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ABSTRACT 

MSANTD3, a novel transcription factor, recruits PRC2 
complex to regulate neuron differentiation in mouse P19 cells 

by 

Yufeng Gou 

Polycomb repressive complex (PRC) 2 functions to repress thousands of 

target genes, which are responsible for stem cell differentiation and carcinogenesis. 

However, how PRC2 is recruited to specific regions of its target genes remains 

elusive.  In Drosophila, nine sequence-specific transcription factors including Zeste 

have been shown to act as PRC2 recruiters, but little is known about their 

homologues in mammalian cells, as a straightforward homology search failed to 

work in most cases.  Aided by three-dimensional structure prediction and the use of 

the genomes of intermediate bridging species, we have identified a new protein, 

Myb/SANT-Like DNA-Binding Domain-Containing Protein 3 (MSANTD3), as the 

human homologue of Drosophila Zeste. Gel shift assays indicate that MSANTD3 

binds to Zeste recognition sequence via its N-terminal DNA binding domain. 

MSANTD3 physically interacted with the components of PRC2 in GST-pull down 

assays and can be co-purified from native mouse P19 cells with active tri-

methylation activity. CHIP-seq and CHIP-qPCR experiments showed the co-

localization of MSANTD3 with PRC2 complex on neuron differentiation genes. 

Together, these findings revealed the critical function of MSANTD3 in recruiting 

PRC2 complex to regulate neuron differentiation. 
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Chapter 1 

Introduction 

Proper regulation of gene expression is very important for cell fate decision, 

environmental response and phenomena inheritance. In multicellular organisms, 

the gene regulation is essential to trigger cell differentiation and maintain cell 

morphogenesis. Different gene expression profiles in cells create different cell types 

with different functions to make sure the organism works systematically. Any mis-

regulation of gene expression leads to cellular dysfunction and even failure and 

death of the whole organism.  

Gene expression 

Gene expression is a process which encodes DNA sequences into functional 

products which include proteins (Crick, F. H., et al. 1961) and non-coding functional 

RNAs (Mattick, J.S., et al. 2006). The expression levels of all those macromolecular 

products in a specific cell constitute its gene expression profile. The gene expression 

1 
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profiles are cell type dependent, and can determine the cell fates and cell 

phenomena. During the growth and development from a single cell to an adult, the 

expression profiles have been changed to trigger the cell differentiation and 

organogenesis. For example, the Homeodomain protein genes (Hox) are differently 

expressed during the embryo development to specify the anterior-posterior axes in 

animals (Scott F. Gillbert, 2013); the TAFs family genes are up regulated to trigger 

motor neuron differentiation from neuron stem cells (Francisco J Herrera, et al, 

2014); Up-regulation of FGF and IGF signaling pathways together with down-

regulation of BMP and Wnt signaling pathways trigger neuron system development 

from embryo stem cells (Edgar M. Pera, et al, 2013). 

Abnormal expression of genes can cause significant developmental 

deficiency during the embryonic development, or cause diseases including cancers 

in the mature adults. For examples, disruption of Dishevelled proteins (Dvls) cause 

abnormal developments of heart, skeletal, and cochlear (Wynshaw-Boris A., 

2012);abnormally increased expression levels of Nanog, Sox2 and Oct4 in cells 

cause cancers (Wang ML. et al, 2013); abnormal expression of Wnt signaling 

pathways cause osteoporosis, Alzheimer's disease and cancers (Kim W., et al, 2013). 

Thus, maintaining proper expressions of genes under different biological stages are 

very important for both developments and cellular functions. Given the same DNA 

sequences in a specific individual, how to control the genes’ expression in different 

cells is the key to establish the expression profiles variance in time, space and 

abundances in vivo. This process is called gene regulation, which controls the “ON” 

and “OFF” of specific genes in vivo. 
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Gene Regulation 

Gene regulation is the process to regulate the expression of specific genes to 

establish or maintain the gene expression profiles in vivo. It is a complicated 

process with multiple regulation levels including transcriptional regulation, post-

transcriptional modification, RNA transportation and translation, in which 

transcriptional regulation controls the steps encoding DNAs to transcript RNAs, 

post-transcriptional modification involves the conversion of transcript RNAs into 

mature RNAs, and the RNA transportation and translation is in charge of translating 

matured RNAs into functional proteins. Here, we focus on discussing the 

transcriptional regulation because it is the first and elementary step for the whole 

gene regulation process.  

Transcriptional regulation is the process that controls the production of 

transcript RNAs to regulate the gene expression (Carey M., et al, 2001). It mainly 

includes three levels of regulations: genetic regulation, transcriptional factors and 

regulators (Chen K., 2007), and epigenetic regulations (Pillus L., 1992).   

The genetic regulations are the change of DNAs’ sequences to alter the 

expression levels of the corresponding RNAs, including gene deletions, insertions, 

mutations and rearrangements on transcript regions or regulatory regions 

(Gruenert DC, 1991). The genetic regulations are permanent and inheritable. In 

prostate cancers, a number of chromosome regions are frequently deleted, including 

8p21, 10q23, 12p13, and 13q21, which correspondingly deplete the expressions of 

NKX3.1 (from 8p21), PTEN (from 10q23), p27/Kip1 (from 12q13) and KLF5 (from 



4 
 

13q21) (Dong JT., 2001); variant mutations of TP53 genes have been identified in 

many cancer types, leading to the expressions of mutant TP53 proteins with loss of 

tumor suppressor activities (Muller PA, 2014); In lung cancer, anaplastic lymphoma 

kinase (ALK) rearrangements are wildly observed in patients, and have been used 

as the targets for designing antitumor drugs for non-small cell lung cancers (Gridelli 

C., et al, 2014). Genetic regulations of genes involve change of DNA sequences and 

thus it is irreversible. Once the gene sequences have been changed, it is very hard to 

recover them. Thus it costs much to treat the diseases caused by abnormal genetic 

regulations for the native body or clinical therapy. 

