Wang, J. (2014). The extended pluripotency protein interactome and its 

links to reprogramming. Curr. Opin. Genet. Dev. 28: 16-24. 

Irion, S., Luche, H., Gadue, P., Fehling, H.J., Kennedy, M., and Keller, G. (2007). 

Identification and targeting of the ROSA26 locus in human embryonic stem cells. 

Nat. Biotechnol. 25: 1477-1482. 

Issad, T., and Kuo, M. (2008). O-GlcNAc modification of transcription factors, glucose 

sensing and glucotoxicity. Trends Endocrinol. Metab. 19: 380-389. 

Khan, A.,Giri, S., Wang, Y., Chakraborty, A., Ghosh, A. K., Anantharaman, A., 

Aggarwal, V., Sathyan, K. M., Ha, T., Prasanth, K. V., and Prasanth, S. G. (2015). 

BEND3 represses rDNA transcription by stabilizing a NoRC component via 

USP21 deubiquitinase. Proc Natl Acad Sci USA. 112: 8338-8343. 

Kim, J., Cantor, A. B., Orkin. S. H., and Wang, J. (2009).Use of in vivo biotinylation to 

study protein-protein and protein-DNA interactions in mouse embryonic stem 

cells. Nat.  Protoc. 4: 506-517. 

 

 

 

 

 

 

 

 



95 
 

Koledova, Z., Kafkova, L. R., Calabkova, L., Krystof, V., Dolezel, P., and Divoky, V. 

(2010). Cdk2 inhibition prolongs G1 phase progression in mouse embryonic stem 

cells. Stem Cells Dev. 19:181-194. 

Kovar, H. (2011). Dr. Jekyll and Mr. Hyde: The Two Faces of the FUS/EWS/TAF15 

Protein Family. Sarcoma 2011: 837474. 

Krishnakumar, R., and Kraus, W. L. (2010). The PARP side of the nucleus: Molecular 

actions,physiological outcomes, and clinical targets. Mol. Cell 39: 8-24. 

Lauberth, S. M., and Rauchman, M. (2006). A conserved 12-amino acid motif in Sall1 

recruits the nucleosome remodeling and deacetylase corepressor complex. J. Biol. 

Chem. 281: 23922-23931. 

Lee, J. H., and Skalnik, D. G. (2008). Wdr82 is a C-terminal domain-binding protein that 

recruits the Setd1A Histone H3-Lys4 methyltransferase complex to transcription 

start sites of transcribed human genes. Mol. Cell Biol. 28: 609-618. 

Lengner, C. J., Gimelbrant, A. A., Erwin, J. A., Cheng, A. W., Guenther, M. G., 

Welstead, G.G, Alagappan, R., Frampton, G. M., Xu, P., Muffat,  J., Santagata, 

S., Powers, D., Barrett, C. B., Young, R. A., Lee, J. T., Jaenisch, R., and 

Mitalipova, M. (2010). Derivation of pre-X inactivation human embryonic stem 

cells under physiological oxygen concentrations. Cell 141: 872-883. 

Liang J., Wan M., Zhang Y., Gu P., Xin H., Jung S. Y., Qin J., Wong J., Cooney A. J., 

Liu D., Songyang Z. (2008) Nanog and Oct4 associate with unique transcriptional 

repression complexes in embryonic stem cells. Nat. Cell Biol. 10, 731–739  

Merkert, S., Wunderlich, S., Bednarski, C., Beier, J., Haase, A., Dreyer, A. K., 

Schwanke, K., Meyer, J., Göhring, G., Cathomen, T., Martin, U. (2014). Efficient 

designer nuclease-based homologous recombination enables direct PCR screening 

 

 

 

 

 

 

 

 



96 
 

for footprintless targeted human pluripotent stem cells. Stem Cell Reports 2:107-

118.  

Nichols, J., Zevnik, B., Anastassiadis, K., Niwa, H., Klewe-Nebenius, D.,Chambers, I., 

Scholer, H., and Smith, A. (1998). Formation of pluripotent stem cells in the 

mammalian embryo depends on the POU transcription factor Oct4. Cell 95: 379-

391. 

Niwa, H., Miyazaki, J., and Smith, A. G. (2000). Quantitative expression of Oct-3/4 

defines differentiation, dedifferentiation or self-renewal of ES cells. Nat. Genet. 

24: 372-376. 

Orkin, S.H. (2005). Chipping away at the embryonic stem cell network. Cell 122: 828-

830. 

Pan, G., Li, J., Zhou, Y., Zheng, H., and Pei, D. (2006). A negative feedback loop of 

transcription factors that controls stem cell pluripotency and self-renewal. FASEB 

J. 20: 1730-1732. 

Pardo, M., Lang, B., Yu, L., Prosser, H., Bradley, A., Babu, M. M., and Choudhary, J. 

(2010). An expanded Oct4 interaction network: implications for stem cell biology, 

development, and disease. Cell Stem Cell 6: 382-395. 

Patton, J. G., Porro, E. B , Galceran, J., Tempst, P., and Nadal-Ginard, B. (1993). Cloning 

and characterization of PSF, a novel pre-mRNA splicing factor. Genes Dev. 7: 

393-406. 

Pomerantz, R. T., and O’Donnell, M. (2010). What happens when replication and 

transcription complexes collide? Cell Cycle 9: 2535-2541. 

Prelle, K., Zink, N., and Wolf, E. (2002). Pluripotent stem cells-model of embryonic 

development, tool for gene targeting, and basis of cell therapy. Anat. Histol. 

Embryol. 31:169-186. 

 

 

 

 

 

 

 

 



97 
 

Rajesh, C., Baker, D. K., Pierce, A. J., and Pittman, D. L. (2011). The splicing-factor 

related protein SFPQ/PSF interacts with RAD51D and is necessary for homology-

directed repair and sister chromatid cohesion. Nucleic Acids Res. 39:132-145. 

Sadelain, M., Papapetrou, E. P., and Bushman, F. D. (2011). Safe harbours for the 

integration of new DNA in the human genome. Nat. Rev. Cancer 12: 51-58. 

Saksouk, N., Barth, T. K., Ziegler-Birling, C., Olova, N., Nowak, A., Rey, E. Mateos-

Langerak, J., Urbach, S., Reik, W., Torres-Padilla, M. E., Imhof, A., Déjardin, J., 

and Simboeck, E. (2014). Redundant mechanisms to form silent chromatin at 

pericentromeric regions rely on BEND3 and DNA methylation. Mol. Cell 56: 

580-594. 

Shav-Tal, Y., and  Zipori, D. (2002). PSF and p54(nrb)/NonO–multi-functional nuclear 

proteins. FEBS Lett. 531: 109-114. 

Shevchenko, A., Tomas, H., Havlis, J., Olsen, J. V., and Mann, M. (2006). In-gel 

digestion for mass spectrometric characterization of proteins and proteomes. Nat. 

Protoc. 1: 2856-2860. 

Singhal, N., Graumann, J., Wu, G., Araúzo-Bravo, M. J., Han, D. W., Greber, B., 

Gentile, L., Mann, M., and Schöler, H. R. (2010). Chromatin-remodeling 

components of the BAF complex facilitate reprogramming. Cell 141: 943-955. 

Snijders, A. P., Hautbergue, G. M., Bloom, A., Williamson, J. C., Minshull, T. C., 

Phillips, H. L., Mihaylov, S. R., Gjerde, D. T., Hornby, D. P., Wilson, S. A., 

Hurd, P. J., and Dickman, M. J. (2015). Arginine methylation and citrullination of 

splicing factor proline- and glutamine-rich (SFPQ/PSF) regulates its association 

with mRNA. RNA 21: 347-359. 

Soldner, F., Laganie`re, J., Cheng, A.W., Hockemeyer, D., Gao, Q., Alagappan, R., 

Khurana, V., Golbe, L.I., Myers, R.H., Lindquist, S., Zhang, L., Guschin, D., 

 

 

 

 

 

 

 

 



98 
 

Fong, L. K., Vu, B. J., Meng, X., Urnov, F. D., Rebar, E. J., Gregory, P. D., 

Zhang, H. S., and Jaenisch, R.(2011). Generation of isogenic pluripotent stem 

cells differing exclusively at two early on set Parkinson point mutations. Cell 146: 

318-331. 

Sugawara T, Oguro H, Negishi M, Morita Y, Ichikawa H, Iseki T, Yokosuka O, 

Nakauchi H, Iwama A. (2010). FET family proto-oncogene Fus contributes to 

self-renewal of hematopoietic stem cells. Exp Hematol. 38: 696-706.  

Thomas, P. D., Campbell, M. J., Kejariwal, A., Mi, H., Karlak, B., Daverman, R., 

Diemer, K., Muruganujan, A., and Narechania, A. (2003). PANTHER: a library 

of protein families and subfamilies indexed by function. Genome Res. 13: 2129-

2141. 

Ul Ain, Q., Chung, J. Y., and Kim, Y. H. (2015). Current and future delivery systems for 

engineered nucleases: ZFN, TALEN and RGEN. J. Control Release 205:120-

127. 

van den Berg, D. L., Snoek ,T., Mullin, N. P., Yates, A., Bezstarosti, K., Demmers, J., 

Chambers, I., and Poot, R. A. (2010). An Oct4-centered protein interaction 

network in embryonic stem cells. Cell Stem Cell 6: 369-381. 

Van Hoof, D., Passier, R., Ward-Van Oostwaard, D., Pinkse, M. W., Heck, A. J., 

Mummery. C. L., and Krijgsveld, J. (2006). A quest for human and mouse 

embryonic stem cell-specific proteins. Mol. Cell Proteomics 5: 1261-1273. 

Wang, J., Rao, S., Chu, J., Shen, X., Levasseur, D. N., Theunissen, T.W., and Orkin, S. 

H. (2006). A protein interaction network for pluripotency of embryonic stem 

cells. Nature 444: 364-368. 

Wang, Y., Dawson,V. L., and Dawson, T. M. (2009). Poly(ADP-ribose) signals 

tomitochondrial AIF: A key event in parthanatos. Exp. Neurol. 218: 193-202. 

 

 

 

 

 

 

 

 



99 
 

Wei, F., Schöler, H. R., and Atchison, M. L. (2007). Sumoylation of Oct4 enhances its 

stability, DNA binding, and transactivation. J. Biol. Chem. 282: 21551-21560. 

Xu, H. M., Liao, B., Zhang, Q. J., Wang, B. B., Li, H., Zhong, X. M., Sheng, H. Z., Zhao, 

Y. X., Zhao, Y. M., Jin, Y. (2004). Wwp2, an E3 ubiquitin ligase that targets 

transcription factor Oct-4 for ubiquitination. J. Biol. Chem. 279: 23495-23503. 

Yang, J., Gao, C., Chai, L., and Ma,Y. (2010). A novel SALL4/OCT4 transcriptional 

feedback network for pluripotency of embryonic stem cells. PLoS One. 5: 

e10766. 

Yusa, K., Rashid, S.T., Strick-Marchand, H., Varela, I., Liu, P.Q., Paschon, D.E., 

Miranda, E., Ordo´n˜ez, A., Hannan, N.R., Rouhani, F.J.,Darche, S., Alexander, 

G., Marciniak, S. J., Fusaki, N., Hasegawa, M., Holmes, M. C., Di Santo, J. P., 

Lomas, D. A., Bradley, A., and Vallier, L. (2011). Targeted gene correction of a1-

antitrypsin deficiency in induced pluripotent stem cells. Nature 478: 391-394. 

Zhang, J. (2012). Genetic redundancies and their evolutionary maintenance. Adv. Exp. 

Med. Biol. 751: 279-300. 

Zhang, L., Rayner, S., Katoku-Kikyo, N., Romanova, L., and Kikyo, N. (2007). 

Successful co-immunoprecipitation of Oct4 and Nanog using cross-linking. 

Biochem Biophys Res. Commun. 361: 611-614. 

Zhou, A., Ou, A. C., Cho, A, Benz, E.J. Jr., and Huang, S. C. (2008). Novel splicing 

factor RBM25 modulates Bcl-x pre-mRNA 5' splice site selection. Mol. Cell 

Biol. 28: 5924-5936. 

Zhu, Z., Verma, N., González, F., Shi, Z, D., and Huangfu, D. (2015). A CRISPR/Cas-

mediated selection-free Kknockin strategy in human embryonic stem cells. Stem 

Cell Reports 4:1103-1111. 

