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ABSTRACT 

 

 Embryonic stem cells are derived from the inner cell mass of the pre-implanted 

blastocyst-stage embryo. These cells are characterized by the capability of unlimited self-renewal 

and the capacity to differentiate into all the lineages of a developing organism. These qualities 

are established and maintained by multiple regulatory pathways which operate at several levels 

in the cell. The roles of many proteins in these pathways are largely unknown. We conducted a 

functional RNAi screen to suppress the expression of each of the known histone demethylases 

(HDMs) and thereby identify candidates essential for mouse embryonic stem cell identity. We 

confirmed effective knockdown for the majority of candidate HDMs through Western blot 

analysis. Upon depletion of the Jmjd1a, Jmjd2b, and Jmjd2c candidate HDMs, lineage-specific 

developmental genes were induced and stem cell-specific genes were down-regulated. We 

observed a differentiation phenotype in these cells, indicating that these HDMs are necessary for 

the maintenance of the pluripotent state. 

We then generated embryonic stem cell lines expressing the candidate HDMs with a 

FLAG and biotin tag. This combinational FLAG-biotin tag will be subjected to affinity 

purification for protein-protein and protein-DNA interaction studies in order to elucidate the 

binding partners of the candidate HDMs and thereby determine their molecular mechanisms. The 

FLAG-biotin tagging method has advantages and disadvantages when compared to its 

constituent tagging methods; a discussion of its utility is a key component of this thesis. Upon 

generating embryonic stem cell lines expressing FLAG-biotin tagged versions of the candidate 

HDMs, we verified their presence through Western blot and immunoprecipitation analyses.  
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In summary, we generated embryonic stem cell lines expressing FLAG-biotinylated 

versions of Jmjd1a, Jmjd2b, and Jmjd2c and determined that these HDMs are necessary for stem 

cell identity. Future work entails using these embryonic stem cell lines to perform the 

aforementioned interaction studies to understand how the candidate HDMs fit into the network 

that maintains embryonic stem cell identity. 
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1. INTRODUCTION  

 

1.1. Pluripotent Stem Cells 

 

 Pluripotent stem cells have been implemented in countless streams of research, from 

diverse disease modeling and therapy development to the generation of genetically engineered 

mice with inactivated genes for the observation of targeted phenotypes. Stem cells have a wide 

variety of prospective medical applications and could usher in novel regenerative therapies. For 

example, a case study highlights how doctors cured a German patient of HIV and leukemia using 

stem cell transplantation from a HIV-resistant donor (Hutter, 2009). Human embryonic stem 

cells (ESCs) may be used to treat a variety of diseases, including Parkinson‟s disease, spinal cord 

injury, and diabetes (Thomson et al., 1998). The continued study of stem cells in research is 

important for the development of the next generation of medical therapies and improved patient 

outcomes.  

 Pluripotent stem cells, which encompass ESCs and induced pluripotent stem cells 

(iPSCs) are characterized by two properties: self-renewal, the ability to proliferate without an 

alteration in phenotype, and pluripotency, the ability to differentiate into any cell lineage (Niwa, 

2007). Self-renewal produces daughter cells with equivalent developmental potential that are 

able to differentiate into more specialized cells (Figure 1). Cellular differentiation entails the loss 

of pluripotency and parallel gain of lineage-specific and, ultimately, cell-type specific 

characteristics (Christophersen and Helin, 2010). In order to maintain the pluripotent state, ESCs 

are grown on a feeder layer of mouse embryonic fibroblasts (MEFs). Alternatively, conditioned 
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media from MEFs can support the self-renewal of mouse ESCs, eliminating the need for a feeder 

layer (Okita and Yamanaka, 2006). 

 Although the history of stem cell research is rich with scientific progress, there are key 

events worth noting for the scope of this thesis. The term “stem cell” first appeared in the 

scientific literature in 1868 when Ernst Haeckel used the phrase to describe the fertilized egg that 

becomes an organism and the single-celled organism that acted as the ancestor cell to all living 

things (Ramalho-Santos and Willenbring, 2007). In 1981, Martin Evans and Gail Martin 

independently conducted studies and derived pluripotent stem cells from the inner cell mass of 

mammalian blastocysts. These early cells were the first ESCs to ever be isolated and had the 

ability to grow indefinitely while maintaining pluripotency and the ability to differentiate into 

cells of the three germ layers (Evans and Kaufman, 1981; Martin, 1981).  

In 2006, Shinya Yamanaka and Kazutoshi Takahashi announced the creation of murine 

iPSCs from fibroblasts. While ESCs are derived from the inner cell mass of the pre-implanted 

blastocyst-stage embryo, iPSCs are obtained via the reprogramming of somatic cells through the 

use of defined factors. The reprogramming process initially entailed the introduction of four 

transcription factors, Oct4, Sox2, c-Myc, and Klf4, into mouse embryonic or adult fibroblasts 

under ESC culture conditions (Takahashi and Yamanaka, 2006). Transfection is typically 

achieved through the use of viral vectors such as retroviruses, although other induction methods 

are possible in combination with chemical treatments. After three to four weeks, a small 

proportion of the transfected cells begin to morphologically and biochemically resemble ESCs. 

This recent advancement made it possible to induce somatic cells to behave like ESCs, thereby 

allowing scientists to conduct regenerative research without the myriad of ethical objections that 

ESC research entails. 
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An issue that has arisen in the field of iPSC research regards the retention of heritable 

change once somatic cells are reprogrammed, as observed through the phenotypic expression of 

lineage-specific genes retained from the tissue of origin. This “epigenetic memory,” threatens the 

potential efficacy of iPSCs as tools for regenerative therapy by reducing pluripotency. Residual 

DNA methylation signatures characteristic of somatic tissue of origin causes cells to favor 

differentiation along lineages related to the donor cell while restricting alternative cell fates (Kim 

et al., 2010). Current research is geared at improving the efficacy of iPSCs by limiting the 

prevalence of epigenetic memory.  