The transcriptional factor or regulator to control the gene expression is a 

process in which the transcription factors bind to the specific DNA elements to 

repress or activate the genes’ expressions. In which, the transcriptional factors 

(TFs) are identified to have specific DNA binding sites while the regulators are the 

ones without a specific DNA binding site but can interact with TFs to regulate the 

genes’ expressions. There are two main categories of transcriptional factors: 

General Transcriptional Factors (GTFs) which bind to the promoter regions of 

targeted genes, and other transcriptional factors (TFs) which bind to specific DNA 

elements may far away from the transcription start sites (TSS). In Eukaryote, there 

are 10% of the encoded genes are TFs (Babu MM, et al, 2004), and they work mostly 

in an integrated and combinatorial manner (Spitz F., 2012). For example, in normal 

cells, the transcriptional factor TATA-binding-protein (TBP) works together with 

specificity protein 1 (Sp1) on the promoter of D2 receptor (D2R) to activate the 

gene’s expression; however when Sp1 interacts with other proteins and fails to bind 
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to the D2R’s regulatory region, the TBP itself cannot initiate the transcription of D2R 

gene and deficiency of D2R expression causes the Huntington disease (Zuccato C., 

2010).  Actually, to establish the proper gene expression profile in a specific cell, the 

transcriptional factor regulations of gene expressions are always related to each 

other in a network. This makes the whole picture of gene regulation by 

transcriptional factors more complicated, and thus it costs lots to understand when, 

where and how a specific transcriptional factor works under a specific condition.  

Gene regulations by transcriptional factors and regulators are efficient 

methods but they are complicated, transient, unstable and non-inheritable. The 

genetic regulations of gene expressions are permanent, stable and inheritable but 

they change the DNA sequences and irreversible. Epigenetic regulation of gene 

expressions discovered recently have the features between the two discussed 

above, which are stable, inheritable and reversible. 

Epigenetic Regulation 

Epigenetic regulation of gene expression is the process that stably controls 

DNA transcriptions without changing the DNA sequences (Russo V. E., 1996). 

Identified mechanisms of epigenetic regulations are involving modifications of the 

DNA or of the proteins (histones) intimately associated with the DNA, without 

altering the underlining DNA sequences (Jaenisch R., 2003). The rapidly growing 

studies of epigenetic regulations focus on two mechanisms: DNA methylations and 

histone modifications (Jaenisch R., 2003). All those modifications are called 

epigenetic markers. The epigenetic markers may be passaged by mitosis through 
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the whole cells’ life, or may be inherited for multiple generations by meiosis even 

though they never change the underlining DNA sequences (Bird A., 2007). The 

general mechanism of epigenetic regulations of gene expressions is shown in Figure 

1.1(NIH, 2014). 

 

Figure 1.1 – General introduction of Epigenetic regulations of gene expression.  

DNA methylation is one of the two key epigenetic regulation mechanisms and 

it can repress or activate the genes’ expression. DNA methylation is the bio-reaction 

process which adds methyl group to cytosine of DNA nucleotides to form 5-

methylcytosine. In mammals, DNA methylation mainly happens in cytosine of the 

dinucleotide CpG sequence, which account for about 1% of the whole genome and 

60% to 90% of the CpG sites in human somatic cells (Ehrlich M, 1982). Interestingly, 
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unmethylated CpGs often grouped at the 5’ ends of many human genes, called CpG 

islands (Bird A.P., 1987).  In normal human cells, about 60% of the genes have CpG 

islands, of which most are under unmethylated status in all cell types and across the 

whole development process (Antequera F., 1993). However, in many disease 

processes including cancer, a small but significant portion of CpG islands have 

abnormal hyper-methylations and when this happens, the associated genes are 

stably silenced (Esteller M., 2002). Recently study also shows that the methylation 

of CpG islands locating at the 3’ ends of genes can activate the genes’ expression (Yu 

DH, 2013). Now, alterations of CpG methylation on the promoters of specific genes 

are considered as important markers for many diseases (Guintivano J, 2014) 

(Esteller M., 2002). 

Histone Modification 

 Histone modification is the other key mechanism of epigenetic regulations. It 

is the process involving posttranslational modifications of histone proteins, 

including histone methylation, acetylation, phosphorylation, ubiquitination and 

sumoylation (Vasquero A, 2003). The outcomes of histone modifications on gene 

expression are highly dependent on the effects of their combinations (Strahl BD, 

2000). In addition, histone modifications are inheritable by mitosis and meiosis in 

human cells (Zhu B., 2011). 

Histone modifications include several kinds of modifications on their tails, 

and those modification markers have combinational effects on regulating gene 

expressions. Core histones have four kinds of subunits- H2A, H2B, H3, and H4, two 
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of each form an octamer wrapping 147 bps of DNA called nucleosome. The detailed 

nucleosome assembling process is shown in Figure1.2 (Richard Wheeler, 

Wikipedia). All the four kinds of subunits in core histones have unstructured C and 

N terminal tails on which most studied histone modifications are associated with 

(Kouzarides T., 2007). They include methylation, acetylation and ubiquitylation of 

lysine (K), methylation of arginine (R), phosphorylation of threonine (T) and serine 

(S) (Kouzarides T., 2007). The details are shown in Table1.1 (Epigentek, Histone 

modification table). Among these histone modifications, “cross-talk” is highly 

possible to determine the final state of gene expression. For example, the 

phosphorylation status of H3S10 and the methylation status of H3K9 are both 

necessary to regulate the recruitment of heterochromatin proteins to regulate the 

genes’ expression (Fischle W, 2005). 

 

Figure 1.2 – Schematic pictures of the nucleosome assembling. 
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Table 1.1 - Histone modifications in mammalian cells. 