 

 

 

 

 

 

 

 



CHAPTER IV 

EXPRESSION AND PURIFICATION OF RECOMBINANT 

HUMAN BASIC FIBROBLAST GROWTH FACTOR 

FUSION PROTEINS AND THEIR USES IN                               

HUMAN STEM CELL CULTURE 

4.1 Abstract 

 To reduce the cost of cytokines and growth factors in stem cell research, a simple 

method for the production of soluble and biological active human basic fibroblast growth 

factor (hbFGF) fusion protein in Escherichia coli was established. Under optimal 

conditions, approximately 60-80 mg of > 95% pure hbFGF fusion proteins (Trx-6xHis-

hbFGF and 6xHis-hbFGF) was obtained from 1 liter of culture broth. The purified hbFGF 

proteins, both with and without the fusion tags, were biologically active, which were 

confirmed by their ability to stimulate proliferation of NIH3T3 cells. The fusion proteins 

also have the ability to support several culture passages of undifferentiated human 

embryonic stem cells and induce pluripotent stem cells. This work provides a low-cost 

and uncomplicated method for the production and purification of biologically active 

hbFGF fusion proteins.  

4.2 Introduction 

 Pluripotent stem cells can potentially be used in variety of medical fields, 

including disease biology, drug discovery, gene therapy and cell replacement therapy 

(Picanco-Castro et al., 2014; Singh et al., 2015). However, the mechanisms involved in 
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the maintenance and expansion of an undifferentiated state in in vitro culture and induce 

differentiation in vitro and in vivo still need to be clarified before use in therapeutic 

applications. The optimization of the cell culture system is one of the key factors for the 

success of stem cell research. Both expansion and differentiation of stem cells require 

supplementation with growth factors and cytokines (van der Sanden et al., 2010). Various 

growth factors and cytokines used in stem cell research, such as activins, bone 

morphogenetic proteins (BMPs), epidermal growth factor (EGF), fibroblast-derived 

growth factors (FGFs) and insulin-like growth factor (IGFs), are expensive. One of the 

growth factors added to culture medium for regulating human stem cell proliferation and 

self-renewal is basic FGF (bFGF) (Ding et al., 2010). In human ESCs, exogenous bFGF 

activates the ERK MAPK pathway, and inhibition of this signaling transduction pathway 

results in stem cell differentiation (Li et al., 2007). Growth factors and cytokines are 

generally the main cost of stem cell culture. To reduce the cost, several studies have used 

in-house production of growth factors and cytokines (Imsoonthornruksa et al., 2011; 

Song et al., 2013). In the present study, the use of both hexa-histidine (6xHis) fusion and 

thioredoxin (Trx)-6xHis fusion strategies for expression and purification of recombinant 

human bFGF (hbFGF) in E. coli were explored. The target proteins were purified with 

heparin-sepharose affinity chromatography and immobilized metal affinity 

chromatography (IMAC). Biological activity assays showed that the hbFGF fusion 

proteins were able to promote murine fibroblast cell line NIH3T3 proliferation and 

maintain the undifferentiated state of human ESCs and iPSCs in a manner comparable to 

commercial hbFGF. Therefore, we have demonstrated a simple, convenient and cost-

effective system for expression and purification of bioactive soluble hbFGF. 
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4.3 Material and Methods 

4.3.1 Expression vector construction 

In this study, two expression constructs were produced using the pET28a(+) 

and pET32a(+) (Novagen, Germany) expression vectors. The hbFGF gene was amplified 

from the pWPI_SPbFGF vector (Addgene, USA) using the bFGF pET28 forward primer: 

CCGGATCCATGGCAGCCGGGAGC; the bFGF pET32 forward primer: AAGAGCTC 

ATGGCAGCCGGGAGC; and the reverse primer: GGCTCGAGTCAGCTCTTAGCAG 

AAGACATTGG (restriction sites underlined). The amplified fragments were cleaved by 

BamHI/XhoI and SacI/XhoI (NEB, USA) and then ligated into the BamHI/XhoI and 

SacI/XhoI digested pET28 and pET32 vectors, respectively, with T4 DNA ligase (New 

England Biolabs, USA). After the ligation, the vectors were transformed into E. coli 

strain DH5α. Positive clones were selected by colony PCR (Zon et al., 1987). The 

constructs, called pET28/hbFGF and pET32/hbFGF, were subsequently verified by 

sequencing. 

4.3.2 Recombinant protein expression and purification 

The vectors with correct inserts were transformed into E. coli expression 

strains BL21(DE3) (Novagen) and ArcticExpress™ RIL (Stratagene, USA). For 

recombinant fusion protein expression, selected clones were grown overnight and then 

diluted 1:100 in fresh lysogeny broth (LB) (Bertani, 1952) containing the appropriate 

antibiotics and grown at 37°C until the optical density of 600 nm reached 0.6. 

Recombinant fusion protein expression was then induced by the addition of isopropyl-β-

D-thiogalactoside (IPTG).The cells were shaken at 15 or 20°C for 6 h or longer and then 

harvested by centrifugation at 4000×g for 20 min. The cell pellets were kept frozen at -

70°C until use. Prior to purification, the cell pellets were thawed and resuspended in 
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lysis/binding buffer containing 50 mM sodium phosphate buffer (pH 8.0) (Sambrook et 

al., 1989), 1 mM phenylmethylsulfonylfluoride (PMSF), 150 mM NaCl, 0.1% Triton X-

100, 10% glycerol, 2 mM imidazole and 200 µg ml-1 lysozyme. The cells were disrupted 

on ice for 5 min by sonication using a GE 100 ultrasonic processor (60-80% amplitude, 

60% cycle duty (sonicates 10 s, stop 5 s then repeat the cycle) for 15 min) and separated 

into soluble and insoluble fractions by centrifugation at 11,700×g for 10 min. The soluble 

protein fractions were recovered and filterd through 0.45 µm polyethersulfone membrane 

and applied to a heparin-sepharose affinity chromatography (HiTrap Heparin HP,GE 

Healthcare, Sweden) or an IMAC (HisTrap HP,GE Healthcare) column according to the 

manufacturer’s instructions. Fractions containing Trx-6xHis-hbFGF were pooled and 

dialyzed against phosphate buffered saline (PBS) buffer. Then, the Trx-His6-hbFGF 

fusion proteins were cleaved with in-house enterokinase protease (Kupradit et al., 2008) 

in an 8 h reaction at 28°C, and the Trx-6xHis and hbFGF fragments were separated by a 

second HisTrap HP IMAC step. The purified 6xHis-hbFGF, Trx-6xHis-hbFGF and 

hbFGF were filter sterilized (0.2 µm) and stored at 4°C until further use. With our 

standard laboratory technique, the endotoxin level is lower than 1 ng/μg protein as 

determined by the LAL method. The total cell lysate, soluble and insoluble fractions and 

elution fractions were collected and analyzed with 15% SDS-PAGE followed by 

Coomassie Brilliant Blue staining. The protein concentrations were determined according 

to the Bradford method. To quantify the concentration of the fusion proteins in the 

mixture, densitometric scanning of the SDS-PAGE gel stained with Coomassie Brilliant 

Blue was evaluated with Quantity One software (Bio Rad, USA). The samples were 

subjected to immunoblotting after electro-transfer to a nitrocellulose membrane (Bio 

Rad) using a His-tag rabbit polyclonal antibody (GenScript, USA) followed by a goat 
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anti-rabbit secondary antibody conjugated to alkaline phosphatase (Sigma, USA). Then, 

the membranes were developed with NBT/BCIP substrate (Sigma).  

4.3.3 MTT cell proliferation assay 

The functional activities of the 6xHis-hbFGF, Trx-6xHis-hbFGF and hbFGF 

recombinant proteins were measured by their ability to promote the proliferation of 

mouse embryonic fibroblasts in serum-free conditions compared to the activity of 

commercial hbFGF (PHG0026, Invitrogen, USA). Various dilutions of the recombinant 

and commercial hbFGF (1.7, 3.4, 6.9, 14 and 27 nM) were added to 5x103 cells that had 

been seeded in 96-well microtiter plates in Dulbecco's modified Eagle’s medium 

(DMEM) (Invitrogen) without fetal calf serum and incubated at 37°C, 5% CO2 in air. 

After 72 h of incubation with the recombinant or commercial hbFGF, 10 μl of 12 mM 3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (Sigma) in PBS was 

added to each well and the incubation was continued for another 4 h. The culture 

medium, including the MTT solution, was removed from the wells, and 100 μl of 10% 

SDS in 10 mM HCl was added to each well and mixed to dissolve the crystals. The 

absorbance of each well was read at 570 nm. From the absorbance values, cell 

proliferation was determined and presented as a percentage of the proliferation obtained 

with cells that were cultured in 10% FCS. Triplicate of each dilution of the hbFGF 

supplemented was assayed. 

4.3.4 Maintenance of the undifferentiated state of human pluripotent stem cells 

in culture 

hESCs (Pruksananonda et al., 2012) and hiPSCs (Nishishita et al., 2012) were 

grown on mitotically inactivated human foreskin-derived fibroblasts plated in a 0.1% 

gelatin-coated dish in Knock out DMEM (Invitrogen) supplemented with 20% Knock out 
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serum replacement, 1% glutamax®, 0.55 mM β-mercaptoethanol, 1% nonessential amino 

acids (Invitrogen, 11140-050), 50 U penicillin ml-1 (Invitrogen), 50 μg streptomycin ml-1 

(Invitrogen), and 8 ng hbFGF ml-1 (Invitrogen) or 6xHis-hbFGF, Trx-6xHis-hbFGF 

fusion proteins. Subsequently, hESC and hiPSC colonies with ES cell morphology were 

selected for subculture and maintained by standard methods. After 8-10 passages, in 

addition to morphology, the hESCs and hiPSCs were characterized by the expression of 

embryonic stem cell markers by qPCR analysis and immunocytochemical staining. 

4.3.5 Alkaline phosphatase and immunocytochemical staining 

The hESC and hiPSC colonies were fixed in 4% paraformaldehyde. The 

alkaline phosphatase (AP) activity was detected using an AP detection kit (Sigma) 

following the manufacturer’s instructions. For the OCT4 antibody reaction, the colonies 

were treated with 0.2% Triton X-100 (Sigma) DPBS (Invitrogen) for 15 min. All colonies 

were incubated with blocking buffer consists of 5% fetal bovine serum (HyClone) in 

DPBS for 1 h. The samples were then thoroughly washed with DPBS and incubated with 

primary antibodies. All primary antibodies purchased from Abcam, USA include rat 

antibodies against stage-specific embryonic antigen (SSEA)-3 (ab162286), mouse anti-

SSEA-4 (ab16287) and goat anti-OCT4 (ab27985) were diluted 1:200 with PBS without 

calcium and magnesium. The colonies were incubated overnight at 4°C with the diluted 

primary antibodies. For the detection of the antibodies, the cells were incubated with 

1:200 dilutions of rabbit anti-rat-FITC (ab8520), goat anti-mouse-Cy3 (Milipore, 

AP181C) and rabbit anti-goat-FITC (ab97009) antibodies at room temperature for 1 h. 

Then, the colonies were stained with Hoechst 33342 (Sigma). The colonies were 

examined under a fluorescence microscope. 
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4.3.6 Quantitative polymerase chain reaction 

Total RNA from hESCs and hiPSCs colonies were extracted with the 

GeneJET RNA purification kit and reverse-transcribed to cDNA with the RevertAid H 

Minus First Strand cDNA Synthesis Kit according to the manufacturer’s instructions 

(Thermo Fisher Scientific, USA). The mRNA expression of OCT4, SOX2, NANOG, 

CDX2, BRACHYURY and PAX6 was quantified with the SYBR-green-based real-time 

quantitative-PCR (qPCR) method using the Bio-Rad Chromo4 real-time PCR detection 

system (Bio-Rad) with the primer sets shown in the Table 4.1. The amplification 

reactions contained 10 ng cDNA, 1x KAPA SYBR® FAST qPCR Kit solution (KAPA 

Biosystems, USA), and 0.25 µM of each specific primer to obtain a final volume of 20 μl. 

All of the reactions were performed in triplicate, and the thermal cycling conditions were 

3 min at 95°C, followed by 45 cycles of 95°C for 20 s and 62°C for 1 min. 

Table 4.1 Primer sequences for real-time qPCR. 
 