 

1.2. Regulation of Pluripotent Stem Cells 

 

 Genetic regulation in ESCs is similar to that of other cellular systems. Although there are 

numerous regulatory levels important for genetic regulation in ESCs, three of interest in the 

scope of this thesis are signaling, transcriptional, and epigenetic. 

 

1.2.1. Signal Regulation 

 

 Signal regulation refers to the intracellular transduction pathways that contribute to the 

maintenance of the self-renewal and pluripotency properties of murine ESCs (Figure 2). A few 

examples worth noting are the LIF/STAT3, BMP/Smad, and Wnt/β-Catenin/TCF pathways. 

 

LIF/STAT3: MEFs are able to inhibit ESC differentiation via the production of leukemia 

inhibitory factor (LIF), a member of the IL-6 cytokine family. The tyrosine kinase Janus kinase 
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(JAK) binds to the intercellular domain of the receptor for LIF and phosphorylates associated 

tyrosine residues. As a result, signal transducers and transcriptional activator STAT3, among 

others, are recruited. The STAT proteins form homodimers and/or heterodimers and translocate 

into the nucleus, where they function as transcription factors and act on another regulatory level 

of ESCs (Okita and Yamanaka, 2006). It has been reported that STAT3 activation is sufficient 

for self-renewal in the presence of fetal bovine serum (Matsuda, et al., 1999).  

 

BMP/Smad: Bone morphogenetic proteins (BMP) bind to heterodimeric complexes of type I and 

type II receptor tyrosine kinases. This binding activates the formation of receptor components 

and facilitates the phosphorylation of intracellular signal transduction molecules known as 

Smads. The Smad complexes then translocate to the nucleus and function as transcription 

factors, similar to the STAT protein homodimers and/or heterodimers. A study by Ying and 

collaborators reported that BMP4 and LIF cooperate in the maintenance of pluripotency in 

mouse ESCs (Ying et al., 2003).  

 

Wnt/β-Catenin/TCF: β-catenin is a cytoplasmic protein that is necessary for cellular adhesion 

due to its role in linking cadherins to the actin cytoskeleton. β-catenin can act as an intracellular 

signaling molecule in the Wnt pathway (Reya and Clevers, 2005). In the absence of Wnt 

activation, β-catenin gets phosphorylated and is subsequently degraded, thereby keeping the 

level of cytoplasmic β-catenin minimal. When Wnt is bound to its receptors, the kinase that 

phosphorylates β-catenin is inactivated, thereby allowing β-catenin to accumulate in the 

cytoplasm and eventually the nucleus, where it associates with lymphoid enhancer factor 
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(LEF)/T-cell factor (TEF) transcription factors. Under these circumstances the ESCs show an 

impaired ability to differentiate into the three germ layers (Kielman et al., 2002).  

 Notably, the LIF/STAT3, BMP/Smad, and Wnt/β-Catenin/TCF signaling pathways are 

all connected with the ESC core transcription factor network. The STAT3 and 

Smad1transcription factors have been shown to overlap with eleven other sequence-specific 

transcription factors and two transcription regulators (p300 and CTCF) in a regulatory network 

that contributes to ESC identity (Chen et al., 2008). More recently, the dual inhibition (2i) of 

mitogen-activated protein (MAP) kinase and glycogen synthase kinase 3 (GSK3) has been 

shown to sustain the pluripotency of mouse ESCs. Src inhibition alongside 2i enables ESCs to 

retain pluripotency independent of substrate elasticity (Shimizu et al., 2012).   

 

1.2.2. Transcriptional Regulation 

 

  Regulation on the level of transcription includes the activation of certain genes and the 

repression of others in the pluripotent state (Figure 3). There are several transcription factors 

involved in the regulation of pluripotency and self-renewal in ESCs. Three well-known 

transcription factors worth mentioning are Oct4, Nanog, and c-Myc.  

 Oct4 is specifically expressed in ESCs, early embryos, and germ cells (Okamoto et al., 

1990; Scholer et al., 1990). Oct4 is necessary for pluripotency and Oct4-deficient embryos die at 

the peri-implantation stages of development. The inner cell mass of these mice only produces 

differentiated cells of the trophoblast lineages when cultured in vitro (Nichols et al., 1998).  

 Nanog is also expressed in pluripotent cells. Nanog-null embryos show a disorganization 

of extraembronic tissues. The inner cell mass of these embryos fails to generate epiblast and only 



14 

 

produces parietal endoderm-like cells when cultured in vitro (Okita and Yamanaka, 2006). ESCs 

lacking Nanog differentiate into extraembryonic endoderm lineages even in the presence of LIF. 

Moreover, overexpression of Nanog allows murine ESCs to self-renew without the presence of 

LIF (Okita and Yamanaka, 2006).  

 c-Myc is a major regulator of cell proliferation and is associated with active transcription 

and open chromatin (Orkin and Hochedlinger, 2011). c-Myc represses GATA6 expression, 

thereby preventing ESC differentiation (Smith et al., 2010). This transcription factor is also 

important for the control of cellular proliferation through the regulation miRNAs. c-Myc is 

necessary for the recruitment of several chromatin-modifying proteins, including histone 

acetyltransferases (HATs), histone deacetylases (HDACs), and HDMs (Lin et al., 2009). The 

transcription factor c-Myc has targets which are implicated in an early phase of reprogramming 

(Orkin and Hochedlinger, 2011). Tip60-p400 (NuA4 HAT) has been identified as a c-Myc 

associated complex that is essential for the maintenance of the pluripotent state of ESCs by 

RNAi screen (Fazzio et al., 2008, Kim et al., 2010), suggesting that c-Myc is necessary for the 

maintenance of ESC identity.  

 The interactions of multiple transcription factors are thought to contribute to the 

maintenance of ESC identity. For example, Nanog interacts with Oct4, in addition to several 

proteins, in order to regulate the pluripotent state (Wang et al., 2006). This interdependence 

suggests that downregulation of one of the key components of a network could result in rapid 

loss of the ESC state. There are several other transcription factors involved in the induction and 

maintenance of pluripotency, including the Sox and Klf families. 