Histone  Site Modifications Enzymes Functions 

H2A Lys5 Acetylation  Tip60, p300/CBP  Transcriptional activation 

Ser139 Phosphorylation ATR, ATM,  

DNA-PK 

DNA repair 

H2B Lys5 Acetylation p300, ATF2 Transcriptional activation 

Lys12 Acetylation p300/CBP, ATF2 Transcriptional activation 

Lys15 Acetylation p300/CBP, ATF2 Transcriptional activation 

Lys20 Acetylation p300 Transcriptional activation 

Ser14 Phosphorylation Mst1, unknown Apoptosis, DNA repair 

Lys120 Ubiquitylation UbcH6 Meiosis 

H3 Lys9 Acetylation Gcn5, SRC-1 Transcriptional activation 

Histone deposition 

Lys14 Acetylation unknown Histone deposition 

Transcriptional activation 

DNA  repair 

RNA polymerase II & III 

transcription 

Lys18 Acetylation Gcn5, p300/CBP Transcriptional activation 

DNA repair and replication 

Lys23 Acetylation Gcn5,SAs3, 

p300/CBP 

Histone deposition   

Transcriptional activation 

Lys27 Acetylation Gcn5 Transcriptional activation 
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Histone  Site Modifications Enzymes Functions 

H3 Lys4 Methylation MLL, ALL-1 Transcriptional activation 

Arg8 Methylation PRMT5 Transcriptional repression 

Lys9 Methylation Suv39h,Clr4, G9a, Transcriptional repression 

Arg17 Methylation CARM1 Transcriptional activation 

*Lys27 *Methylation *Ezh2 Transcriptional repression 

Lys36 Methylation Set2 Transcriptional repression 

Lys79 Methylation Dot1 Transcriptional activation 

Thr3 Phosphorylation Haspin/Gsg2 Mitosis 

Ser10 Phosphorylation Aurora-B kinase, 

MSK1, MSK2, IKK-

α, Snf1 

Mitosis, meiosis, 

Transcriptional activation 

Thr11 Phosphorylation Dlk/Zip Mitosis 

Ser28 Phosphorylation Aurora-B kinase, 

MSK1, MSK2 

Mitosis 

Transcriptional activation 

H4 Lys5 

Lys12 

Acetylation Hat1, Esal, Tip60, 

ATF2, Hpa2, p300 

Histone deposition 

Transcriptional activation 

Lys8 

Lys16 

Acetylation Gcn5, PCAF, Esal, 

Tip60, ATF2, Elp3 

Transcriptional activation, 

DNA repair 

Arg3 Methylation PRMT1 Transcriptional activation 

Lys20 Methylation PR-Set7, Suv4-20h Checkpoint response 

Lys59 Methylation unknown Transcriptional silencing 

Ser1 Phosphorylation CK2 Mitosis, DNA repair 
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Most histone modifications shown in Table1.1 are responsible for regulation 

of gene expressions, and they often function in combinational manners to specify 

the status of a gene’s expression. This combination of histone markers on a specific 

gene is identified as histone code. The relationship between gene expression and 

histone code is still not clear. In which, histone H3K27me3 (tri-methylation of lysine 

on histone H3 tail) is well studied and is the favorite histone markers to identify the 

repression status of gene expression. Thus, in this thesis, we focused on the study of 

H3K27me3 in mammalian cells. 

Histone H3K27 Methylation 

The tri-methylation of histone H3K27 is found to be correlated with gene 

repressions. In murine embryonic stem cells, 512 transcriptional factors playing 

important biological functions during development were repressed with H3K27me3 

markers on their regulatory regions (Boyer LA, 2006); in human embryonic stem 

cells, over 200 genes encoding key development factors were reported to be 

repressed by H3K27me3 to maintain the pluripotency of stem cells (Lee TI, 2006); 

in the whole human genome, most H3K27me3 were elevated at silent promoter 

while reduced at active promoters (Barski A, 2007).   

The core enzyme to tri-methylase H3K27 marker is called Polycomb 

Repressive Complex 2 (PRC2) which is conserved from Drosophila to mammals. 

PRC2 complex has three core subunits including EED, EZH2, and SUZ12 (Cao R, 

2002), in which EZH2 is the catalytic enzyme to trimethylase histone H3K27 

markers (Kuzmichev A, 2002). Structure studies indicate that the histone 
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methyltransferase activities of EZH2 depend on its interactions with EED and SUZ12 

(Cao R, 2004).  In turn, the EED proteins recognize H3K27me3 markers and further 

activate the activities of PRC2 complex (Xu C, 2010). 

PRC2 complex is essential for maintaining gene expression profiles of 

different cells. Abnormal functions of PRC2 complex cause development disorders 

or cancers. PRC2 has been reported to regulate the differentiation of embryonic 

stem cells (ESCs) by repressing pluripotency genes. EED knocking out ESC cells fail 

to repress Oct4, Sox2 and Nanog when cells are induced to differentiate (Obier N, 

2014).  Deletion of EZH2 enhances the differentiation of pancreas from stem cells 

(Xu CR, 2014). The elevated expressions of EZH2 are found in a wildly variety of 

solid tumors (Deb G, 2014). Besides, both mutations of PRC2 complex and 

H3K27me3 sites are reported to be accumulated in many cancer cells (Ezponda T, 

2014).  

Numerous genes in vivo are regulated by its tri-methylation status of H3K27, 

which requires the regulation accurately and specifically. However the key enzyme 

complex of H3K27me3, PRC2, cannot directly bind to DNA.  How PRC2 is recruited 

to its target genes specifically is still unclear till now.  

PRC2 Complex Recruitment 

The recruitment of PRC2 complex to its target genes may be bridged by two 

different kinds of molecular in Drosophila revealing two kinds of possible 

mechanisms. Specific DNA elements called polycomb repressive elements (PREs) in 
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Drosophila have been identified as the recruiting elements of PRC2 complex 

(Schuettengruber, B., 2009). Transcriptional factors are believed to be another kind 

of PRC2 recruiters. There are four well studied transcription factors in Drosophila, 

Pho/Phol (Savla U, 2008), Gaf (Nicolas N, 2006), Zeste (Saurin AJ, 2001) and Psq 

(Huang DH, 2002), found to recruit PRC2 to its target genes.  