Primer Sequence (5’ to 3’) 

OCT4-F  TGGGCTCGAGAAGGATGTG 

OCT4-R GCATAGTCGCTGCTTGATCG 

SOX2-F CCCCCGGCGGCAATAGCA 

SOX2-R TCGGCGCCGGGGAGATACAT 

NANOG-F CAGAAGGCCTCAGCACCTAC 

NANOG-R GTCACTGGCAGGAGAATTTGG 

CDX2-F CCTCCGCTGGGCTTCATTCC 

CDX2-R TGGGGGTTCTGCAGTCTTTGGTC 

BRACHYURY-F TGCTTCCCTGAGACCCAGTT 

BRACHYURY-R GATCACTTCTTTCCTTTGCATCAAG 

PAX6-F CAGCTCGGTGGTGTCTTTG 

PAX6-R AGTCGCTACTCTCGGTTTA 

GAPDH-F GTCAACGGATTTGGTCGTATTG 

GAPDH-R CATGGGTGGAATCATATTGGA 
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4.3.7 Statistical analysis 

The percentage of growth of the NIH3T3 cells is presented as the mean ± SD. 

Relative quantification of the target gene expression levels is presented as fold 

differences. Statistical analysis of the data was evaluated in the Completely Randomized 

Design (CRD) with Statistical Analysis System (SAS Inst. Inc., Cary, NC, USA). 

Analysis of variance (ANOVA) was used to determine the significant differences 

between samples. Means comparison with Duncan’s Multiple Range Test (DMRT) was 

used to determine the difference between means at P <0.05.  

4.4 Results and Discussion 

4.4.1 Expression and purification of hbFGF fusion proteins 

The expression vectors were constructed base on the pET28a(+) and 

pET32a(+) backbone (Figure 4.1A). The resulting pET28/hbFGF and pET32/hbFGF 

were verified by sequencing. The sequence of the recombinant plasmids were as expected 

(Figure 4.1B and C) without any mutation when compare to the nucleotide sequence of 

previously reported plasmid pWPI_SPbFGF and the GenBank Accession no. M27968. 

The recombinant pET28/hbFGF vector encoded hbFGF fused with a 34 amino acid extra 

N-terminal sequence, MGSSHHHHHHSSGVPRGSHMASMTGGQQMGRGS, which 

contained a hexa-histidine (6xHis)-tag used for heterologous protein purification by 

immobilized metal affinity chromatography (IMAC). Additionally, pET32/hbFGF 

construct encoded a fusion protein in-frame with an N-terminal thioredoxin (Trx) 

domain, linker sequence of the pET32a(+) with the 6xHis-tag followed by an 

enterokinase recognition site followed by the hbFGF sequence. The ExPASY Protein 

Parameters Tools Analysis predicted the theoretical molecular mass and the pI of the 

6xHis-hbFGF (189 amino acid), the Trx-6xHis-hbFGF (324 amino acid) fusion proteins 
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and the hbFGF (166 amino acid) as 20,740 Da/pI=9.8, 35,417 Da/pI=7.2 and 18,360 

Da/pI= 9.4, respectively (Figure 4.1).  

The effects of the induction temperature, IPTG concentration and induction 

times on the production of 6xHis-hbFGF and Trx-6xHis-hbFGF fusion proteins from the 

pET28/hbFGF and pET32/hbFGF expression vectors in E. coli BL21(DE3) and 

ArcticExpress strains as well as the total soluble protein were evaluated. In all cases, the 

fusion protein expression at 20°C was greater than the expression at 15°C. Increasing the 

IPTG concentration from 0.1 to 1 mM did not affect the expression level of the fusion 

proteins. In fact, the Trx-6xHis-hbFGF fusion protein was expressed without IPTG 

induction in both the BL21(DE3) and ArcticExpress cells (Figure 4.2). Improvement of 

the fusion protein expression level was obtained by increasing the induction times (Figure 

4.3). As shown in Figure 4.4A and B, more than 95% of the produced 6xHis-hbFGF 

fusion protein was in the soluble form and less than 3% of the protein was in the 

insoluble form.  

After the HisTrap HP affinity purification, approximately 60-80% of the 

6xHis-hbFGF fusion protein was lost in the binding step (flow through fractions), and 

only 10-24% could be harvested when the fusion protein was eluted with 100, 250 and 

500 mM imidazole. In contrast, when HiTrap Heparin HP affinity purification was used, 

almost 100% of the 6xHis-hbFGF fusion protein bound to the column. The elution of the 

fusion protein was performed using a high salt concentration (2 M NaCl). For Trx-6xHis-

hbFGF, the results were similar when expressed in both E. coli BL21(DE3) and E. coli 

ArcticExpress strains (Figure 4.4C and D). Approximately 200 ml of each E. coli culture 

provided 1 g of cells, from which purification with HiTrap Heparin HP yielded 

approximately 12 mg of the 6xHis-hbFGF or 14 mg of the Trx-6xHis-hbFGF fusion 

protein (Table 4.2). In contrast, only low amounts of both fusion proteins were purified 
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through HisTrap HP chromatography (Table 4.3). The HiTrap Heparin HP purification 

step resulted in a high purity of > 95% for both fusion proteins. The purified Trx-6xHis-

hbFGF fusion protein was dialyzed against PBS buffer to remove the NaCl and 

imidazole, and then an enterokinase protease reaction was performed to separate the 

hbFGF from the N-terminal Trx-6xHis-tag. To purify the hbFGF from the enterokinase 

and the Trx-6xHis-tag, HisTrap HP chromatography was performed. The recombinant in-

house enterokinase and the Trx-6xHis-tag contained 6xHis tags. Therefore, the proteins 

bound to the column, and the cleaved mature hbFGF was washed out in the flow through 

fraction. The fusion tags were successfully removed from the hbFGF, and the product 

could be observed on an SDS-PAGE gel (Figure 4.5A). The purified 6xHis-hbFGF, Trx-

6xHis-hbFGF fusion proteins and the hbFGF displayed molecular masses of 21, 35 and 

18 kDa on an SDS-PAGE gel, respectively. The results are compatible with the 

theoretical molecular masses of the proteins, and all of the proteins were immunoreactive 

when analyzed by western blotting using rabbit anti-His polyclonal antibody, except for 

the purified hbFGF due to the removal of the 6xHis tag (Figure 4.5A).  

 

Figure 4.1 Schematic diagram of the recombinant proteins. pET28a(+) and pET32a(+) 

vector backbones were used to construct the expression vectors (A). 
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pET28/hbFGF and pET32/hbFGF expression vectors were verified by 

sequencing (B and C). Hexahistidine (6xHis)-tags are at the N-terminus of 

both recombinant proteins. The thrombin and enterokinase cleavage sites 

(LVPRGS and DDDDK, respectively) are located between the 6xHis-tag and 

the thioredoxin (Trx)-6xHis-tag and the hbFGF sequence, to release of 

mature hbFGF from the 6xHis-hbFGF and the Trx-6xHis-hbFGF fusion 

proteins, respectively.  

 

Figure 4.2 Effect of host cell, induction temperature and IPTG concentration on 

expression of recombinant hbFGF fusion proteins. The pET28/hbFGF (A 

and B) and pET32/hbFGF (C and D) expression vectors were transformed 

into E.coli BL21(DE3) (A and C) and ArcticExpress strains (B and D). The 

transformed cells were grown at 37°C to an OD600 of 0.6 and then induced 

with 0 to 1 mM IPTG for 12 h at 15 or 20°C. The induced cells were 

harvested, the whole cell lysate was analyzed on 15% SDS-PAGE and the 

gels stained with Coomassie Brilliant Blue. Proteins from equal amount of 
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cells were loaded into each lane. The arrows indicate the positions of 

recombinant fusion proteins.  

 

Figure 4.3 The effect of induction times on solubility of recombinant hbFGF fusion 

proteins. The pET28/hbFGF (A and B) and pET32/hbFGF (C and D) 

vectors were transformed into E. coli BL21(DE3) (A and C) and 

ArcticExpress(DE3) (B and D) strains. The transformed cells were grown at 

37°C to an OD600 of 0.6 and then induced with 0.2 mM IPTG for 6 to 24 h 

at 20°C. The induced cells were harvested and then the cell lysates were 

separated into soluble and the insoluble fraction by centrifugation. The 

solubility of the fusion proteins was analyzed on 15% SDS-PAGE and the 

gels stained with Coomassie Brilliant Blue. Equal cell concentration was 

loaded into each lane. The arrows indicate the position of recombinant 

fusion proteins. (-), total protein before induction; T, total cellular protein 

after induction; IS, insoluble fraction from induced cells; S, soluble fraction 

from induced cells. 
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Figure 4.4 SDS-PAGE of recombinant hbFGF fusion proteins at various stages of 

purification. (A) pET28/hbFGF in E. coli BL21(DE3), (B) pET28/hbFGF in 

E. coli ArcticExpress(DE3), (C) pET32/hbFGF in E. coli BL21(DE3),(D) 

pET32/hbFGF in E. coli ArcticExpress(DE3). The cells were grown until 

the OD600 reached 0.6 and were then induced with 0.2 mM IPTG at 20°C 

for 18 h. The cells (1g wet cell weight) were harvested, and the recombinant 

proteins were purified on heparin-sepharose affinity chromatography 

(HiTrap HeparinHP) and Ni-IMAC (HisTrap HP) columns under native 

conditions. The proteins were analyzed on a 15% SDS-PAGE gel and 

stained with Coomassie Brilliant Blue R-250. These results represent three 

independent experiments. The lanes from left to right are protein molecular 

weight markers (masses marked in kilodaltons); (-), total protein before 

induction; T, total cellular protein after induction; IS, insoluble fractions 

from induced cells; S, soluble fractions from induced cells; FT, flow through 

fractions; W0, initial washing buffer fraction. For the HiTrap Heparin HP 

column, the fusion proteins were eluted with 0.5, 1 and 2 M NaCl. For 

HisTrap HP, the fusion proteins were eluted with 100, 250 and 500mM 

imidazole. The arrows indicate the fusion proteins. 
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Figure 4.5 Analysis of purified recombinant hbFGF on SDS-PAGE and western blot (A) 

and biological activity (B). Purified 6xHis-hbFGF and Trx-6xHis-hbFGF  

fusion proteins and hbFGF were separated on a15% SDS-PAGE gel and were 

then either stained with Coomassie Brilliant Blue or transferred to a 

nitrocellulose membrane and identified by immunoblotting with a goat anti-

His antibody (A). Comparison of the percentage of growth of NIH3T3 after 

72 h incubation with Trx-tag (   ), Trx-6xHis-hbFGF (   ), 6xHis-hbFGF (   ), 

hbFGF (   ) and commercial hbFGF (Invitrogen) (   ) (B). Different letters (a, 

b, c, d) within the same concentration indicate significant different (P <0.05). 
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Table 4.2 Purification of hbFGF fusion proteins from recombinant expression in E. coli  

with different expression vectors and expression hosts with HiTrap Heparin HP  

column. 

 

1 Results are derived from 1 g of wet cell weight. Protein concentrations were estimated by the 

method of Bradford with bovine serum albumin (BSA) as a standard. 

2 The amount of hbFGF fusion protein was calculated from the ratio of the intensity of the target 

protein band to the intensity of all protein bands in the fraction. The band intensity was analyzed 

with Quantity One software.  

3 The % Purity was determined by dividing the amount of the target protein by that of the total 

proteins in each fraction and multiply by 100. 

4 The yield at each step in the procedure is the amount of the target protein at that step divided by 

the amount of the target protein in the first step (defined as 100%). 

Expression 
vector 

Expression 
Host 

Fraction 
Total protein 

(mg)1 
hbFGF fusion 
protein (mg)1,2 

Purity 
(%)3 

Yield 
(%)4 

pET28/hbFGF 

BL21(DE3) 

Cell lysate 105.7 13.8 13.1 100 
Soluble protein 84.6 13.6 16.1 98.6 
0.5 M NaCl 3.5 0 0 0 
1 M NaCl 0 0 0 0 
2 M NaCl 13.1 12.4 94.7 90 

ArcticExpress 

Cell lysate 117.4 13.4 11.4 100 
Soluble protein 92.8 12.9 13.9 96.3 
0.5 M NaCl 2.8 0 0 0 
1 M NaCl 0 0 0 0 
2 M NaCl 12.9 12.2 94.6 91 

pET32/hbFGF 

BL21(DE3) 

Cell lysate 123.7 18.9 15.3 100 
Soluble protein 96.5 17.6 18.2 93.1 
0.5 M NaCl 3.9 0 0 0 
1 M NaCl 1.8 1.8 100 9.5 
2 M NaCl 15.2 14.8 97.3 78.3 

ArcticExpress 

Cell lysate 135.2 21.7 16.1 100 
Soluble protein 107.8 20.3 18.8 93.5 
0.5 M NaCl 3.3 0 0 0 
1 M NaCl 4.7 4.7 100 21.7 
2 M NaCl 14.7 14.2 96.6 65.4 
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Table 4.3 Purification of hbFGF fusion proteins from recombinant expression in E. coli  

with different expression vectors and expression hosts by IMAC on a HisTrap  

HP column.  