 

1.2.3. Epigenetic Regulation 
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Epigenetics refers to heritable, functional modifications to the genome that regulate gene 

expression without altering the underlying DNA nucleotide sequence (Christophersen and Helin, 

2010). Examples of epigenetic regulation include DNA methylation, long non-coding RNA, and 

histone modifications (Figure 4). 

 

DNA Methylation: DNA exists in two primary forms: heterochromatin and euchromatin. The 

former is tightly packed and inaccessible to the transcriptional proteins whereas the latter is 

lightly packed and accessible. DNA methylation entails the addition of a methyl group to either 

the cytosine or adenine DNA nucleotides. This process alters the expression of genes by 

impairing the ability of the transcriptional machinery to access the methylated genes. This is 

normally a permanent change and prevents cellular de-differentiation and trans-differentiation. 

Some DNA methylation marks are heritable and result in genomic imprinting in an organism‟s 

progeny (Eichten and Borevitz, 2013).  

 

Long Non-Coding RNA: Non-coding RNAs (ncRNAs) are functional RNA molecules that are not 

ultimately translated into proteins. Only 1% of the mammalian genome carries protein-coding 

genes, but anywhere from 70-90% of the genome is transcribed at some point during 

development, producing a large transcriptome including long non-coding RNAs (lncRNAs) (Lee, 

2012). An interaction between site-specific lncRNA molecules, network-based transcription 

factors, and chromatin modifying enzymes is hypothesized to constitute the network which 

accounts for the temporal specificity of gene expression during development. The net effect of a 

single transcription factor on multiple downstream lncRNA molecules is multiplied by cycles of 

epigenetic reprogramming on specific gene and genome-wide levels. lncRNAs also tether 
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epigenetic complexes to chromatin and thus enable allele- and locus-specific regulation. They 

are sometimes loaded onto chromatin cotranscriptionally through DNA-bound factors and have 

been reported to localize to gene promoters, exons, introns, and in other unusual intergeneic 

regions (Lee, 2012). Some lncRNAs act as activators of gene expression and can operate via cis- 

or trans- mechanisms (Lee, 2012).  

An example of how lncRNAs interact with transcription factors such as Oct4 to 

contribute to ESC identity can be seen in Miat, Xite, Tsix, and Xist. Oct4 activates Tsix and Xite 

at the Xic thereby controlling X-chromosome pairing and initiation of the XCI cascade (Lee, 

2012).  However, few lncRNA knockouts have yielded robust phenotypes; this is an area of 

ongoing research.  

 

Histone Modification: The histone code hypothesis states that histone modifications serve to 

recruit other proteins by specific recognition of modified histones through specialized protein 

domains. These proteins act to directly alter chromatin structure or recruit cellular machinery to 

transcribe the targeted DNA region. The recruited proteins may cause a variety of histone 

modifications; some examples worth noting for the scope of this thesis are methylation, 

acetylation, and phosphorylation. In the context of stem cells, epigenetic modifications to histone 

tails serve to activate or repress the transcription of specific DNA regions. 

 

Histone Acetylation: Acetylation refers to the process of adding an acetyl group to lysine 

residues in the N-terminal tail and on the surface of the nucleosome core (Grunstein, 1997). 

Acetylation results in the removal of the positive charge on histones and thereby decreases the 

interaction of the N terminal of histones with the negatively charged phosphate groups in the 
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DNA backbone. This results in a relaxation of the chromatin that is associated with greater levels 

of gene transcription. 

 

Histone Phosphorylation: Phosphorylation involves the addition of a phosphate group to 

histone H3 at serine 10. H3 phosphorylation is involved in two structurally opposed processes: 

transcriptional activation (Crosio et al., 2000; Nowak and Corces, 2000) and chromosome 

compaction during cellular division (Van Hooser et al., 1998). Since phosphate groups have a 

negative charge, adding them to histone tails neutralizes them and probably reduces their affinity 

for DNA. This subsequently results in the improved ability of the transcriptional machinery to 

access nearby genes.  

 

Histone Methylation: Histone methylation usually occurs at lysine and arginine residues 

in proteins. Protein methylation occurs as one of three variants: mono-methylation, di-

methylation, and tri-methylation. Methylation of lysine H3K4 is correlated with transcriptional 

activation whereas demethylation of H3K4 is associated with genomic silencing of a specific 

region. Mono-methylation of H3K9 and H3K27 is related to transcriptional activation but di-

methylation and tri-methylation of these histones are repressive (Rosenfeld et al., 2009; Barski et 

al., 2007).  

Histone methyltransferases (HMTs) are modification enzymes that catalyze the transfer 

of one or two methyl groups to lysine and arginine residues. The methylation of a small number 

of genes during development has been correlated with the silencing of stem cell-specific gene 

promoters, including those encoding pluripotency transcription factors (Lagarkova et al., 2006; 

Mohn et al.., 2008; Hawkins et al., 2010).  
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HDMs are enzymes whose cellular role opposes that of HMTs. These enzymes function 

to remove methyl groups from histone proteins, thereby regulating chromatin (Figure 5). Several 

HDMs are necessary for development and mutations or aberrant expression of HDMs have been 

linked to disorders such as cancer and neurological diseases (Pedersen and Helin, 2010). There 

are multiple families of HDMs, each of which acts on different substrates and has a distinct role 

in cells (Figure 6). HDMs are classified into K-demethylase (Kdm) families because they act on 

lysine residues. For example, Jmjd1a, also referred to as lysine (K)-specific demethylase 3a 

(Kdm3a), is a member of the Kdm3 family of HDMs. The Kdm1 family includes HDMs that 

have critical roles in embryogenesis and tissue-specific differentiation. The members of the 

Kdm2 family have roles in either promoting or inhibiting tumor formation as well as the process 

of oncogenesis. The Kdm3 family is known to be involved in spermatogenesis and metabolism, 

and the Kdm4 family of enzymes has been shown to have a role in tumorigenesis. The HDMs of 

the Kdm5 and Kdm6 families have roles in development (Pedersen and Helin, 2010).  