In mammals, the recruitment mechanisms of PRC2 to its target genes are not 

clear. Genome wild analysis of PRC2 targeted sequences identified CpG islands with 

high enrichments of PRC2 complex, but failed to indicate any consensus responsive 

elements (Ku M, 2008). Sequences homologue searching in mammalian genomes 

against identified PREs in Drosophila also failed. Those studies indicate the 

complexity in PRC2 recruitment bridged by DNA sequences in mammals. For the 

transcriptional factors, only YY1, the mammalian homologue of Pho protein, is well 

studied as a PRC2 recruiter in mammalian cells (Wilkinson FH, 2006). Recently 

studies of PRC2 recruitments in mammalian cells indicate another possible 

mechanism, non-coding RNAs bridged PRC2 recruitments (Tsai, M., 2010). In this 

thesis, we focus on studying the PRC2 recruitment by transcriptional factors. 

Although YY1 has been identified to recruit PRC2 complex to target genes, 

the genome wild analysis showed that the gene coverage of PRC2 is much wider 

than that of the identified transcription factors YY1 (Xi H, 2007). Thus, it is 

necessary to study other possible transcription factors which can recruit PRC2 

complex specifically to its target genes. 
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Here, we identified a new protein named MSTANTD3 which is a possible 

mammalian homologue of Zeste by computational prediction and alignments. Given 

that Zeste can recruit PRC2 in Drosophila, we hypothesize that MSANTD3 is a 

potential PRC2 recruiter in mammalian cells. To test this hypothesis, we validated 

the DNA binding ability of MSANTD3 and its interaction with PRC2 complex both in 

vivo and in vitro. Most DNA binding elements of MSANTD3 identified by Chip-seq 

assay co-localized with PRC2 complex in human cells. To further understanding the 

biological function of MSANTD3, we invested its function in P19 differentiation into 

neurons. Based on the results of all these experiments, we conclude that MSANTD3 

is a new PRC2 recruiter in mammalian cells, which may play a role in regulating 

neuron differentiation.  

 



 
 

Chapter 2 

Material and Methods 

2.1. Constructs and Cell Cultures  

Full length and fragments of human Msantd3 gene were cloned from human 

Bone cDNA library, and then were constructed into pOPINE-GST plasmids with GST 

tags on their N terminals, which were used to purify GST-tagged proteins for the 

GST-Pull down Assays. Full length human Msantd3 gene was constructed into 

pOPINE plasmid with His tag on its N terminal to purify His-tagged MSANTD3 

proteins which were used to do the Gel-Shift Assays. Full length Msantd3 gene was 

constructed into pcDNA3.1 plasmid with Flag tag on its N terminal domain for gain-

in-function studies and enzyme activity studies. shRNAs of mouse Msantd3 gene 

were annealed and constructed into pLKO.1 plasmids to knocking down Msantd3 in 

mouse P19 cells.  

1 
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 Full length Eed gene was cloned from human Hela cDNA library and then 

was constructed into pGEX6p1 plasmid for purifying GST-tagged EED to perform 

reverse GST pull down assays. 

Ecoli. DH5alpha and Rocetta2 cells with different plasmids were cultured in 

LB medium. The detailed culture conditions are described in protein purification 

processes.  

Human A549 cells were cultured in DMEM medium with 10% FBS, and 

incubated at 37C with supplying 5% CO2. Mouse p19 cells were cultured in MEM 

alpha medium with 5% FBS, and incubated at 37C with supplying 5% CO2. Mouse 

P19 cells with pCDNA3.1 plasmid were cultured in MEM alpha with 500ug/ml G418 

and 5% FBS. Mouse P19 cells after lenti-virus infection were cultured in MEM alpha 

with 2ug/ml puromycin and 5% FBS. Human 293T cells were cultured in DMEM 

medium with 10% FBS and incubated at 37C with supplying 5% CO2. 

2.2. Protein Purification 

The full length and fragments of MSANTD3 proteins were expressed in 

Rocetta2 cells at 18C for overnight with 1mM IPTG induction. Cells were lysed in 

lysis buffer (20mM HEPES 7.6, 300mM NaCl, 10%Glycerol,1mM DTT and 1*Protease 

Inhibitor); Proteins were purified using GST beads and eluted in elution buffer 

(20mM HEPES 7.6, 300mM NaCl, 10%Glycerol). For the proteins without GST tag, 

the GST was removed by PreScission Protease by digesting at 4C for overnight. 

Following the GST-tag purification, proteins were further purified by Ion-Exchange 
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(Low salt buffer – 20mM Hepes 7.6, 10mM NaCl, 10% glycerol and 1mM DTT; High 

salt buffer -- 20mM Hepes 7.6, 1M NaCl, 10% glycerol and 1mM DTT) and Gel-

filtration columns (20mM Hepes 7.6, 300mM NaCl, and 10% glycerol).   

The EED protein was expressed in Rocetta2 at 17C for overnight with 1mM 

IPTG and purified by GST beads. The cell lysis buffer and wash buffer was 50mM 

Tris-Hcl 8.0, 500mM NaCl, 10% Glycerol, adding 1mM DTT and protease inhibitors 

before use. The protein was further purified by running Ion-exchange (Low salt 

buffer – 50mM Tris-Hcl 8.0, 10mM NaCl, 10% glycerol and 1mM DTT; High salt 

buffer -- 50mM Tris-Hcl 8.0, 1M NaCl, 10% glycerol and 1mM DTT) and Gel-filtration 

(50mM Tris-Hcl 8.0, 300mM NaCl, and 10% glycerol)columns. PreScission Protease 

was used to remove the GST tag when necessary. 

2.3.  Kit, Reagent and Antibodies 

Gel shift kit from Roche (Cat.03353591910) was used to perform the gel shift 

assay. Thermo Scientific Biotin 3’ End DNA Labeling Kit (Cat.89818) was used to 

labeling DNA Biotin. RNA extraction kit was Qiagen RNeasy Mini Kit. (Cat.74104) 

Reverse Transcription kit was Invitrogen SuperScript® III First-Strand Synthesis 

System (cat. 18080-051).  Histone H3K27me3 transferase activity assay kit was 

EpiQuick Histone Methyltransferase Activity Assay Kit (Cat.P-3005) 

Anti Ezh2 antibody is from BD Biosciences (Cat.612666); anti suz12 antibody 

is from Santa Cruz Biotechnology (SC-67105); anti EED antibody is from Millipore 

(Cat.05-1320); anti MSANTD3 antibody is from Sigma (SAB1102681); anti histone 
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H3 antibody is from Active Motif (Cat.61278); anti histone H3K27me3 antibody is 

from Active Motif (Cat.61017); and anti-histone H3K4me3 antibody is from Active 

Motif (Cat.39915). 