1 Results are derived from 1 g of wet cell weight. Protein concentrations were estimated by the 

method of Bradford with bovine serum albumin (BSA) as a standard. 

2 The amount of hbFGF fusion protein was calculated from the ratio of the intensity of the target 

protein band to the intensity of all protein bands in the fraction. The band intensity was analyzed 

with Quantity One software.  

3 The % Purity was determined by dividing the amount of the target protein by that of the total 

proteins in each fraction and multiply by 100. 

4 The yield at each step in the procedure is the amount of the target protein at that step divided by 

the amount of the target protein in the first step (defined as 100%). 

Expression 
vector 

Expression 
Host Fraction Total protein 

(mg)1 
hbFGF fusion 
protein (mg)1,2 

Purity 
(%)3 

Yield 
(%)4 

pET28/hbFGF 

BL21(DE3) 

Cell lysate 108.3 10.2 9.4 100 
Soluble protein 84.6 9.6 11.3 94.1 
100 mM Imidazole 0.5 0.4 80 3.9 
250 mM Imidazole 0.3 0.3 100 2.9 
500 mM Imidazole 0.3 0.3 100 2.9 

ArticExpress 

Cell lysate 115.7 12.6 10.9 100 
Soluble protein 95.4 11.9 12.5 94.4 
100 mM Imidazole 1.2 0.7 58.3 5.5 
250 mM Imidazole 0.5 0.5 100 4 
500 mM Imidazole 0.4 0.4 100 3.1 

pET32/hbFGF 

BL21(DE3) 

Cell lysate 119.1 14.9 12.5 100 
Soluble protein 96.5 14.4 14.9 96.6 
100 mM Imidazole 3.5 3.1 88.6 20.8 
250 mM Imidazole 1.2 1.2 100 8.1 
500 mM Imidazole 0.5 0.5 100 3.4 

ArticExpress 

Cell lysate 125.1 15.7 12.5 100 
Soluble protein 102.2 15.4 15.1 98.1 
100 mM Imidazole 4.2 3.5 83.3 22.3 
250 mM Imidazole 0.9 0.9 100 5.7 
500 mM Imidazole 0.4 0.4 100 2.5 
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Several hosts, such as E. coli, Pichia pastoris, insect cells, Saccharomyces 

cerevisiae, Bacillus subtilis, soybean seeds, silkworms (Bombyx mori L.) and rice seeds, 

have been used for expressing recombinant hbFGF with yields of approximately 1-100 

mg of protein per liter of cell culture (Squires et al., 1988; Hill and Crane-Robinson, 

1995; Wu et al., 2001; Ding et al., 2006; Mu et al., 2008; Gasparian et al., 2009; Song et 

al., 2013; Rassouli et al., 2013; Kwong et al., 2013). E. coli is the most favorable 

expression host for the expression of hbFGF because of the availability of versatile vector 

systems, host strains that facilitate high-level expression of recombinant proteins, and 

rapid growth on inexpensive media. Yet high level expression of recombinant proteins in 

E. coli can result in misfolding and the formation of insoluble aggregates known as 

inclusion bodies, which leads to biologically inactive proteins. Efficient strategies have 

been described for optimizing heterologous protein expression in E. coli, including the 

use of expression vectors, host strains, and fusion partners to increase solubility and 

stability. Expression at reduced temperatures, co-expression of molecular chaperones, 

varied inducer concentrations, consideration of codon usage and targeting the protein to 

export to the periplasm have also been tried (Sorensen and Mortensen, 2005; Esposito 

and Chatterjee, 2006; Rosano and Ceccarelli, 2009). However, the results of this study 

demonstrated that the E. coli hosts BL21(DE3) and ArcticExpress produced soluble 

target proteins at similar levels, which suggests that the presence of the chaperones and 

extra tRNA for the rare codons R, I, and L in the ArcticExpress cells was not necessary 

for the expression of the soluble hbFGF. No improvement in expression was obtained by 

decreasing the induction temperature from 20°C to 15°C. However, the Trx-6xHis-bFGF 

showed an approximately 2-fold higher expression than the expression of the 6xHis-

hbFGF (Figure 4.2). 
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Expressed recombinant hbFGF in E. coli has been purified by various 

systems, including 6xHis, maltose binding protein (MBP), glutathione S-transferase 

(GST), Trx and b′a′ domains of human protein disulfide isomerase (PDI) (Lemaître  et 

al., 1995; Sheng et al., 2003; Song et al., 2013; Rassouli et al., 2013). These fusion tags 

not only promote the solubility of the recombinant proteins but also increase the 

expression level and enhance the stability of the fused proteins. In this study, we 

compared two different E. coli fusion expression strategies (Trx- and 6xHis-tagged 

expression) under various conditions intended to increase their efficiency of producing 

soluble recombinant hbFGF fusion protein. The Trx-tagged expression in combination 

with the low induction temperatures (20°C) resulted in higher expression of Trx-6xHis-

hbFGF compared to 6xHis-hbFGF. The Trx gene is believed to help with the efficient 

transcription and translation initiation to improve the protein yield and the Trx protein 

also acts as an intramolecular chaperone mediating the formation of its fusion partner. 

This mediation may be why the expression level of Trx-6xHis-hbFGF was higher than 

the expression of 6xHis-hbFGF. The 6xHis tags were fused in-frame at the N-termini of 

both fusion proteins to use in the purification step for the fusion proteins. The fusion 

proteins were purified by IMAC. However, we found that only approximately 20-60% of 

the expressed fusion proteins bind to the Ni2+ IMAC. This result was inconsistent with 

previous studies by Rassouli et al., 2013 and Gasparian et al., 2009. Several purification 

processes have been established for the production of recombinant hbFGF from E. coli, 

including single-step purification with heparin affinity chromatography or immobilized 

metal ion affinity chromatography, combination of cation exchange column 

chromatography and heparin affinity chromatography and combination of continuous bed 

or expanded bed chromatography and heparin affinity chromatography. It is known that 

hbFGF contains a unique heparin-binding domain that is required for the formation of a 
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stable tri-molecular signaling complex with the hbFGF ligand and receptor tyrosine 

kinases (Dowd et al., 1999). In this study, the use of an initial Ni2+ IMAC purification 

step was not effective because part of the hbFGF was lost, which resulted in low protein 

recovery. However, the use of heparin-sepharose affinity chromatography significantly 

improved the hbFGF fusion protein recovery. Additionally, when the purified Trx-6xHis-

hbFGF was treated with enterokinase at 28°C for 8 h, aggregation of the protein occurred 

and led to the loss of the target protein, which might be due to protein instability after the 

tag removal. 

4.4.2 Biological activity of recombinant hbFGF on the NIH3T3 cell proliferation 

assay 

An MTT cell proliferation assay using the NIH3T3 cell line was used to 

measure the biological activity of the purified 6xHis-hbFGF, the Trx-6xHis-hbFGF 

fusion proteins and the hbFGF generated by removal of the tag. In the assay, NIH3T3 

cells were switched from medium containing fetal bovine serum (FBS) to serum-free 

medium containing either the purified recombinant proteins or commercial hbFGF 

(Invitrogen, 13256-029). The results of five independent experiments were used to 

determine the activity of the recombinant hbFGF in the assay. The results were calculated 

as the percentage of treated NIH3T3 cell growth compared to the cells treated with media 

containing 10% FBS alone (Figure 4.5B).The results showed that the NIH3T3 cells 

treated with the recombinant Trx-tag (negative control) can proliferate at only 

approximately 20% of the rate of the cells grown in 10% FBS. This result indicated that 

the Trx-tag alone had no effect on the proliferation of the cells. However, cells treated 

with the recombinant proteins produced in this study can proliferate in a dose-dependent 

manner with effective doses (ED50) of approximately 6.2, 6.3 and 12.4 pM for the 6xHis-
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hbFGF and Trx-6xHis-hbFGF fusion proteins and the hbFGF, respectively. The result 

demonstrated that the recombinant hbFGF generated in this study has a significantly 

higher potency (ED50 6 to 12 pM; approximately 0.1-0.2 ng hbFGF ml-1) than the 

commercially available hbFGF (Invitrogen) (ED50 27 pM). This finding was consistent 

with previous reports of the mitogenic activity of recombinant hbFGF, which had an 

ED50 of approximately 0.15-3 ng ml-1 (Gasparian et al., 2009; Song et al., 2013). 

Moreover, the purified hbFGF produced in this study showed higher activity when 

compared to the activity of the commercial hbFGF. The results demonstrated that the 

presence of the fusion partner did not interfere with the biological activity of the proteins. 

This outcome is consistent with previous studies, which indicated that it is not necessary 

to enzymatically remove the tags after the purification of some growth factor fusion 

proteins (Imsoonthornruksa et al., 2011; Rassouli et al., 2013).  

4.4.3 Recombinant hbFGF fusion proteins support the undifferentiated stage of 

human pluripotent stem cells 

Because our recombinant hbFGF showed similar NIH3T3 cell proliferation 

activity with the two fusions tagged recombinant proteins, we decided to test the ability 

of only the purified 6xHis-hbFGF and the Trx-6xHis-hbFGF fusion proteins, to maintain 

the undifferentiated stage of hESCs and hiPSCs compared to commercial hbFGF.  The 

hESCs and the hiPSCs were grown on mitotically inactive HFF in gelatin-coated dishes 

and cultured in media supplemented with approximately 0.4 nM 6xHis-hbFGF, Trx-

6xHis-hbFGF or commercial hbFGF (8 ng ml-1). The culture media was changed daily. 

The colonies were passaged every 5-7 days by manual cutting with 23G needles. After 8-

10 passages of the culture, the proliferation rate and colony morphology (Baharvand et 

al., 2006) of the hESCs and hiPSCs showed no differences between the cells cultured 
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with the purified 6xHis-hbFGF or Trx-6xHis-hbFGF fusion proteins or the commercial 

hbFGF (Figure 4.6A and B). The colonies of hESCs and hiPSCs cultured in media 

containing the fusion proteins were positive for the enzyme alkaline phosphatase, the 

POU family transcription factor OCT4, and the stage-specific embryonic antigens SSEA-

3 and SSEA-4, which confirms that the cells maintained pluripotent characteristics 

(Figure 4.6A and B). Negative control was also performed to check for the auto-

fluorescence. This was done by eliminating the primary antibody but add only the 

secondary antibody, no fluorescent signals was observed (data not shown). Relative gene 

expression analysis of the pluripotency-associated genes OCT4, SOX2 and NANOG 

found no significant differences (P>0.05) in the expression levels between the cells that 

were cultured in the presence of the purified 6xHis-hbFGF or Trx-6xHis-hbFGF fusion 

proteins or the commercial hbFGF (Figure 4.7A and B). Additionally, the expression of 

the differentiation markers PAX6, CDX2 and BRACHYURY was not detected (Figure 

4.7A and B). This study demonstrated that our purified 6xHis-hbFGF and Trx-6xHis-

hbFGF fusion proteins could be used to maintain and expand several passages of 

undifferentiated hESCs and iPSCs in culture just as well as the commercial hbFGF from 

Invitrogen. 

 In conclusion, this study, we have demonstrated a simple and efficient 

procedure for the production of soluble hbFGF fusion proteins, namely 6xHis-bFGF and 

Trx-6xHis-hbFGF, in E. coli, which yields approximately 60-80 mg l-1 of culture that can 

be simply purified to a protein with a purity of > 95%. The fusion proteins exhibit 

biological activity and can be used directly in human stem cell culture without removing 

the fusion tags. The purified hbFGF fusion proteins were applicable to human stem cell 

cultivation. This study described an easy and cost-effective method for large-scale 
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production of biologically active hbFGF fusion protein, which is needed for large-scale 

cultivation of human stem cells for biomedical applications. 