The roles of HDMs in the ESC state are a work in progress. Despite an incomplete 

elucidation of their genomic targets and mechanisms, some studies have suggested roles for 

HDMs.  For example, the HDMs Jmjd1a and Jmjd2c are hypothesized to participate in ESC self-

renewal (Loh et al., 2007; Xie et al., 2011). Other HDMs have pivotal roles in biological 

processes during development and in diseases such as neurological disorders and many cancer 

types (Kooistra and Helin, 2012). The work performed here sought to address this vacancy in 

understanding.  

 

1.3. Rationale 
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 It has been documented that nuclear structure, global chromatin structure, and chromatin 

fluidity are distinctly different between ESCs and differentiated cells (Meshorer and Misteli, 

2006). In addition to this difference, ESCs are highly sensitive to perturbations of chromatin 

structure (Fazzio et al., 2008). A variety of studies have implicated chromatin regulatory 

enzymes in the self-renewal and pluripotency properties of ESCs (Fazzio et al., 2008; Hu et al., 

2009; Kagey et al., 2010; Orkin and Hochedlinger, 2011; Young, 2011). Since the twenty well-

known HDMs are directly implicated in the modification of chromatin structure through the 

removal of methyl groups, they are a promising new field of study (Figure 6). An analysis of 

their role in the maintenance of pluripotency, a necessary characteristic of ESCs, is justified.  

The purpose of this work was to determine if and how HDMs are important for the 

maintenance of ESC identity and the functionality of stem cells given the roles of HDMs in the 

modification of chromatin structure. Through our work we aimed at achieving an improved 

understanding of how HDMs participate in transcriptional and epigenetic control of the network 

that maintains embryonic stem cell identity. To accomplish this goal, we performed an RNAi 

screen for all well-known HDMs. Candidate HDMs were determined and verified by a secondary 

screen and FLAG-biotinylated HDM (FB-HDM) ESC lines were generated. It is our hope that 

future protein-protein and protein-DNA interaction studies with these FB-HDM ESC lines will 

help elucidate the mechanistic role of the candidate HDMs in the network that maintains 

pluripotency. 
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2. MATERIALS AND METHODS 

 

2.1. Embryonic Stem Cells and Maintenance 

 

  J1 Mouse embryonic stem cells (mESCs) were maintained in DMEM (Dulbecco‟s 

modified Eagle medium; ATCC no. 30-2002) supplemented with 15% fetal calf serum, 0.1 mM 

β-mercaptoethanol, 2mM L-glutamine, 0.1 mM nonessential amino acids, 1% nucleoside mix 

(Sigma), 1000 U/ml recombinant leukemia inhibitory factor (LIF; Chemicon), and 50 U/ml 

Penicillin/Streptomycin (ATCC no. 30-2300). Mouse ESCs were differentiated in DMEM with 

the addition of 1 µM Retinoic acid in the absence of LIF.  

 

2.2. Lentiviral Production and Infection 

 

We used five shRNA lentiviral constructs per HDM to knockdown each of the twenty 

well-known HDMs in mESCs. The shRNA-pLKO.1 plasmids containing shRNA sequences were 

purchased from Sigma; the packaging system used for the lentiviral constructs was the pCMV-

dR8.91 (Delta 8.9) plasmid containing GAG, POL, and REV genes. We isolated shRNA plasmids 

for the HDMs in 94-well plates. Viruses for each shRNA were produced in HEK293T cells 

(ATCC no. CRL-11268) and were seeded onto 15 centimeter dishes along with packaging 

vectors 24 hours before transfection. The virus particle-containing media was collected and 

filtered prior to spin infection. J1 mESCs were seeded in 24-well plates and allowed to grow for 

24 hours. They were subsequently spin infected with individual shRNA lentiviruses by the 
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addition of lentiviral vector supernatants. Lentiviral supernatants were collected, aliquoted, and 

stored at -80
o
C 48 hours after transfection.  

 

2.3. shRNA Screen and qRT-PCR and Western Blot Validation of Knockdown 

  

Cells were subjected to selection with puromycin for two days after infection and then 

split for morphological evaluation and knockdown efficiency determination by Western blot 

analysis (Figure 7). ESCs normally develop as spherical, three-dimensional colonies. Upon 

depletion of candidate HDMs, some cells exhibited elongated, flattened morphology and 

developed as a monolayer with features of reduced cell-cell contact. We scored the 

differentiation phenotype from at least two individual shRNAs and two secondary screens were 

conducted to validate the results of the primary screen. Anti-GFP and empty shRNA vectors 

were used as negative controls; shRNA lentiviruses targeting Oct4 and Nanog were used as 

positive controls. The shRNA screen was scored in terms of growth phenotype and ESC colony 

morphology. Potential candidates were confirmed by a secondary screen with three trials.  

Real-time reverse-transcription polymerase chain reaction (qRT-PCR) was performed 

with SYBR green master mix (Bio-Rad) on a Bio-Rad iCycler RT-PCR detection system to 

evaluate the knockdown of HDM expression. Western blot with specific antibodies was then 

performed to verify the results.  

  

2.4. FLAG-biotinylated HDM Embryonic Stem Cell Line Generation 
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 The HDM-FB ESC lines were produced using a linear methodology (Figure 8). Each 

HDM of interest (Jmjd1a, Jmjd2b, and Jmjd2c) was cloned into a pEF1aFBIO-puro plasmid 

between BamHI and AscI restriction enzyme sites (Figure 9). The HDM-FB plasmid was 

electroporated into mESCs stably expressing pEF1αBirAV5-neo plasmid. Drug selection was 

performed with neomycin and puromycin to ensure that surviving cells had taken up both 

plasmids. 48 clones were picked for each HDM in order to perform positive/negative evaluation. 