2.4. Circular Dichroism Secondary Structure Screening 

The circular dichroism (CD) secondary structure screening was performed to 

detect MSANTD3 secondary structure. Purified His-tag MSANTD3 protein was used 

to do the CD scanning.  

Firstly, purified MSANTD3 was diluted to around 2ug/ul by CD buffer (5mM 

HEPES, 125mM NaCl, 5% glycerol and 0.5mM MgCl2). Before detect the protein 

spectrum, buffer only spectrum was recorded to test the background absorption 

from 190nm to 260nm. Then, the protein spectrum was recorded on the same 

wavelengths. The repeat measurement times were set to 6, typical Q-Venter Volume 

400ul and the cell reading length 1nM. 

2.5. Cell lysate Extraction and GST-Pull down Assay 

Mouse P19 cells or human A549 cells were cultured following the cell culture 

protocols described above. For running SDS-PAGE followed by Western Blotting 

experiments, cells were harvested and lysed by RIPA buffer (50mM Tris-HCl 7.4, 

150mM NaCl, 1%NP40, 0.1%SDS, 1mM EDTA add protease inhibitor before use). 

For GST-pull down and enzyme activity assays, cells were harvested and lysed by 

Low-salt buffer (50mM HEPES 7.4, 50mM NaCl, 1%NP40, and protease inhibitors.) 
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followed by High-salt buffer (50mM HEPES 7.4, 600mM NaCl, 1%NP40, and  

protease inhibitors.).  Before doing GST-pull down assay or enzyme activity assay, 

the raw cell extracts were dialysis to low salt buffer with salt less than 300mM.  

The purified GST-tag proteins were bound to the GST beads (100ug 

protein/30ul beads) firstly at 4C for 4 hours to overnight, and then incubated with 

500ug cell lysates at 4C for overnight. Beads were collected and washed by washing 

buffer (PBS or 20mM Hepes7.6, 300mM NaCl and 10%Glycerol). The final proteins 

were eluted by elution buffer (20mM Tris-HCl 8.0, 10%SDS) followed by running 

SDS-PAGE and doing Western Blots. 

2.6. Histone Extraction and Histone Methylation Activity Assay 

Cells were harvested and washed by PBS twice. Every 10E7 cells were 

resuspended in 1ml TEN buffer (1* PBS, 0.5% Triton X 100, 0.05% NaN3 and 

protease inhibitors), lysed on ice for 10min and then centrifuged at 2000rpm for 

5min. The pellets were then resuspended by 0.2M HCl (4*10E7 cells/ml), and 

rocked at 4C for overnight. The final mixture was centrifuged and the supernatant 

was collected for further use. 

Histone H3K27me3 activity assay was developed based on EpiQuick Histone 

Methyltransferase Activity Assay Kit (Cat.P3005). Briefly, mix 24ul reaction buffer, 

1.5ul methyl-donor, 2ul histone substrates and 3ul different protein samples 

together, and incubate the mixture at 37C for 1h. After the reaction, the antibody 

capturing H3K27me3 was added to each strip and incubated at Room Temperature 
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for 1h. After four times’ washes, the secondary antibody was then added into each 

strip well and incubated for 30min at Room Temperature. Finally, each strip well 

was developed by developing buffer until its color changed to blue. Stop buffer was 

added then and the sample was ready for reading OD at 450nm. The enzyme activity 

was calculated by formula 1000*OD (sample-blank)/ (protein (ug) * hour * slope). 

The slope was calculated from the standard curve. 

2.7. DNA Oligo-Annealing-Labeling and Gel Shift Assays 

To anneal synthesized single strand DNAs into double strand DNA, equal 

molar complementary single strand DNAs were added into annealing buffer (10mM 

Tris-HCl, 1mM EDTA, 0.1M NaCl, PH=8.0), and was boiled at 95C for 10min in water 

bath. After denaturing, close the water bath and let the whole system cool down to 

RT slowly. Annealed DNA was then used for labeling. 

To perform the DNA Biotin-labeling process, Thermo Scientific Biotin 3’ End 

DNA Labeling Kit (Cat# 89818) was used. For 50ul reaction system, 5ul water, 10ul 

reaction buffer, 25ul 1uM oligo-DNA, 5ul Biotin-11-UTP, and 5ul diluted enzyme 

were added and incubated at 37C for 2 hours. Then, 2.5ul 0.2M EDTA was added 

into the system to stop the reaction. Finally, labeled DNAs were purified by 

chloroform:isoamyl alcohol and Zeba Spin Desalting Column from Thermo Scientific. 

 The gel shift assay was performed following the protocol listed in the Roche 

(Cat.03353591910) kit. Briefly, the DNA element was synthesized and labeled by 

DIG, and then incubated with purified proteins at 4C for at least 30mins. Native 
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running buffer was used to help loading the mixture into native DNA PAGE gel. After 

running the PAGE, the gel was used to transfer its contents onto membrane which is 

used to detect the DIG signals by anti-DIG antibody. 

2.8. Chromatin Immunoprecipitation and Sequential CHIP  

The chromatin Immuno-precipitation experiments follow the protocol of 

reference of Nature Protocols with minors’ modification at the shearing DNA step. 

Human A549 cells and mouse P19 cells were cross-linked for 15min and then 

treated by lysis buffers to broken the cells. The chromatin DNA was sheared by 

sonication for 40 cycles to get the proper DNA elements, which was incubated with 

antibody-conjugated magnetic beads for overnight at 4C. The antibody-DNA 

complex was washed and eluted followed by reverse-crosslinking and RNA, protein 

digestions. The final DNA was purified by phenol:choloroform extraction and EtOH 

precipitation.  