 

Figure 4.6 Recombinant hbFGF fusion proteins support several passages of 

undifferentiated human ESCs and iPSCs. The culture media supplemented 

with the 6xHis-bhFGF, Trx-6xHis-hbFGF or commercial hbFGF 

maintained the morphology of undifferentiated hESCs (A) and iPSCs (B) 

colonies. The cells were positive for alkaline phosphatase activity, and 

immunostaining of expanded colonies revealed expression of nuclear 

pluripotency (OCT4) and cell-surface markers (SSEA-3 and SSEA-4). 

Insert boxes show Hoechst 33342 nuclear staining. Scale bars, 100 µm.  
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Figure 4.7 qPCR quantitative analysis of pluripotency-associated and the differentiation 

markers expression in hESCs (A) and iPSCs (B) that were cultured in the 

media supplemented with commercial hbFGF (   ), 6xHis-hbFGF (   ) and Trx 

6xHis-hbFGF (   ) for 8-10 passages. These results are representative of three 

independent experiments. The values were standardized to GAPDH 

expression. The data are presented as the mean ± SD values indicate non 

significant different (P >0.05).   
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CHAPTER V 

OVERALL CONCLUSION 

Stem cell biology is one of the biggest research fields of recent interest. It studies 

the properties of stem cells and develops tools and therapeutics techniques through 

modification and engineering of the cells for their potential use in medicine. Like 

completing a jigsaw puzzle, prior to the use of stem cells in the near future in clinical 

medicine as well as for drug testing, modeling, and treating disease, scientists need to 

answers many questions and also need to fully understand, many pieces of the puzzle 

such as how to establish pluripotent stem cell and maintain pluripotency and renewal 

properties of the stem cells, how pluripotency gene functions in regulating self-renewal 

and maintaining and promoting pluripotency and how to control the differentiation of 

stem cells into specialized cells, just for examples. These puzzles needed to be solved 

prior to the application of stem cells into clinical approach. The results of this study have 

help put some of the pieces of the jigsaw together to get a clearer picture of human stem 

cell biology. 

The first experiment was done on OCT4, the transcription factor that plays 

important roles in mouse and human stem cell self-renewal, pluripotency, and somatic 

cell reprogramming. There has not been any reported on OCT4 associated protein 

complexes in human ESCs. To understand how OCT4 function in controlling maintaining 

pluripotency and self-renewal, we established an in vivo biotinylation system for 

streptavidin affinity purification of protein complexes interacting with OCT4 in human 

ESCs. With the TALENS technology, we successfully established the genetic targeting
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of biotin ligase BirA to the AAVS1 locus in human ESCs (WIBR#29BirA) and TALENS-

mediated biotinylation of endogenous OCT4 in WIBR#29BirA, respectively. The 

targeted cells remained pluripotent based on expression of OCT4, SOX2 and NANOG 

markers and teratomas formation. To identify OCT4 interacting proteins, the targeted 

cells were culture in SILAC or label-free conditions followed by nuclear protein 

extraction and then streptavidin beads were used to capture biotinylated OCT4 and its 

associated proteins. The eluted proteins were separated on SDS-PAGE. Each lane was 

excised into multiple gel bands followed by in-gel tryptic digestion and peptide 

identification by LC-MS/MS. Mass spectrometry analysis resulted in the identification of 

142 OCT4 interacting proteins. Gene ontology analyses revealed that the OCT4 

interacting proteins can be classify into severed groups, including transcription factors, 

translation factors, chromatin remodeling, DNA repair, RNA processing, glycosyl 

transferase as well as epigenetic regulators including NuRD, SWI/SNF and FACT 

complexes that have been known to influence the self-renewal and pluripotency of ESCs. 

Some of the interactors (BEND3, FUS, RBM25, SFPQ and WDR82) were selected as 

candidates to test the function of OCT4 interacting proteins by shRNA knockdown 

experiments. The result demonstrated that SFPQ knockdown disrupted the pluripotency 

of human ESCs and induced cell death. Our result provided the first survey of the OCT4 

interactome in human ESCs that integrated the protein-protein interaction landscape in 

human ESCs. We also provide the in vivo biotinylation system in human ESCs line that is 

useful and is an alternative tool to establish affinity tagged of other transcription factors 

(SOX2 and NANOG) for future investigation. Further analysis of the listed candidates at 

the functional level and system biology can greatly assist in the understanding of the 

human ESCs pluripotency network. The OCT4 interactors provided a resource to 

investigate molecular mechanisms of OCT4 function. The mechanism of investigation 
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will be also important to fulfill the understanding of human ESCs self-renewal and the 

maintenance of pluripotency. Moreover, the newly OCT4 associated proteins will be 

potential reprogramming factors for somatic cell reprogramming. 

The study of stem cell biology, condition for maintenance of pluripotency of 

human ESCs in culture required hbFGF. hbFGF is now commercially available but still 

very expensive. The cost of cytokines and growth factors is one of the biggest issue for 

many laboratories. In this experiment, we demonstrated an uncomplicated, fast and low-

cost preparation of homemade soluble biologically active hbFGF fusion proteins (Trx-

6xHis-hbFGF and 6xHis-hbFGF) expressed in E. coli. The target proteins were purified 

with heparin-sepharose affinity chromatography and immobilized metal affinity 

chromatography. Under optimal conditions, approximately 60-80 mg of hbFGF fusion 

proteins was obtained from 1 liter culture broth. The fusion proteins exhibit biological 

activity via promotion of murine fibroblast NIH3T3 cell line proliferation. They can also 

be used directly in human ESCs and iPSCs culture without removing the fusion tags in a 

manner comparable to commercial hbFGF. We also demonstrated a simple purification 

step that able to produce recombinant hbFGF with $USD 0.88/mg of recombinant hbFGF 

fusion protein. It is cost effective when compare with commercial available that is 

approximately $2,800 - 21,000/mg of recombinant hbFGF. The use of the produced 

fusion proteins was found to significantly reduce the cost of media preparation in our 

laboratory approximately 30-60%. Our research described a simple, convenient and cost-

effective system for expression and purification of biologically active soluble hbFGF, 

suggesting that it will have widespread usage as a tool in the production of several other 

growth factors and cytokines for stem cell research. 
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Table 1. OCT4 interacting proteins as identified by mass spectrometry*. 

Gene names Protein IDs Description 
Protein abundance ratio 

Exp.1a Exp.2b Exp.3c Exp.4d 
Bait 
OCT4 Q01860 POU domain, class 5, transcription factor 1 11.5 8.3 16.0 27.9 
NuRD complex 
CHD4 F5GWX5 Chromodomain-helicase-DNA-binding protein 4 2.4 - - 5.8 
HDAC1 Q5TEE2 Histone deacetylase 1 (Fragment) - 3.0 - ∝ 
HDAC2 B3KRS5 Histone deacetylase 2.2 - 2.2 4.0 
MTA1 H0Y4T7 Metastasis-associated protein MTA1 3.4 - - 9.0 
RBBP4 H0YDK2 Histone-binding protein RBBP4 (Fragment) 2.2 3.6 2.0 3.0 
Chromatin remodeling factors 
BEND3 Q5T5X7 BEN domain-containing protein 3 2.0 2.6 2.0 11.5 
BPTF F5GXF5 Nucleosome-remodeling factor subunit BPTF (Fragment) - - 3.0 13.0 
DEK P35659 Protein DEK 2.4 2.2 - - 
KDM1A O60341 Lysine-specific histone demethylase 1A 2.0 - 5.0 19.0 
PDS5B Q9NTI5 Sister chromatid cohesion protein PDS5 homolog B - - 2.3 9.7 
SMARCA5 O60264 SWI/SNF-related matrix-associated actin-dependent 

regulator of chromatin subfamily A member 5 
2.2 - - 3.0 

SMARCB1 C9JTA6 SWI/SNF-related matrix-associated actin-dependent 
regulator of chromatin subfamily B member 1 

- 2.1 2.0 2.0 

SMARCE1 J3QKS7 SWI/SNF-related matrix-associated actin-dependent 
regulator of chromatin subfamily E member 1 
(Fragment) 

2.1 5.8 - - 

SMCHD1 A6NHR9 chromosomes flexible hinge domain-containing protein 1 - - 2.4 4.8 132 

 

 

 

 

 

 

 

 



 
 

Table 1. Continued. 

Gene names Protein IDs Description 
Protein abundance ratio 

Exp.1a Exp.2b Exp.3c Exp.4d 
BAF complex 
ACTL6A C9JQT2 Actin-like protein 6A (Fragment) 2.1 - - 6.0 
SMARCA4 P51532-5 Isoform 5 of Transcription activator BRG1 2.4 3.3 - 9.4 
SMARCC1 Q92922 SWI/SNF complex subunit SMARCC1 2.2 - - 8.4 
FACT complex 
SUPT16H Q9Y5B9 FACT complex subunit SPT16 2.2 2.2 - - 
Nuclear assembly/organization 
MATR3 P43243 Matrin-3 2.1 - - 2.3 
Ubiquitination 
TRIM71 Q2Q1W2 E3 ubiquitin-protein ligase TRIM71 3.0 5.0 ∝ 10.0 
UBAP2L Q14157-4 Isoform 4 of Ubiquitin-associated protein 2-like 3.9 4.1 - - 
Transcriptional machinery 
ELAVL1 Q15717 ELAV-like protein 1 2.2 2.1 - - 
WDR82 Q6UXN9 WD repeat-containing protein 82 2.3 2.3 - - 
Transcription factors 
EWSR1 H7BY36 RNA-binding protein EWS (Fragment) 3.1 2.1 - - 
FUS P35637-2 Isoform Short of RNA-binding protein FUS 4.3 3.3 5.4 - 
GTF3C1 Q12789 General transcription factor 3C polypeptide 1 - - 3.4 25.0 
SALL1 H3BSM9 Sal-like protein 1 (Fragment) 3.8 - 5.0 5.0 
SALL4 Q9UJQ4 Sal-like protein 4 2.1 2.5 - 3.3 
SMARCA1 P28370-2 Probable global transcription activator SNF2L1 - 2.0 - 2.3 
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Table 1. Continued. 

Gene names Protein IDs Description 
Protein abundance ratio 

Exp.1a Exp.2b Exp.3c Exp.4d 
Transcription factors (continued) 
SOX2 P48431 Transcription factor SOX-2 9.5 - - 2.0 
ZFR Q96KR1 Zinc finger RNA-binding protein 4.1 ∝ - - 
ZMYM2 Q9UBW7 Zinc finger MYM-type protein 2 3.3 - - 6.8 
ZMYM3 Q14202 Zinc finger MYM-type protein 3 3.5 - - 9.0 
Transcription cofactors 
CTNND1 O60716-24 Isoform 3 of Catenin delta-1 3.7 - - 5.5 
ILF2 Q12905 Interleukin enhancer-binding factor 2 2.6 2.6 -  
ILF3 Q12906 Interleukin enhancer-binding factor 3 2.3 2.3 - 4.2 
KHDRBS1 Q07666-2 Isoform 2 of KH domain-containing, RNA-binding, 

signal transduction-associated protein 1 
2.4 2.2 - - 

SND1 Q7KZF4 Staphylococcal nuclease domain-containing protein 1 2.2 2.2 - 2.2 
RNA processing 
ADAR P55265-5 Isoform 5 of Double-stranded RNA-specific adenosine 

deaminase 
2.2 3.8 - 2.0 

CPSF1 Q10570 Cleavage and polyadenylation specificity factor subunit 1 2.0 - - 4.2 
CSTF3 Q12996 Cleavage stimulation factor subunit 3 3.0 - - 11.0 
FUBP3 Q96I24 Far upstream element-binding protein 3 2.8 - 2.0 - 
GIGYF2 Q6Y7W6-4 Isoform 3 of PERQ amino acid-rich with GYF domain-

containing protein 2 
2.1 2.3 - - 

IGF2BP1 Q9NZI8 Insulin-like growth factor 2 mRNA-binding protein 1 2.1 2.3 3.0 6.0 
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Table 1. Continued. 