Western blot analysis was conducted to evaluate the presence of Jmjd1a-FB, Jmjd2b-FB, or 

Jmjd2c-FB and endogenous protein in the mESCs. A biotin ligase (BirA) cell line was used as a 

negative control because the expression of BirA allows for the transfer of biotin to biotin-

accepting proteins. Thus, an ESC line expressing BirA will lead to the expression of endogenous 

HDM protein only. Additional procedural details regarding the generation biotinylated ESC lines 

were obtained from Kim et al., 2009.  

 

2.5. Immunoprecipitation 

 

A test immunoprecipitation (IP) study using streptavidin beads to pull down biotinylated 

proteins was conducted prior to large-scale IP and chromatin immunoprecipitation (ChIP). Cells 

were harvested from 15 centimeter dishes and washed twice with cold phosphate-buffered saline 

(PBS). The cell pellet was allowed to swell in a 2x volume of a hypotonic solution (10 mM 

HEPES- pH 7.3, 1.5 mM MgCl2, 10 mM KCl, 1 mM DTT, 1 mM PMSF and protease inhibitors) 

and passed through a 26.5-gauge needle 5 times. The flow-through was centrifuged at 14,000 

rpm for 20-30 seconds and the supernatant was removed. The pellet was resuspended in an 

equivalent volume of high salt buffer (20 mM HEPES- pH 7.3, 1.5 mM MgCl2, 420 mM KCl, 
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0.2 mM EDTA, 30% Glycerol, 1 mM DTT, 1 mM PMSF and protease inhibitors) and rotated for 

1-2 hours. Neutralizing buffer (20 mM HEPES- pH 7.3, 0.2 mM EDTA, 20% Glycerol, 1 mM 

DTT, 1 mM PMSF and protease inhibitors) was added to the extract to achieve a salt 

concentration of approximately 150 mM. The nuclear extract was centrifuged at 14,000 rpm for 

20 minutes at 4
o
C and the supernatant was collected. IP buffer was added to achieve a final 

volume of 1 ml. For bioChIP reactions, streptavidin beads (Dynabeads MyOne Streptavidin T1- 

Invitrogen) were used for the precipitation of chromatin and 2% sodium dodecyl sulfate (SDS) 

was applied for the first washing step. The immunoprecipitated beads were washed three times 

(five minutes each) with IP buffer. Immunoprecipitated proteins were eluted from the beads in 

XT buffer (Bio-Rad) via boiling for 10 minutes and were subsequently resolved on a 4-12% 

gradient Bis-Tris gel (Bio-Rad).  

 

2.6. Antibodies 

 

The antibodies used in this study are the following: Jmjd1a (ABE195, Millipore), Jmjd2b 

(A301-478A, Bethyl laboratories) (ab27531, Abcam), Jmjd2c (ab85454, Abcam) (S-15: sc-

104949, Santa Cruz), Utx (Gift from Eli Canaani), Jmjd6 (PSR-H300: sc-11366, Santa Cruz), 

Oct4 (N-19: sc-8628, Santa Cruz), Nanog (A300-397A, Bethyl Laboratories), Actin (Clone C4: 

MAB1501R, Millipore), and Jmjd2a (C70G6:3393, Cell signaling). 
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3. RESULTS 

 

3.1. Functional RNAi/shRNA Screen 

 

 In order to select for J1 mESCs cells which were successfully infected in our shRNA 

screen, puromycin was administered, cells were split, and cellular phenotypes were evaluated 

(Figure 7). Results were scored for the loss of typical ESC colony morphology as characterized 

by flattened and elongated growth, monolayer development, and reduction of cell-cell contacts. 

By these criteria, depletion of Jmjd1a, Jmjd2b, and Jmjd2c led to apparent differentiation (Figure 

10). Other candidate HDMs identified by this screen were Utx and Jmjd6. Relative to positive 

controls (Oct4 and Nanog) and negative controls (Anti-GFP and empty shRNA vectors), the 

knockdown lines of the aforementioned HDMs resulted in moderate to severe differentiation 

phenotypes (Figure 11). As expected, knockdown of Nanog and Oct4 resulted in severe 

differentiation phenotypes and lines transfected with anti-GFP and empty shRNA vectors 

showed no notable changes in ESC colony morphology. Replicate morphological studies further 

validated these results. The knockdown of candidate HDMs was verified by Western blot with 

actin as a control. A direct correlation between knockdown efficiency and the extent of 

differentiation was noted (Figure 12). We eliminated a few false positive candidate HDMs that 

displayed discordance between knockdown efficiency and their shRNA screen phenotypes. 

These results gave us confidence to move forward and generate HDM-FB cell lines for the 

analysis of protein-protein and protein-DNA interactions of the candidate HDMs verified by the 

secondary screen. 
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3.2. HDM-FB Vector Construction 

 

 Upon determining which HDMs lead to differentiated phenotypes when depleted, we 

desired to elucidate their mechanistic roles in the pluripotent cell. This entails the examination of 

their binding partners via protein-protein and protein-DNA interaction studies. In order to 

accomplish this, we generated HDM-FB ESC lines (Figure 8). Candidate HDMs were cloned 

into pEF1αFBIO-puro plasmids between BamHI and AscI restriction sites (Figure 9). 

 

3.3. HDM-FB Embryonic Stem Cell Line Analyses 

 

 The HDM-FB vectors were electroporated into mESCs and a selection step with 

neomycin and puromycin eliminated all cells without the plasmid. 48 clone colony picking was 

conducted and we produced HDM-FB ESC lines for Jmjd1a, Jmjd2b, and Jmjd2c.  

 

Verification by Western Blot: Upon generating a FB line of Jmjd1a, we conducted a Western blot 

analysis to verify the presence of the biotinylated protein as a pre-test to our 

immunoprecipitation studies (Figure 13). This Western blot evaluated the success of our 

generation of a Jmjd1a-FB ESC line. Successful clones (B7, F4, and F7) were determined by the 

presence of a thick doublet of endogenous Jmjd1a protein as well as Jmjd1a-FB. In the 

evaluation of these doublets, the former was visualized as the bottom band and the latter was the 

top band. This is intuitive because Jmjd1a-FB has a greater molecular weight than the 

endogenous protein. The BirA negative control displayed only the presence of endogenous HDM 
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proteins, seen as thin bands. Through this process we determined that the HDM-FB ESC lines 

were successfully generated. 