Sequential Chip (SeqChip) was performed based on the conventional Chip 

protocol described above with two successive Chip steps. Briefly, cells were 

harvested and lysed following conventional Chip protocols. Cell lysates were 

incubated with first antibody conjugated magnetic beads at 4C for overnight. After 

washing, the Chipped DNAs were eluted by 10mM DTT at 30C for 30min, and then 

were incubated with secondary antibody conjugated magnetic beads at 4C for 

overnight. The reChipped DNAs were then washed and eluted followed by reverse-
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crosslinking and RNA, protein digestions. Finally, the reChipped DNAs were 

extracted by phenol:choloroform and precipitated by EtOH. 

The Chipped DNAs were used for next generation sequencing or quantitative 

PCR validation. The next generation sequencing experiments were performed by 

Hiseq2000 machine and processed by MD Anderson sequencing center. The 

quantitative PCR experiments were performed on Illumina Eco system.  

The chip-seq data was produced by Hiseq2000 machine operated by MD 

Anderson Cancer Center.  The raw data was in FASTQ format, which was uploaded 

and processed on GALAXY service.  Firstly, the FASTQ datasets were processed by 

FASTQ statistics and FASTQ trimmer to check their qualities.  The FASTQ trimmer 

results were then converted to FASTA files which were used for mapping reads to 

human hg19 or mouse mm9 genomes by BOWTIE software. The SAM files generated 

by BOWTIE were transferred into BAM files by using SAM to BAM converter. The 

BAM files were merged together and used for calling peaks. SICER was used to do 

peak-calling with setting the windows 1000bps, the gap size 0bp, and the statistics 

threshold 0.01. The top 100 sequences of enriched peaks were further used to 

calculate DNA motifs recognized by MSANTD3 by Gibbs Sampling methods. Besides, 

the annotated peaks were further analyzed in Genome Brower by comparing with 

exist histone H3K4me3 and H3K27me3 peaks.  
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2.9. P19 Cell Differentiation  

Mouse P19 cells were cultured in MEM alpha medium with 5% FBS. To 

induce P19 cells differentiation into neurons, cells were firstly sub cultured at 1:8 

ratios to new bacterial plates for 48h with 500nM Retinoic Acid. Then the cells were 

continually sub cultured at 1:4 ratios for another 48h with 500nM Retinoic Acid. 

After four days’ induction, the cells were transferred onto tissue culture plates at 1:4 

ratios, and were continually cultured without RA for targeted time courses. 

2.10. Transfection and Lenti-virus Preparation  

To transfect plasmid into mouse P19 cells, following steps were performed. 

One day before transfection, 5*10E5 cells in 2ml culture medium were plated onto 

6-well plate, which gave the cell density 90% when doing transfection. 3ug DNA was 

diluted in 250ul Opti-MEM medium and 9ul Lipo2000 was diluted in 250ul Opti-

MEM medium. Then the DNA and lipo2000 were mixed together and kept at RT for 

20min. The mixture was clockwise dropped into target cells and incubated at 37C 

for 12 hours, after which the cell culture was changed back to fresh medium and 

kept culturing for additional 48 to 72 hours for functional study. 

To transfect siRNA into mouse P19 cells, the basic protocol was same as 

plasmid transfection with modifications. 100pmol siRNA was diluted in 250ul Opti-

MEM medium and 5ul Lipo2000 was diluted in 250ul Opti-MEM medium, which 

were mixed together and was incubated at RT for 20min. The mixture was clockwise 

dropped into target cells and incubated at 37C for 15 hours, after which the cell 
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culture was changed back to fresh medium and kept culturing for additional 72 to 

96 hours for functional study. 

ShRNAs targeted mouse Msantd3 gene were synthesized and annealed 

following the annealing protocol. The shRNAs were then constructed into pLKO.1 

plasmids. For each 6cm tissue culture dish of 293T cells, 2ug pLKO.1-empty or 

pLKO.1-shRNA, 1.5ug psPAX2 plasmid, and 0.5ug pMD2.G were co-transfected into 

the cells following the transfection protocol. 12-16 hours after transfection, the cell 

culture medium was changed to fresh one and the cells were continually cultured 

for 24 hours. Then the medium was harvested and centrifuged to get the lenti-virus 

which was used for target cell infection. 

 Mouse P19 cells were plated on 6cm tissue culture dish one day before 

infection. 1-5ml medium containing lenti-virus with 8ug/ml polybrene was used to 

infect the P19 cells at 37C for 24hours. After infection, the cell culture medium was 

changed to fresh medium with 2ug/ml puromycin. The cells were screened till no 

died cells were observed.  Stable cells were then frozen in liquid nitrogen for further 

use. 

2.11. RNA Extraction and Reverse Transcription 

RNA extraction was performed by Qiagen RNeasy Mini Kit. Briefly, every 

5*10E6 cells were suspended by 350ul RLT buffer, and then 350ul 70% EtOH was 

added into the lysate. The mixture was transferred to RNeasy Mini column and 
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centrifuged to remove the flow through. RW1 and RPE buffers were used to wash 

the column twice. The final RNA was eluted by 30ul RNase-free water.  

Extracted RNAs was used to do reverse transcription following protocol 

described in Invitrogen SuperScript® III First-Strand Synthesis System. In 10ul 

system, 5ug RNA was mixed with 1ul primer and 1ul dNTP, and denatured at 65C 

for 5min. After denaturing, the mixture was combined with 2ul 10*reaction buffer, 

4ul 25mM MgCl2, 2ul 0.1M DTT, 1ul RNeaseOUT and 1ul SuperScriptIII RT to 20ul 

system and then performed the reverse transcription reaction at 50C for 50min. To 

stop the reaction, the whole system was kept at 85C for 5min. After the reaction, 1ul 

RNase H was added to digest the RNA at 37C for 20min. The cDNA was stored at -

20C for further use. 
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Chapter 3 

Results and Discussion 

3.1. Computational prediction of Drosophila Zeste Homologue in 

human genome 

Accurate recruitment of PRC2 complex to its target genes is essential for cell 

functions. But how PRC2 is recruited in mammalian cells is unknown. In Drosophila, 

four well studied transcription factors including Zeste have been identified as PRC2 

recruiters. However in mammalian cells, only YY1 which is the homologue of 

Drosophila Pho protein has been identified as PRC2 recruiter. Here, we use primary 

sequence alignment and predicted 3D structure alignment to search Drosophila 

Zeste homologue in mammalian cells.  