Gene names Protein IDs Description 
Protein abundance ratio 

Exp.1a Exp.2b Exp.3c Exp.4d 
RNA processing (continued) 
IGF2BP2 Q9Y6M1-5 Isoform 5 of Insulin-like growth factor 2 mRNA-binding 

protein 2 

2.8 - - 3.0 

NCBP1 Q09161 Nuclear cap-binding protein subunit 1 2.2 - - 2.0 

PCBP2 Q15366-6 Isoform 6 of Poly(rC)-binding protein 2 2.6 2.7 - - 
PRPF19 H0YGF3 Pre-mRNA-processing factor 19 (Fragment) 4.2 2.5 - - 
PRPF40A O75400-2 Isoform 2 of Pre-mRNA-processing factor 40 homolog A 2.4 2.3 - - 
PRPF6 O94906-2 Isoform 2 of Pre-mRNA-processing factor 6 2.6 2.1 - - 
PTBP2 Q9UKA9 Polypyrimidine tract-binding protein 2 2.4 - 4.0 2.1 
PUF60 Q9UHX1-4 Poly(U)-binding-splicing factor PUF60 2.1 - ∝ - 
RBM14 Q96PK6 RNA-binding protein 14 2.0 2.0 - - 
RBM39 H0Y4X3 RNA-binding protein 39 (Fragment) 2.5 2.5 - 4.0 
SF3A1 Q15459 Splicing factor 3A subunit 1 2.9 2.5 - - 
SF3A3 E7EUT8 Splicing factor 3A subunit 3 2.1 2.1 - - 
SF3B1 O75533 Splicing factor 3B subunit 1 2.3 2.1 - - 
SFPQ P23246 Splicing factor, proline- and glutamine-rich 2.0 2.0 - 2.0 
U2AF2 P26368-2 Isoform 2 of Splicing factor U2AF 65 kDa subunit 2.1 2.5 - - 
Translation factors/helicases 
ABCF1 Q8NE71 ATP-binding cassette sub-family F member 1 2.2 3.0 - - 
DDX17 Q92841 Probable ATP-dependent RNA helicase DDX17 2.1 - - 2.1 
DDX19A I3L0H8 ATP-dependent RNA helicase DDX19A 3.0 - - 2.0 
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Table 1. Continued.  

Gene names Protein IDs Description 
Protein abundance ratio 

Exp.1a Exp.2b Exp.3c Exp.4d 
Translation factors/helicases (continued) 
DDX39B Q13838 Spliceosome RNA helicase DDX39B 2.3 - - 3.1 
DDX41 Q9UJV9 Probable ATP-dependent RNA helicase DDX41 2.2 2.5 - - 
DDX42 Q86XP3-2 Isoform 2 of ATP-dependent RNA helicase DDX42 2.2 2.2 - 2.3 
DDX47 Q9H0S4-2 Isoform 2 of Probable ATP-dependent RNA helicase 

DDX47 
2.0 2.8 - 4.0 

DDX6 P26196 Probable ATP-dependent RNA helicase DDX6 2.5 2.4 - - 
DHX15 O43143 Putative pre-mRNA-splicing factor ATP-dependent RNA 

helicase DHX15 
2.4 2.6 - 6.0 

EFTUD2 Q15029-2 Isoform 2 of 116 kDa U5 small nuclear 
ribonucleoprotein component 

2.5 2.3 - - 

EIF4A1 P60842 Eukaryotic initiation factor 4A-I 2.4 2.1 - 2.6 
EIF4A3 P38919 Eukaryotic initiation factor 4A-III 2.1 - - 2.3 
GTPBP1 O00178 GTP-binding protein 1 - - 2.0 3.0 
HELLS Q9NRZ9-4 Lymphoid-specific helicase - 2.3 - 15.0 
SNRNP200 O75643 U5 small nuclear ribonucleoprotein 200 kDa helicase 2.4 4.1 - - 
SNRNP70 P08621-2 Isoform 2 of U1 small nuclear ribonucleoprotein 70 kDa 2.5 2.2 - - 
Replication 
RFC2 P35250-2 Isoform 2 of Replication factor C subunit 2 2.4 4.2 - - 
RFC3 P40938-2 Isoform 2 of Replication factor C subunit 3 2.1 2.0 - 2.0 
RFC4 P35249 Replication factor C subunit 4 - - 3.0 3.3 
MCM5 B1AHB1 DNA replication licensing factor MCM5 ∝ - - 3.0 136 

 

 

 

 

 

 

 

 



 
 

Table 1. Continued.  

Gene names Protein IDs Description 
Protein abundance ratio 

Exp.1a Exp.2b Exp.3c Exp.4d 
Replication (continued) 
SMC1A Q14683 Structural maintenance of chromosomes protein 1A 2.4 2.3 5.5 4.5 
SMC2 O95347 chromosomes protein 2 - - 2.0 6.3 
SMC3 Q9UQE7 Structural maintenance of chromosomes protein 3 2.2 - - 4.6 
SMC4 Q9NTJ3 chromosomes protein 4 - - 2.5 28.0 
Recombination/repair 
MSH2 E9PHA6 DNA mismatch repair protein Msh2 2.3 2.7 - 7.6 
MSH6 P52701 DNA mismatch repair protein Msh6 2.7 2.9 - 3.7 
PARP1 P09874 Poly [ADP-ribose] polymerase 1 2.4 2.2 - - 
TOP2A P11388 DNA topoisomerase 2-alpha 2.0 2.2 - 2.7 
TOP2B E9PCY5 DNA topoisomerase 2 (Fragment) 2.1 2.0 - 4.2 
XRCC5 C9JZ81 X-ray repair cross-complementing protein 5 (Fragment) 3.0 - ∝ 12.0 
XRCC6 B1AHC9 X-ray repair cross-complementing protein 6 2.5 - - 4.0 
LRRC47 Q8N1G4 Leucine-rich repeat-containing protein 47 2.4 2.9 - 3.3 
PC P11498 Pyruvate carboxylase, mitochondrial 2.7 2.1 -  
RAD21 O60216 Double-strand-break repair protein rad21 homolog 4.0 - - 6.0 
L1TD1 Q5T7N2 LINE-1 type transposase domain-containing protein 1 - - 2.0 3.0 
Heterogeneous nuclear ribonucleoproteins 
HNRNPA2B1 P22626 Heterogeneous nuclear ribonucleoproteins A2/B1 2.2 3.3 - - 
HNRNPA3 P51991-2 Heterogeneous nuclear ribonucleoprotein A3 2.2 2.1 - - 
HNRNPC G3V4W0 Heterogeneous nuclear ribonucleoproteins C1/C2 

(Fragment) 
2.2 2.0 - - 
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Table 1. Continued. 

Gene names Protein IDs Description 
Protein abundance ratio 

Exp.1a Exp.2b Exp.3c Exp.4d 
Heterogeneous nuclear ribonucleoproteins (continued) 
HNRNPD D6RAF8 Heterogeneous nuclear ribonucleoprotein D0 - 2.2 - 2.0 
HNRNPL P14866 Heterogeneous nuclear ribonucleoprotein L 2.3 2.1 - 5.5 
HNRNPLL C9JJZ7 Heterogeneous nuclear ribonucleoprotein L-like 

(Fragment) 
2.4 - - 7.0 

HNRNPM P52272 Heterogeneous nuclear ribonucleoprotein M - - 2.4 4.3 
HNRNPR O43390 Heterogeneous nuclear ribonucleoprotein R 3.1 2.3 - 3.0 
HNRNPU Q00839-2 Isoform Short of Heterogeneous nuclear 

ribonucleoprotein U 
2.1 2.1 - - 

HNRNPUL2 Q1KMD3 Heterogeneous nuclear ribonucleoprotein U-like protein 
2 

2.3 2.8 - - 

SYNCRIP O60506-4 Isoform 4 of Heterogeneous nuclear ribonucleoprotein Q 2.1 - - 6.0 
Transport mechanism 
ATP1A1 P05023 Sodium/potassium-transporting ATPase subunit alpha-1 - - ∝ 3.0 
COPA P53621 Coatomer subunit alpha 1.9 - - 2.2 
COPB1 P53618 Coatomer subunit beta 2.6 2.8 - 6.5 
COPB2 B4DZI8 Coatomer protein complex, subunit beta 2 (Beta prime), 

isoform CRA_b 
2.6 - - 2.1 

COPG2 Q9UBF2 Coatomer subunit gamma-2 - - 2.0 12.0 
NSF P46459 Vesicle-fusing ATPase - - 4.0 11.0 
SEC24A O95486 Protein transport protein Sec24A - - 2.0 14.0 
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Table 1. Continued.  

Gene names Protein IDs Description 
Protein abundance ratio 

Exp.1a Exp.2b Exp.3c Exp.4d 
Miscellaneous 
ARGLU1 Q9NWB6 Arginine and glutamate-rich protein 1 2.2 2.3 - 2.0 
CLTC Q00610-2 Isoform 2 of Clathrin heavy chain 1 2.5 2.1 - - 
DIS3 F2Z2C0 Exosome complex exonuclease RRP44 - - 2.0 9.5 
DNM2 P50570-3 Dynamin-2 2.6 - - 8.2 
DYNC1H1 Q14204 Cytoplasmic dynein 1 heavy chain 1 - - 4.4 3.5 
HBA1 P69905 Hemoglobin subunit alpha - - ∝ 2.5 
HDLBP H0Y394 Vigilin (Fragment) - - 2.0 3.0 
HSP90AB1 P08238 Heat shock protein HSP 90-beta 2.5 3.0 -  
HSP90B1 P14625 Endoplasmin 2.0 2.0 - 3.0 
ILK Q13418 Integrin-linked protein kinase - - 2.0 11.0 
IQGAP1 P46940 Ras GTPase-activating-like protein IQGAP1 2.0 2.5 3.3 - 
KPNA2 P52292 Importin subunit alpha-2 - 2.4 - 2.5 
LMNB1 E9PBF6 Lamin-B1 - - 3.5 12.0 
NCL P19338 Nucleolin 3.0 7.7 - - 
NOP56 H0Y653 Nucleolar protein 56 (Fragment) 2.0 - 2.4 - 
PBRM1 Q86U86-4 Isoform 4 of Protein polybromo-1 2.0 -  5.0 
PDK1 F8WC75 [Pyruvate dehydrogenase (acetyl-transferring)] kinase 

isozyme 1, mitochondrial 
 - 99.0 5.0 

PFKL P17858 6-phosphofructokinase, liver type 2.7 - 2.0 8.0 
PFKP Q01813 ATP-dependent 6-phosphofructokinase, platelet type - - 8.0 6.0 
PRKDC P78527 DNA-dependent protein kinase catalytic subunit - - 2.7 2.7 139 

 

 

 

 

 

 

 

 



 
 

Table 1. Continued.  

Gene names Protein IDs Description 
Protein abundance ratio 

Exp.1a Exp.2b Exp.3c Exp.4d 
Miscellaneous (continued) 
PTBP3 O95758 Polypyrimidine tract-binding protein 3 - - 2.0 2.0 
RBMX H0Y6E7 RNA-binding motif protein, X chromosome, N-

terminally processed (Fragment) 
2.4 2.3 - - 

RUVBL1 Q9Y265 RuvB-like 1 - - ∝ 4.0 
SKIV2L2 P42285 Superkiller viralicidic activity 2-like 2 - 2.4 2.2  
SLC2A1 P11166 Solute carrier family 2, facilitated glucose transporter 

member 1 
2.6 - - 4.0 

SPTAN1 Q13813-3 Isoform 3 of Spectrin alpha chain, non-erythrocytic 1 2.3 2.6 - - 
SRP72 O76094-2 Isoform 2 of Signal recognition particle subunit SRP72 2.1 - - 2.0 
TAOK3 H0YF68 Serine/threonine-protein kinase TAO3 (Fragment) 2.5 - - 6.0 
VIM P08670 Vimentin  4.0 7.3 2.5  
ZNF326 Q5BKZ1 DBIRD complex subunit ZNF326 2.3 2.6 - - 
 

aSILAC condition on SA-IP experiment, protein abundance ratio of WIBR#29OCT4FLAG-Bio vs WIBR#29BirA. 
bSILAC condition on SA-IP experiment, protein abundance ratio of WIBR#29OCT4FLAG-Bio vs WIBR#29BirA. 
cLable-free condition on FLAG-IP experiment, protein abundance ratio of WIBR#29OCT4FLAG-Bio vs WIBR#29BirA. 
dLable-free condition, protein abundance ratio of WIBR#29 against endogenous OCT4 antibody vs WIBR#2 against IgG     antibody. 