 

Verification by Immunoprecipitation: An immunoprecipitation study was performed to further 

verify the successful production of FB cell lines for Jmjd1a, Jmjd2b, and Jmjd2c prior to the 

conduction of protein-protein and protein-DNA interaction studies. The results of the 

immunoprecipitation with streptavidin beads to pull down biotinylated proteins for each of the 

HDM-FB ESC lines are shown (Figure 14). This experiment allowed us to confirm the results of 

the Western blot evaluation and proceed with our examination of gene expression, protein-

protein interactions, and protein-DNA interactions with the goal of understanding how our target 

HDMs contribute to the transcriptional regulatory network that maintains embryonic stem cell 

identity.  
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4. DISCUSSION 

 

4.1. Study Overview 

 

 Prior to our work, precedential screens identified the existence of transcription factors 

and chromatin regulators that are necessary for the maintenance of ESC characteristics (Fazzio et 

al., 2008; Kagey et al., 2010). The functional RNAi screen performed in this study targeted all of 

the well-known HDMs and identified five candidates whose depletion resulted in differentiation 

phenotypes (Figure 10; Figure 11). Subsequent analysis by qRT-PCR and Western Blot 

narrowed the candidates to three: Jmjd1a, Jmjd2b, and Jmjd2c (Figure 12). Our Western blot 

evaluation confirmed the existence of a correlation between knockdown efficiency and 

differentiation phenotype. Jmjd2b and Jmjd2c displayed the most severe phenotypes in the 

shRNA study and the Western blot evaluation confirmed effective suppression of their 

expression in the transfected cell lines. Jmjd1a also had a direct correlation between knockdown 

efficiency and cellular phenotype, but the relationship was not as strong as that of Jmj2b and 

Jmjd2c. These results gave us confidence to proceed with our studies and generate HDM-FB 

ESC lines. Once the HDM-FB cell lines were produced, we conducted Western blot and 

immunoprecipitation assays. These experiments were done to accomplish two goals: 1) the 

verification of successful HDM-FB ESC line generation for the HDMs of interest; 2) the priming 

of subsequent, large-scale immunoprecipitation and chromatin immunoprecipitation (ChIP) 

studies. This evaluation yielded positive results for each of HDM lines (Figure 14). Thus, we are 

poised to continue our large-scale analysis of protein-protein and protein-DNA interactions.  

Future studies include the examination of genome-wide targets of Jmjd1a, Jmjd2b, and Jmjd2c, 
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an analysis of global levels of histone marks upon the deletion of the candidate HDMs, gene 

ontology studies, and potentially the proposal of mechanisms for the functionality of these 

HDMs.   

 

4.2. Histone Modifications 

 

Histone modifications have been shown to play important roles in the regulation of ESC 

identity via the maintenance of pluripotency (Zhou et al., 2009). Three types of HDMs became 

central to this work after an initial RNAi screen for the twenty well-known HDMs: Jmjd1a, 

Jmjd2b, and Jmjd2c.  

Jmjd1a is involved in H3K9 mono- and di-methylation (H3K9me1, H3K9me2). It is 

highly expressed during spermatogenesis and mice deficient of Jmjd1a are infertile (Liu et al., 

2007). Jmjd1a knockout mice also express an adult-onset obesity phenotype and thus Jmjd1a has 

been implicated in the transcriptional regulation of muscle and adipose tissue metabolic genes 

(Tateishi et al., 2009). Cell culture studies have established a connection between Jmjd1a and the 

regulation of hypoxia-inducible genes that are associated with pluripotency, suggesting a 

possible function important during tumorigenesis (Pedersen and Helin, 2010).  

Jmjd2b and Jmjd2c are members of the Kdm4 cluster of HDMs, a family of enzymes that 

show activity towards tri-methylated lysines (Pedersen and Helin, 2010). Both Jmjd2b and 

Jmjd2c are involved in di- and tri-methylation of H3K9, H3K36, and H1.4K26 (H3K9me2, 

H3K9me3, H3K36me2, H3K36me3, H1.4K26me2, H1.4K26me3). The Jmjd2b and Jmjd2c 

HDM proteins are members of the H3K9me2/me3 demethylase subclass within the Jumonji 

family (Cloos et al., 2006). These proteins are also known to be H3K36me2/3 HDMs. Relative 
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to one another, they have an estimated 50% sequence homology and show diverse expression 

levels across different tissues (Wu et al., 2009). 

H3K9me3 marks are enriched in human fibroblasts relative to human ESCs. Thus, they 

are likely characteristic of differentiated cells (Soufi et al., 2012). H3K9me3 marks may result in 

the formation of constitutive heterochromatin, thereby silencing genes; low levels of H3K9me3 

marks have been shown to indicate that most of the ESC genome is highly active and open 

(Meshorer and Misteli, 2006). In order to more thoroughly examine the roles of Jmjd1a, Jmjd2b, 

and Jmjd2c, we need to conduct combinations of double and triple knockout studies to rule out 

any potential redundant functions these proteins have with regard to histone modification. A 

knock-in FB system should also be considered for its reliance on endogenous promoters.   

 

4.3. HDMs and Cancer 

 

 HDMs have been shown to play pivotal roles in disease states, including a variety of 

cancers. Jmjd1a is overexpressed in malignant colorectal cancer, metastasized prostate 

adenocarcinoma, renal cell carcinoma, and hepatocellular carcinoma. Jmjd2b is overexpressed in 

malignant peripheral nerve sheath tumors and Jmjd2c is amplified in oesophageal cancer, breast 

cancer, and medulloblastoma and translocated in lymphoma (Kooistra and Helin, 2012). There is 

evidence that links the mammalian Kdm4 cluster, particularly Jmjd2c, to malignant tumor 

formation: amplification of the Jmjd2c locus has been reported in oesophageal squamous 

carcinomas, medulloblastomas, and breast cancer. Furthermore, overexpression of Jmjd2b has 

been detected in medulloblastomas. Gene expression data indicates that Kdm4 HDMs are 

overexpressed in prostate cancer (Cloos, et al., 2006). Depletion of Jmjd2c is known to inhibit 
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proliferation of several tumor cell lines (Pedersen and Helin, 2010). The genomic targets and 

cellular functions of the mammalian Kdm4 HDM cluster are largely unknown but they may be 

interesting targets for the development of cancer therapies. 