Protein Zeste has two separate domains, DNA binding domain ranging from 

amino acid 47-138 and coiled-coil domain from amino acid 500-575 (Chen JD, 
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1993). Both of those domains are conserved across Drosophila genre. Because of the 

requirement of DNA binding ability for PRC2 recruiters, the DNA binding domain of 

Zeste was used as the Query in BLAST to search for its similar proteins in human 

protein database. The highly similar protein named MSANTD3 was identified in this 

process. 

As shown in Figure3.1(A), primary sequence alignment of DNA binding 

domain of Zeste and N terminal domain of MSANTD3 yields 22 identical residues, 28 

conserved residues, and 11 semi-conserved residues. The identity percentage is 

24% and the similarity percentage is 66%. This indicates the high similarity 

between DNA binding domain of Zeste and N terminal domain of MSANTD3 at the 

primary sequence level. 

Furthermore, 3D structures of those two proteins were predicted by I-

TASSER (Zhang Y, 2008) (Roy A, 2010). The best model of Zeste was predicted with 

the highest C-score = -4.29 and its PDB file was used to present the 3D structure of 

Zeste DNA binding domain. The best model of MSANTD3 was predicted with the 

highest C-score = -1.16, which was used to represent the 3D structure of MSANTD3 

N terminal domain. Those two structure models were aligned by Pymol 

(Schrödinger, LLC.) and the final result was shown in Figure3.1 (B). Both the DNA 

binding domain of Zeste and the N terminal domain of MSANTD3 are helix-loop-

helix. The superimposition of those two proteins indicates a highly similarity at 

their 3D structure levels. The alignment of predicted 3D structures between the two 
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further confirms that the N terminal domain of MSANTD3 is similar to the DNA 

binding domain of Zeste. 

The secondary structure of MSANTD3 was then analyzed by online service of 

Network Protein Sequence Analysis (Combet C, 2000). The first 140 amino acids at 

the N terminus form a helix-loop-helix which is the same as its predicted 3D 

structure, and the last 90 amino acids at C terminal is a typical coiled-coil domain 

which is similar to the C terminal domain of Zeste. The schematic structure of 

MSANTD3 is shown in Figure3.1 (C) giving two conserved domains: DNA binding 

domain and the coiled-coil domain, which is similar to the domain distribution of 

Drosophila Zeste. 

To further study the secondary structure of MSANTD3, Circular Dichroism 

experiment was performed on the purified MSANTD3 protein. I amplified human 

Msantd3 gene from Bone marrow cDNA library, and constructed it into pOPINE 

plasmid with His tag on its N terminus. This plasmid was used to express and purify 

the protein in E.coli cells. His-tagged MSANTD3 protein was purified following the 

protocol described in Chapter 2.  

1.92ug purified MSANTD3 protein was dissolved in 400ul CD buffer and its 

absorption spectrum on 200nm to 260nm was recorded with CD buffer only as the 

background. The record was repeated by measuring 6 times and the final spectrum 

normalized by the background was shown in Figure3.1 (D). The CD result of full 
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length MSANTD3 was analyzed by K2D2 software (Carolina P, 2008), which was 

shown in Fig3.1 (E). 

The CD scanning result shows that full length MSANTD3 protein has a typical 

helix structure, with 63.05% helix and 3.29% beta strand. This result is highly 

consistent with its secondary structure prediction result as described above. Based 

on the knowledge that most DNA binding proteins prefer helix-loop-helix structures, 

it is highly possible that MSANTD3 which has a high ratio of helix structure harbors 

a DNA binding domain. 

All those computational prediction results as well as the CD experiment 

shown above indicate that MSANTD3 is highly similar to Zeste at primary 

sequences, 3D structure alignments and domain distribution, indicating that 

MSANTD3 is a possible human homologue of Drosophila Zeste. Given that Zeste can 

recruit PRC2 complex in Drosophila, we hypothesized that MSANTD3 is a PRC2 

recruiter in mammalian cells.  
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Figure3.1 (A) - Sequence alignment of the N-terminal domain of MSANTD3 
with the DNA binding domain of ZESTE. Yellow colors highlight the identical 

residues, and Blue colors highlight the conserved residues. 

 

 
Figure3.1 (B) - 3D structure prediction alignment of Zeste and MSANTD3 DNA 
binding domains. The green one indicates DNA binding domain of Zeste, and 

the red one indicates the N terminal domain of MSANTD3. 
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Figure3.1 (C) - Schematic structure of MSANTD3 fragments. Secondary 
structure analysis identfied a DNA binding domain on its N ternminal, and a 

coiled-coil domain on its C terminal.   
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Figure3.1 (D) – The CD spectrum of full length MSANTD3 after blank 
correction. Purified full length MSANTD3 protein was resolved in detection 

buffer and its absorption spectrum was recorded from 200nm to 260nm.  
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Figure3.1 (E) – Predicted model of the secondary structure of full length 
MSANTD3 using K2D2 software analysis. Red cross was the input theta data 

and the green cross was the predicted secondary structure by K2D2 software; 
the predicted helix is 63.05%, and the predicted beta strand is 3.29%, with the 

max error is 0.4. 

  

 



 34 
 

3.2. MSANTD3 can interact with core subunits of PRC2 complex 

Given the structure similarity between MSANTD3 and Zeste, I hypothesized 

that MSANTD3 was a potential PRC2 recruiter in mammalian cells. To test this 

hypothesis, firstly, I tested if MSANTD3 could interact with PRC2 complex in vivo 

and in vitro.  

Firstly, I examined whether MSANTD3 interacted with PRC2 complex in vivo. 

I performed size exclusive gel filtration of nuclear extracts from mouse P19 cells. 