*The threshold ratio value ≥ 2.0 or ∝ (2/0) of identified proteins was selected for the lists of OCT4 interacting proteins. The detected proteins 

in at least two independent IP-MS experiments were consider as confidential OCT4 interacting proteins.  
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Table 2. Functional categories of OCT4 interacting proteins. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gene Symbol Gene ID Gene Name PANTHER Protein Class 
ABCF1 HUMAN|HGNC=70|UniProtKB=Q8NE71 ATP-binding cassette 

sub-family F member 1 
ATP-binding cassette (ABC) 
transporter 
translation elongation factor 
hydrolase 

ACTL6A HUMAN|HGNC=24124|UniProtKB=O96019 Actin-like protein 6A actin and actin related protein 
ADAR HUMAN|HGNC=225|UniProtKB=P55265 Double-stranded RNA-

specific adenosine 
deaminase 

DNA binding protein 
RNA binding protein 
deaminase 
kinase activator 
defense/immunity protein 

ARGLU1 HUMAN|HGNC=25482|UniProtKB=Q9NWB6 Arginine and glutamate-
rich protein 1 

- 

ATP1A1 HUMAN|HGNC=799|UniProtKB=P05023 Sodium/potassium-
transporting ATPase 
subunit alpha-1 

cation transporter 
ion channel 
hydrolase 

BEND3 HUMAN|HGNC=23040|UniProtKB=Q5T5X7 BEN domain-containing 
protein 3 

- 

BPTF HUMAN|HGNC=3581|UniProtKB=Q12830 Nucleosome-remodeling 
factor subunit BPTF 

acetyltransferase 
chromatin/chromatin-binding 
protein 

CHD4 HUMAN|HGNC=1919|UniProtKB=Q14839 Chromodomain-helicase-
DNA-binding protein 4 

DNA helicase 
helicase  

CLTC HUMAN|HGNC=2092|UniProtKB=Q00610 Clathrin heavy chain 1 vesicle coat protein 
COPA HUMAN|HGNC=2230|UniProtKB=P53621 Coatomer subunit alpha vesicle coat protein 
COPB1 HUMAN|HGNC=2231|UniProtKB=P53618 Coatomer subunit beta vesicle coat protein 
COPB2 HUMAN|HGNC=2232|UniProtKB=P35606 Coatomer subunit beta' vesicle coat protein 
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Table 2. Continued  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gene Symbol Gene ID Gene Name PANTHER Protein Class 
COPG2 HUMAN|HGNC=2237|UniProtKB=Q9UBF2 Coatomer subunit 

gamma-2 
vesicle coat protein 

CPSF1 HUMAN|HGNC=2324|UniProtKB=Q10570 Cleavage and 
polyadenylation 
specificity factor subunit 
1 

damaged DNA-binding 
protein 
mRNA polyadenylation factor 

CSTF3 HUMAN|HGNC=2485|UniProtKB=Q12996 Cleavage stimulation 
factor subunit 3 

mRNA polyadenylation factor 

CTNND1 HUMAN|HGNC=2515|UniProtKB=O60716 Catenin delta-1 intermediate filament binding 
protein 

DDX17 HUMAN|HGNC=2740|UniProtKB=Q92841 Probable ATP-dependent 
RNA helicase DDX17 

RNA helicase 
helicase 

DDX19A HUMAN|HGNC=25628|UniProtKB=Q9NUU7 ATP-dependent RNA 
helicase DDX19A 

RNA helicase 
helicase 

DDX39B HUMAN|HGNC=13917|UniProtKB=Q13838 Spliceosome RNA 
helicase DDX39B 

RNA helicase 
helicase 

DDX41 HUMAN|HGNC=18674|UniProtKB=Q9UJV9 Probable ATP-dependent 
RNA helicase DDX41 

RNA helicase 
helicase 

DDX42 HUMAN|HGNC=18676|UniProtKB=Q86XP3 ATP-dependent RNA 
helicase DDX42 

RNA helicase 
helicase 

DDX47 HUMAN|HGNC=18682|UniProtKB=Q9H0S4 Probable ATP-dependent 
RNA helicase DDX47 

RNA helicase 
helicase 

DDX6 HUMAN|HGNC=2747|UniProtKB=P26196 Probable ATP-dependent 
RNA helicase DDX6 

RNA helicase 
helicase 

DEK HUMAN|HGNC=2768|UniProtKB=P35659 Protein DEK - 
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Table 2. Continued. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gene Symbol Gene ID Gene Name PANTHER Protein Class 
DHX15 HUMAN|HGNC=2738|UniProtKB=O43143 Putative pre-mRNA-

splicing factor ATP-
dependent RNA helicase 
DHX15 

RNA helicase 
helicase 

DIS3 HUMAN|HGNC=20604|UniProtKB=Q9Y2L1 Exosome complex 
exonuclease RRP44 

endoribonuclease 
exoribonuclease 
nuclease 
hydrolase 

DNM2 HUMAN|HGNC=2974|UniProtKB=P50570 Dynamin-2 hydrolase 
small GTPase 
microtubule family 
cytoskeletal protein 

DYNC1H1 HUMAN|HGNC=2961|UniProtKB=Q14204 Cytoplasmic dynein 1 
heavy chain 1 

hydrolase 
microtubule binding motor 
protein 

EFTUD2 HUMAN|HGNC=30858|UniProtKB=Q15029 116 kDa U5 small nuclear 
ribonucleoprotein 
component 

ribonucleoprotein 
translation elongation factor 
translation initiation factor 
hydrolase 
G-protein 

EIF4A1 HUMAN|HGNC=3282|UniProtKB=P60842 Eukaryotic initiation 
factor 4A-I 

RNA helicase 
helicase 

EIF4A3 HUMAN|HGNC=18683|UniProtKB=P38919 Eukaryotic initiation 
factor 4A-III 

RNA helicase 
helicase 

ELAVL1 HUMAN|HGNC=3312|UniProtKB=Q15717 ELAV-like protein 1 - 
EWSR1 HUMAN|HGNC=3508|UniProtKB=Q01844 RNA-binding protein 

EWS 
transcription factor 
DNA binding protein 
mRNA splicing factor 
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Table 2. Continued. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

             

Gene Symbol Gene ID Gene Name PANTHER Protein Class 
FUBP3 HUMAN|HGNC=4005|UniProtKB=Q96I24 Far upstream element-

binding protein 3 
mRNA splicing factor 
ribonucleoprotein 
enzyme modulator 

FUS HUMAN|HGNC=4010|UniProtKB=P35637 RNA-binding protein 
FUS 

transcription factor 
DNA binding protein 
mRNA splicing factor  

GIGYF2 HUMAN|HGNC=11960|UniProtKB=Q6Y7W6 PERQ amino acid-rich 
with GYF domain-
containing protein 2 

- 

GTF3C1 HUMAN|HGNC=4664|UniProtKB=Q12789 General transcription 
factor 3C polypeptide 1 

- 

GTPBP1 HUMAN|HGNC=4669|UniProtKB=O00178 GTP-binding protein 1 translation elongation factor 
translation initiation factor 
hydrolase 
G-protein 

HBA1 HUMAN|HGNC=4824|UniProtKB=P69905 Hemoglobin subunit 
alpha 

transfer/carrier protein 

HBA1 HUMAN|HGNC=4823|UniProtKB=P69905 Hemoglobin subunit 
alpha 

- 

HDAC1 HUMAN|HGNC=4852|UniProtKB=Q13547 Histone deacetylase 1 reductase 
nucleic acid binding 
deacetylase 

HDLBP HUMAN|HGNC=4857|UniProtKB=Q00341 Vigilin - 
HELLS HUMAN|HGNC=4861|UniProtKB=Q9NRZ9 Lymphoid-specific 

helicase 
- 

HNRNPA2B1 HUMAN|HGNC=5033|UniProtKB=P22626 Heterogeneous nuclear 
ribonucleoproteins A2/B1 

- 
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Table 2. Continued. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gene Symbol Gene ID Gene Name PANTHER Protein Class 
HNRNPA3 HUMAN|HGNC=24941|UniProtKB=P51991 Heterogeneous nuclear 

ribonucleoprotein A3 
- 

HNRNPC HUMAN|HGNC=5035|UniProtKB=P07910 Heterogeneous nuclear 
ribonucleoproteins C1/C2 

mRNA processing factor 
ribonucleoprotein 

HNRNPD HUMAN|HGNC=5036|UniProtKB=Q14103 Heterogeneous nuclear 
ribonucleoprotein D0 

- 

HNRNPL HUMAN|HGNC=5045|UniProtKB=P14866 Heterogeneous nuclear 
ribonucleoprotein L 

- 

HNRNPLL HUMAN|HGNC=25127|UniProtKB=Q8WVV9 Heterogeneous nuclear 
ribonucleoprotein L-like 

- 

HNRNPM HUMAN|HGNC=5046|UniProtKB=P52272 Heterogeneous nuclear 
ribonucleoprotein M 

ribonucleoprotein 

HNRNPR HUMAN|HGNC=5047|UniProtKB=O43390 Heterogeneous nuclear 
ribonucleoprotein R 

ribosomal protein 

HNRNPU HUMAN|HGNC=5048|UniProtKB=Q00839 Heterogeneous nuclear 
ribonucleoprotein U 

- 
 

HNRNPUL2 HUMAN|HGNC=25451|UniProtKB=Q1KMD3 Heterogeneous nuclear 
ribonucleoprotein U-like 
protein 2 

- 

HSP90AB1 HUMAN|HGNC=5258|UniProtKB=P08238 Heat shock protein HSP 
90-beta 

Hsp90 family chaperone 

HSP90B1 HUMAN|HGNC=12028|UniProtKB=P14625 Endoplasmin Hsp90 family chaperone 
IGF2BP1 HUMAN|HGNC=28866|UniProtKB=Q9NZI8 Insulin-like growth factor 

2 mRNA-binding protein 
1 

mRNA splicing factor 
ribonucleoprotein 
enzyme modulator 

146 

 

 

 

 

 

 

 

 



Table 2. Continued.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gene Symbol Gene ID Gene Name PANTHER Protein Class 
IGF2BP2 HUMAN|HGNC=28867|UniProtKB=Q9Y6M1 Insulin-like growth factor 

2 mRNA-binding protein 
2 

mRNA splicing factor 
ribonucleoprotein 
enzyme modulator 

ILF2 HUMAN|HGNC=6037|UniProtKB=Q12905 Interleukin enhancer-
binding factor 2 

transcription cofactor 

ILF3 HUMAN|HGNC=6038|UniProtKB=Q12906 Interleukin enhancer-
binding factor 3 

DNA binding protein 
RNA binding protein 
deaminase 
kinase activator 
defense/immunity protein 

ILK HUMAN|HGNC=6040|UniProtKB=Q13418 Integrin-linked protein 
kinase 

non-receptor serine/threonine 
protein kinase 
non-receptor tyrosine protein 
kinase 
non-receptor serine/threonine 
protein kinase 
non-receptor tyrosine protein 
kinase 

IQGAP1 HUMAN|HGNC=6110|UniProtKB=P46940 Ras GTPase-activating-
like protein IQGAP1 

G-protein modulator 

KDM1A HUMAN|HGNC=29079|UniProtKB=O60341 Lysine-specific histone 
demethylase 1A 

DNA methyltransferase 
oxidase 
DNA binding protein 

KHDRBS1 HUMAN|HGNC=18116|UniProtKB=Q07666 KH domain-containing, 
RNA-binding, signal 
transduction-associated 
protein 1 

transcription cofactor 
mRNA splicing factor 

KPNA2 HUMAN|HGNC=6395|UniProtKB=P52292 Importin subunit alpha-1 transfer/carrier protein 
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Table 2. Continued. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

             

Gene Symbol Gene ID Gene Name PANTHER Protein Class 
L1TD1 HUMAN|HGNC=25595|UniProtKB=Q5T7N2 LINE-1 type transposase 

domain-containing 
protein 1 

- 

LMNB1 HUMAN|HGNC=6637|UniProtKB=P20700 Lamin-B1 structural protein 
intermediate filament 

LRRC47 HUMAN|HGNC=29207|UniProtKB=Q8N1G4 Leucine-rich repeat-
containing protein 47 

nucleic acid binding 
aminoacyl-tRNA synthetase 

MATR3 HUMAN|HGNC=6912|UniProtKB=P43243 Matrin-3 DNA binding protein 
RNA binding protein 