The HDM-FB ESC lines generated in this study may be beneficial for determining the 

roles the candidate HDMs play in the aforementioned cancers. Future studies could focus on the 

inhibition of HDMs determined to be critical for tumor formation as a means of cancer therapy. 

 

4.4. Affinity Purification for Protein-Protein and Protein-DNA Interaction Studies 

  

Proteins are typically purified from crude extracts using processes, such as affinity 

purification, which utilize specific binding interactions between molecules to isolate proteins of 

interest. This is done by incubating the extract(s) with an immobilized affinity support material, 

washing away unbound components, and eluting the target protein by altering the buffer 

conditions such that the binding interaction weakens or no longer occurs. At its conclusion, 

affinity purification results in an isolated form of the protein of interest which may then be used 

in protein-protein and protein-DNA interaction studies. Forms of affinity purification 

commonplace in molecular biology are the single-step streptavidin capture of in vivo biotinylated 

proteins and tandem purification with a traditional affinity tag, such as FLAG, coupled with a 

biotinylated peptide, such as FLAGBIO (Kim et al., 2009).  

Chromatin Immunoprecipitation (ChIP) methodology is commonly used to study protein-

DNA interactions by determining the genomic site-specific occupancy of selected proteins. 

DNA-binding proteins such as HDMs can be cross-linked to their target DNA in vivo and 

subsequently the genomic DNA is sheared via sonication so that unbound DNA is destroyed 
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while the DNA-protein complexes remain intact. Target proteins may then be 

immunoprecipitated and the DNA can be unlinked (reverse-crosslinked) from the proteins, 

purified, and hybridized to tiled oligonucleotide microarrays to identify the genomic targets 

(ChIP-on-chip). Likewise, purified DNA can be sequenced and mapped to the host cell genome. 

This methodology enables researchers to find where a protein binds on a genome-wide scale. 

The limiting factor in ChIP analyses is the availability and specificity of the antibodies used in 

the immunoprecipitation steps.  

Chromatin Immunoprecipitation Sequencing (ChIP-Seq) is a prominent method as well. 

It entails the coupling of the ChIP procedure to massive parallel DNA sequencing technology in 

order to identify the binding sites of DNA associated proteins. It has replaced ChIP-on-chip 

methodology in recent years as a way to localize protein-binding sites in a high throughput and 

cost-effective manner (Kim et al., 2009). During a work-up identical to that of the ChIP method 

described above, the ChIP-DNA fragments are sequenced simultaneously using a genome 

sequencer. A single sequencing run has the ability to scan the entire host genome for associations 

with high resolution, thereby allowing researchers to locate the DNA-binding proteins‟ targets on 

the chromosome.  

 

4.5. FLAG-Biotinylation Tagging: Methodology and Utility 

 

In the scope of this thesis, the FLAG-biotinylation process itself was performed as 

previously described (Kim et al., 2009). This process entails the combination of a FLAG-tag 

(FLAG octapeptide tag) and a biotin-tag on a protein of interest. The FLAG-tag is instrumental 

in affinity chromatography and is needed to separate recombinant proteins from wild type. It can 
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also be used in the isolation of protein complexes with multiple subunits. A necessary 

component of FLAG-tagging methodology is the use of an antibody specific to the DNA-binding 

protein of interest. If there is no antibody against the protein of interest, the addition of a FLAG-

tag enables researchers to follow the protein with an antibody against the FLAG sequence. 

Over time, the FLAG-tag has been optimized for affinity purification. It is more 

hydrophilic than other epitope tags and is therefore less likely to denature or inactivate the 

proteins to which it is bound. The FLAG-tag may be removed easily from a protein of interest 

upon isolation via treatment with the protease enterokinase (also known as enteropeptidase).    

The biotin-tag is formed by the covalent attachment of biotin to a protein of interest. This 

process does not disrupt the natural function of the protein due to the small size of biotin and can 

therefore be performed in vivo. The biotin-tag gives the bound protein a high affinity for 

streptavidin beads, enabling the efficient isolation of the biotinylated proteins. This affinity is 

strong enough to resist the effects of extreme heat, pH, and proteolysis. The biotin-tag may be 

used in the detection of the protein of interest via streptavidin detection techniques such as 

enzyme reporters or fluorescent probes.  

The combination of these tags results in a protein that is has both FLAG and biotin tags 

(referred to as a FLAG-biotin tag). The use of the FLAG-biotinylation tagging method as in our 

generation of three HDM-FB ESC lines has comparable advantages and disadvantages. 

 The use of both FLAG and biotin tags on a protein of interest is advantageous for 

multiple reasons. This combination allows for the bypassing of the antibody bottleneck that is 

normally inherent to the study of protein-DNA interactions. This tagging method eliminates the 

need for the generation of protein-specific antibodies and thus reduces the probability of cross-

reaction with other cellular proteins. The high affinity of biotin for streptavidin beads (10
-15

 M 



33 

 

kDa) facilitates effective purification of the biotinylated protein and its interacting partners. This 

allows for high stringency washing conditions which in turn diminish “background binding” that 

may result in impure samples during ChIP reactions. Furthermore, there are few naturally-

occurring biotinylated proteins, thereby reducing the likelihood of cross-reaction (Kim et al., 

2009).  

 On the other hand, there is a need for additional time and effort to establish ESC lines for 

in vivo biotinylation relative to processes which directly use antibody-based 

immunoprecipitation. Another disadvantage to the use of this system is that overexpression of a 

FLAG-biotinylated proteins of interest beyond endogenous levels may increase nonspecific 

DNA binding and thereby destroy the normal regulatory network within the cell. As a result, it is 

critical to select stem cell lines that express sub-endogenous levels of biotinylated proteins of 

interest (Kim et al., 2009). 

 

4.6. HDM Roles in Pluripotency 

 

 Through our studies we determined that depletion of Jmjd1a, Jmjd2b, and Jmjd2c results 

in the loss of pluripotency and produces differentiated ESC phenotypes. Thus, these proteins are 

essential for the maintenance of ESC identity. However, more work must be done to determine 

the mechanistic roles of these HDMs in the ESC maintenance network.  
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5. CONCLUSION 

 

5.1. Conclusions 

 

 Through our shRNA screen we were able to identify Jmjd1a, Jmjd2b, and Jmjd2c HDMs 

as initial candidates with roles in the maintenance of embryonic stem cell identity. Secondary 

analyses in the form of qRT-PCR and Western blot verified the successful knockdown of these 

proteins of interest in our morphological screen. 

 The importance of these HDMs in the maintenance of ESC identity was hinted at in our 

morphological screen. This experiment showed that depletion of the candidate proteins resulted 

in a differentiation phenotype, indicating that the cells lost the ability to retain a pluripotent state. 

Since pluripotency is required as a primary characteristic of stem cells, Jmjd1a, Jmjd2b, and 

Jmjd2c could have important functions in maintaining stem cell identity.  

 The HDM-FB ESC lines were established to conduct further analysis of these proteins of 

interest. These ESC lines were evaluated for the presence of the biotinylated HDMs via Western 

blot and immunoprecipitation studies prior to the conduction of large scale IP and ChIP.  

 

5.2. Future Work 

 

 Future studies entail the use of the HDM-FB ESC lines we generated to perform large-

scale protein-protein and protein-DNA interaction studies to help elucidate the mechanisms of 

Jmjd1a, Jmjd2b, and Jmjd2c in the network that regulates pluripotency. This can be 

accomplished through an additional analysis of histone mark levels upon deletion of the target 
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HDMs and gene ontology studies. Our work could improve the understanding of HDM roles in 

this important network in addition to identifying their potential involvement in disease states. 

 Potential downstream applications of these findings exist in the realm of cancer research. 

These results, coupled with the three HDM-FB ESC lines that were generated, could lead to 

translational research geared at targeting HDMs critical for pluripotency. Since there are many 

parallels between ESCs and cancerous cells and several HDMs have been shown to be 

implicated in cancerous cells, the selective suppression of particular HDMs could lead to a 

reduction in tumor prevalence and robustness. If these HDMs prove vital for the cancerous 

disease state with subsequent verification and analysis, perhaps they could serve as viable drug 

targets.  
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Figure 1. ESC self-renewal and differentiation. Red circle represents pluripotent stem cell. Blue 

circles represent differentiated cells in the three germ layers. 
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Figure 2. Signal level of regulation in pluripotent stem cells. Red boxes represent selected 

intracellular transduction pathways. 
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Figure 3. Transcriptional level of regulation in pluripotent stem cells. Black boxes indicate the 

activation of some genes and the repression of others in order to maintain an undifferentiated 

state. 
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Figure 4. Epigenetic level of regulation in pluripotent stem cells. Green boxes represent modes 

of epigenetic regulation. Filled green boxes represent selected histone modifications. 

 

 

 

 

 

 

 

 

 



45 

 

 
Figure 5. Histone modifications performed by methyltransferases and demethylases with 

binding locations on histone tail DNA shown. Blue text indicates the twenty well-known HDMs. 

Green text indicates histone methyltransferases.  
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Figure 6. The twenty well-known HDMs with their phylogeny and substrate specificity shown. 
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A.  
 

B.  
 

 Figure 7. A. Visual procedure overview for the infection of J1 mESCs, puromycin 

selection, and cell splitting prior to the evaluation of the differentiation phenotype of the HDM 

knockdown lines in our functional RNAi screen. B. shRNA screen outline  
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Figure 8. Outline for establishing a Jmjd1a-FB ESC line for protein-protein and protein-DNA 

interaction studies. This protocol was repeated for the development of Jmjd2b-FB and Jmjd2c-

FB ESC lines. 
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Figure 9. Candidate HDM was cloned into pEF1αFBIO-puro plasmid between BamHI and AscI 

restriction sites (right). HDM-containing plasmid was electroporated into mouse ESCs 

containing pEF1αBirAV5-neo plasmid. Drug selection was performed with both neomycin and 

puromycin, ensuring that surviving cells had taken up both plasmids, as evident by their 

respective resistances.  
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Figure 10. Functional RNAi screen results. Oct4 and Nanog were positive controls whereas 

Anti-GFP and empty vectors served as negative controls. The severity of the differentiation 

phenotypes for the candidate HDMs may be noted by comparison to the controls.  
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Figure 11. Representation of differentiation phenotype severity of candidate HDMs upon 

knockdown during morphological evaluation.    
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Figure 12. Western blot evaluation for the correlation between knockdown efficiency and 

differentiation phenotype. The two best shRNA replicates are shown. Actin was used as a 

loading control and GFP KD was used as a negative control. The asterisk (*) indicates an 

unspecific signal. Jmjd1a, Jmjd2b, and Jmjd2c were selected for further study. 
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Figure 13. Western blot evaluation to detect the presence of Jmjd1a-FB as a pre-test to our 

immunoprecipitation study. Thick bands represent doublets of Jmjd1a-FB and endogenous 

Jmjd1a proteins. The negative control (BirA) displayed only the presence of endogenous Jmjd1a 

proteins, seen as thin bands. Positive clones are marked with orange boxes (B7, F4, and F7). 
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Figure 14. Immunoprecipitation study for verification of HDM-FB ESC line production for 

Jmjd1a, Jmjd2b, and Jmjd2c. Positive clones are marked with blue boxes (F4 for Jmjd1a-FB, A7 

for Jmjd2b-FB, and B11 for Jmjd2c-FB). 