MCM5 HUMAN|HGNC=6948|UniProtKB=P33992 DNA replication 
licensing factor MCM5 

DNA helicase 
helicase 
hydrolase 

MSH2 HUMAN|HGNC=7325|UniProtKB=P43246 DNA mismatch repair 
protein Msh2 

DNA binding protein 

MSH6 HUMAN|HGNC=7329|UniProtKB=P52701 DNA mismatch repair 
protein Msh6 

DNA binding protein 

MTA1 HUMAN|HGNC=7410|UniProtKB=Q13330 Metastasis-associated 
protein MTA1 

chromatin/chromatin-binding 
protein 
histone 

NCBP1 HUMAN|HGNC=7658|UniProtKB=Q09161 Nuclear cap-binding 
protein subunit 1 

mRNA splicing factor 

NCL HUMAN|HGNC=7667|UniProtKB=P19338 Nucleolin - 
NOP56 HUMAN|HGNC=15911|UniProtKB=O00567 Nucleolar protein 56 ribonucleoprotein 
NSF HUMAN|HGNC=8016|UniProtKB=P46459 Vesicle-fusing ATPase - 
PARP1 HUMAN|HGNC=270|UniProtKB=P09874 Poly [ADP-ribose] 

polymerase 1 
glycosyltransferase 
DNA ligase 
DNA ligase 148 
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Gene Symbol Gene ID Gene Name PANTHER Protein Class 
PBRM1 HUMAN|HGNC=30064|UniProtKB=Q86U86 Protein polybromo-1 - 
PC HUMAN|HGNC=8636|UniProtKB=P11498 Pyruvate carboxylase, 

mitochondrial 
ligase 

PCBP2 HUMAN|HGNC=8648|UniProtKB=Q15366 Poly(rC)-binding protein 
2 

mRNA splicing factor 
ribonucleoprotein 
enzyme modulator 

PDK1 HUMAN|HGNC=8809|UniProtKB=Q15118 [Pyruvate dehydrogenase 
(acetyl-transferring)] 
kinase isozyme 1, 
mitochondrial 

protein kinase 

PDS5B HUMAN|HGNC=20418|UniProtKB=Q9NTI5 Sister chromatid cohesion 
protein PDS5 homolog B 

chromatin/chromatin-binding 
protein 

PFKL HUMAN|HGNC=8876|UniProtKB=P17858 6-phosphofructokinase, 
liver type 

carbohydrate kinase 

PFKP HUMAN|HGNC=8878|UniProtKB=Q01813 6-phosphofructokinase 
type C 

carbohydrate kinase 
 

PRKDC HUMAN|HGNC=9413|UniProtKB=P78527 DNA-dependent protein 
kinase catalytic subunit 

nucleotide kinase 
non-receptor serine/threonine 
protein kinase 
nucleic acid binding 
nucleotide kinase 
non-receptor serine/threonine 
protein kinase 

PRPF19 HUMAN|HGNC=17896|UniProtKB=Q9UMS4 Pre-mRNA-processing 
factor 19 

mRNA splicing factor 

PRPF40A HUMAN|HGNC=16463|UniProtKB=O75400 Pre-mRNA-processing 
factor 40 homolog A 

- 

149 
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Gene Symbol Gene ID Gene Name PANTHER Protein Class 
PRPF6 HUMAN|HGNC=15860|UniProtKB=O94906 Pre-mRNA-processing 

factor 6 
mRNA splicing factor 

PTBP2 HUMAN|HGNC=17662|UniProtKB=Q9UKA9 Polypyrimidine tract-
binding protein 2 

- 

PTBP3 HUMAN|HGNC=10253|UniProtKB=O95758 Polypyrimidine tract-
binding protein 3 

- 

PUF60 HUMAN|HGNC=17042|UniProtKB=Q9UHX1 Poly(U)-binding-splicing 
factor PUF60 

- 

RAD21 HUMAN|HGNC=9811|UniProtKB=O60216 Double-strand-break 
repair protein rad21 
homolog 

- 

RBBP4 HUMAN|HGNC=9887|UniProtKB=Q09028 Histone-binding protein 
RBBP4 

receptor 

RBM14 HUMAN|HGNC=14219|UniProtKB=Q96PK6 RNA-binding protein 14 - 
RBM39 HUMAN|HGNC=15923|UniProtKB=Q14498 RNA-binding protein 39 - 
RBMX HUMAN|HGNC=9910|UniProtKB=P38159 RNA-binding motif 

protein, X chromosome 
- 

RFC2 HUMAN|HGNC=9970|UniProtKB=P35250 Replication factor C 
subunit 2 

nucleotidyltransferase 
DNA-directed DNA 
polymerase 

RFC3 HUMAN|HGNC=9971|UniProtKB=P40938 Replication factor C 
subunit 3 

nucleotidyltransferase 
DNA-directed DNA 
polymerase 

RFC4 HUMAN|HGNC=9972|UniProtKB=P35249 Replication factor C 
subunit 4 

nucleotidyltransferase 
DNA-directed DNA 
polymerase 

RUVBL1 HUMAN|HGNC=10474|UniProtKB=Q9Y265 RuvB-like 1 - 150 
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Gene Symbol Gene ID Gene Name PANTHER Protein Class 
SALL1 HUMAN|HGNC=10524|UniProtKB=Q9NSC2 Sal-like protein 1 zinc finger transcription factor 

nucleic acid binding 
SALL4 HUMAN|HGNC=15924|UniProtKB=Q9UJQ4 Sal-like protein 4 zinc finger transcription factor 

nucleic acid binding 
SEC24A HUMAN|HGNC=10703|UniProtKB=O95486 Protein transport protein 

Sec24A 
vesicle coat protein 

SF3A1 HUMAN|HGNC=10765|UniProtKB=Q15459 Splicing factor 3A 
subunit 1 

mRNA splicing factor 

SF3A3 HUMAN|HGNC=10767|UniProtKB=Q12874 Splicing factor 3A 
subunit 3 

mRNA splicing factor 

SF3B1 HUMAN|HGNC=10768|UniProtKB=O75533 Splicing factor 3B subunit 
1 

mRNA splicing factor 

SFPQ HUMAN|HGNC=10774|UniProtKB=P23246 Splicing factor, proline- 
and glutamine-rich 

mRNA splicing factor 

SKIV2L2 HUMAN|HGNC=18734|UniProtKB=P42285 Superkiller viralicidic 
activity 2-like 2 

- 

SLC2A1 HUMAN|HGNC=11005|UniProtKB=P11166 Solute carrier family 2, 
facilitated glucose 
transporter member 1 

- 

SMARCA1 HUMAN|HGNC=11097|UniProtKB=P28370 Probable global 
transcription activator 
SNF2L1 

- 

SMARCA4 HUMAN|HGNC=11100|UniProtKB=P51532 Transcription activator 
BRG1 

DNA helicase 
helicase 

151 
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Gene Symbol Gene ID Gene Name PANTHER Protein Class 
SMARCA5 HUMAN|HGNC=11101|UniProtKB=O60264 SWI/SNF-related matrix-

associated actin-
dependent regulator of 
chromatin subfamily A 
member 5 

- 

SMARCB1 HUMAN|HGNC=11103|UniProtKB=Q12824 SWI/SNF-related matrix-
associated actin-
dependent regulator of 
chromatin subfamily B 
member 1 

DNA binding protein 

SMARCC1 HUMAN|HGNC=11104|UniProtKB=Q92922 SWI/SNF complex 
subunit SMARCC1 

transcription cofactor 
chromatin/chromatin-binding 
protein 

SMARCE1 HUMAN|HGNC=11109|UniProtKB=Q969G3 SWI/SNF-related matrix-
associated actin-
dependent regulator of 
chromatin subfamily E 
member 1 

HMG box transcription factor 
signaling molecule 
chromatin/chromatin-binding 
protein 

SMC1A HUMAN|HGNC=11111|UniProtKB=Q14683 Structural maintenance of 
chromosomes protein 1A 

chromatin/chromatin-binding 
protein 
hydrolase 

SMC2 HUMAN|HGNC=14011|UniProtKB=O95347 Structural maintenance of 
chromosomes protein 2 

chromatin/chromatin-binding 
protein 
hydrolase 

SMC3 HUMAN|HGNC=2468|UniProtKB=Q9UQE7 Structural maintenance of 
chromosomes protein 3 

chromatin/chromatin-binding 
protein 
hydrolase 152 

 

 

 

 

 

 

 

 



Table 2. Continued. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                          

Gene Symbol Gene ID Gene Name PANTHER Protein Class 
SMC4 HUMAN|HGNC=14013|UniProtKB=Q9NTJ3 Structural maintenance of 

chromosomes protein 4 
chromatin/chromatin-binding 
protein 
hydrolase 

SMCHD1 HUMAN|HGNC=29090|UniProtKB=A6NHR9 Structural maintenance of 
chromosomes flexible 
hinge domain-containing 
protein 1 

- 

SND1 HUMAN|HGNC=30646|UniProtKB=Q7KZF4 Staphylococcal nuclease 
domain-containing 
protein 1 

transcription cofactor 
nucleic acid binding 

SNRNP200 HUMAN|HGNC=30859|UniProtKB=O75643 U5 small nuclear 
ribonucleoprotein 200 
kDa helicase 

- 
 

SNRNP70 HUMAN|HGNC=11150|UniProtKB=P08621 U1 small nuclear 
ribonucleoprotein 70 kDa 

mRNA splicing factor 

SOX2 HUMAN|HGNC=11195|UniProtKB=P48431 Transcription factor 
SOX-2 

HMG box transcription factor 
nucleic acid binding 

SPTAN1 HUMAN|HGNC=11273|UniProtKB=Q13813 Spectrin alpha chain, non-
erythrocytic 1 

non-motor actin binding 
protein 

SRP72 HUMAN|HGNC=11303|UniProtKB=O76094 Signal recognition 
particle subunit SRP72 

- 

SUPT16H HUMAN|HGNC=11465|UniProtKB=Q9Y5B9 FACT complex subunit 
SPT16 

transcription cofactor 
nucleic acid binding 

SYNCRIP HUMAN|HGNC=16918|UniProtKB=O60506 Heterogeneous nuclear 
ribonucleoprotein Q 

ribosomal protein 

TAOK3 HUMAN|HGNC=18133|UniProtKB=Q9H2K8 Serine/threonine-protein 
kinase TAO3 

- 

153 
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Gene Symbol Gene ID Gene Name PANTHER Protein Class 
TOP2A HUMAN|HGNC=11989|UniProtKB=P11388 DNA topoisomerase 2-

alpha 
DNA topoisomerase 
isomerase 
enzyme modulator 

TOP2B HUMAN|HGNC=11990|UniProtKB=Q02880 DNA topoisomerase 2-
beta 

DNA topoisomerase 
isomerase 
enzyme modulator 

TRIM71 HUMAN|HGNC=32669|UniProtKB=Q2Q1W2 E3 ubiquitin-protein 
ligase TRIM71 

- 

U2AF2 HUMAN|HGNC=23156|UniProtKB=P26368 Splicing factor U2AF 65 
kDa subunit 

mRNA splicing factor 

UBAP2L HUMAN|HGNC=29877|UniProtKB=Q14157 Ubiquitin-associated 
protein 2-like 

- 

VIM HUMAN|HGNC=12692|UniProtKB=P08670 Vimentin structural protein 
intermediate filament 

WDR82 HUMAN|HGNC=28826|UniProtKB=Q6UXN9 WD repeat-containing 
protein 82 

methyltransferase 

XRCC5 HUMAN|HGNC=12833|UniProtKB=P13010 X-ray repair cross-
complementing protein 5 

- 

XRCC6 HUMAN|HGNC=4055|UniProtKB=P12956 X-ray repair cross-
complementing protein 6 

DNA helicase 
helicase 

ZFR HUMAN|HGNC=17277|UniProtKB=Q96KR1 Zinc finger RNA-binding 
protein 

DNA binding protein 
mRNA processing factor 
deaminase 
kinase activator 
defense/immunity protein 

ZMYM2 HUMAN|HGNC=12989|UniProtKB=Q9UBW7 Zinc finger MYM-type 
protein 2 

transcription factor 
kinase inhibitor 154 
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Gene Symbol Gene ID Gene Name PANTHER Protein Class 
ZMYM3 HUMAN|HGNC=13054|UniProtKB=Q14202 Zinc finger MYM-type 

protein 3 
transcription factor 
kinase inhibitor 

ZNF326 HUMAN|HGNC=14104|UniProtKB=Q5BKZ1 DBIRD complex subunit 
ZNF326 

- 

155 
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