The process for preparing nuclear extract was described in Chapter2. The raw 

nuclear extracts were loaded onto S6 column and different fractions separated by 

protein size were collected as shown in Figure3.2 (A). The core subunits of PRC2 

including EZH2, SUZ12 and EED as well as MSANTD3 were detected by Western 

Blots on all the elution fractions. The result is shown in Figure3.2 (B).  

The data in Figure3.2 (A-B) showed that all the core subunits of PRC2 were 

eluted in the first peak from fraction 13 to fraction 17. The MSANTD3 protein was 

also eluted from the high molecular weight fractions ranging from 14 to 18. The 

overlapping fractions of MSANTD3 and PRC2 complex were from fraction#14 to 

#17. This indicated that MSANTD3 could be co-eluted with PRC2 complex. Thus, 

under native state, it is highly possible that MSANTD3 interacts with PRC2 complex 

in vivo. 

Since the key function of PRC2 complex is regulating tri-methylation of 

histone H3K27, next we wanted to examine whether the co-eluted fractions of 
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MSANTD3 with PRC2 complex had histone methyltransferase activities. We 

collected and concentrated the elution fractions from size-exclusive 

chromatography, and measured their H3K27 tri-methyltransferase activities in vitro 

by using the commercial kit described in Chapter2. Then the activities were 

normalized by protein concentrations. The final result is shown in Figure3.2 (C). 

The data in Figure3.2 (C) showed that the elution fractions from #14 to #17, 

corresponding to the first peak in size-exclusive gel-filtration result shown in 

Figure3.2 (A), had higher methyl-transferase activities compared to fractions #21-

22. Besides, the results shown in Figure3.2 (B) indicated that the fractions with both 

MSANTD3 protein and PRC2 complex were from #14 to #17, which was highly 

consistent with the methyl-transferase activities assay. Combining the results of 

Figure3.2 (A-C) together, it clearly shows that MSANTD3 can be co-eluted with 

PRC2 complex at high-molecular weight peak. Besides, those co-eluted 

fractions have strong histone methyl-transferase activities. All those data 

indicated that MSANTD3 interacted with PRC2 complex in native P19 cells. 

To further study the interaction between MSANTD3 and PRC2 complex, we 

performed GST pull down assays by using purified GST-tagged MSANTD3 proteins 

to precipitate the core subunits of PRC2 complex: EZH2, EED and SUZ12. 

The full-length, N-terminal and C-terminal domain proteins of MSANTD3 

were expressed in E.coli and purified by GST beads. The GST-pull down assay was 

performed, followed by western blotting for EZH2, SUZ12 and EED.  
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The western blotting results of the GST pull down assay with different 

MSANTD3 fragments by anti-EZH2, anti-SUZ12 and anti-EED were shown in Figure 

3.2 (D). Compared to the GST protein control, both the full-length and the N-

terminal domain of MSANTD3, but not the C-terminal domain of MSANTD3 can pull 

down all the three core subunits of PRC2. This result further indicates that 

MSANTD3 interacts with PRC2 complex and the N-terminus of MSANTD3 is 

responsible for the interaction. 

Furthermore, I wanted to know which subunit of PRC2 directly interacted 

with MSANTD3. Thereby, I knocked down Ezh2 in P19 cells which was used to 

perform the GST pull down assay by Full-length MSANTD3 to detect the component 

of PRC2. The results were shown in Figure3.2 (E). Similar to the results obtained in 

Figure3.2 (D), we found that MSANTD3 could pull down all the core subunits of 

PRC2 complex in wild type cells. Compared to the wild type P19 cells, when EZH2 

was knocked down, there was a significant decrease in the amount of EZH2 and 

SUZ12 but not EED as pulled down by MSANTD3. This indicates that EED is possibly 

the directly recognized protein by MSANTD3 in PRC2 complex. 

 To confirm the interaction between MSANTD3 and PRC2 complex, GST 

tagged EED was purified followed by the reverse GST pull down assay to detect the 

accumulation of MSANTD3 on EED. Figure3.2 (F) showed that the EED protein could 

pull down MSANTD3 compared to the control with GST only. Together, the results 

from Figure3.2 (D)-(F) indicate that MSANTD3 could interact with PCR2, 

probably via the interaction between its N terminal domain and EED. 
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Given that MSANTD3 could interact with PRC2 complex via its N terminal 

domain. I next examined whether the complex pulled down by MSANTD3 had 

histone H3K27 tri-methyltransferase activities. 

We overexpressed Flag-tagged MSANTD3 in mouse P19 cells, and then used 

M2 beads to pull down the MSANTD3 together with everything that it interacted 

with. The beads were then washed and eluted by 4*Flag-peptides. The final elution 

was concentrated and used to detect the histone H3K27 methyl-transferase 

activities. As shown in Figure3.2 (G), the product pulled down by MSANTD3 had 

1000 times’-higher activity than the empty vector control. In other words, 

MSANTD3 could pull down active PRC2 complex in mouse P19 cells. 

In summary, MSANTD3 could be co-eluted with PRC2 complex from the high-

molecular-weight peak when performing size-exclusive chromatography of nuclear 

extracts from P19 cells. Those elution fractions with both MSANTD3 and PRC2 

complex had higher histone H3K27 tri-methyl-transferase activities. This indicated 

that MSANTD3 could interact with PRC2 complex in vivo. Furthermore we 

performed the GST-pull down assay of MSANTD3 with wild type and Ezh2 knocking 

down mouse P19 cell extracts, and the results further indicate that MSANTD3 

interacts with PRC2 complex. Besides, the complex pulled down by MSANTD3 had 

high histone H3K27 tri-methyltransferase activities. All those data demonstrate the 

interaction between MSANTD3 and PRC2 complex both in vitro and in vivo. 
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Figure3.2 (A) – Size Exclusive Chromotography of nuclear extracts from wild 
type mouse P19 cells. The raw nuclear extract was loaded onto S6 colomn and 

different fractions were seperated by protein sizes and eluted to seperate 
collection tubes.  
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Figure3.2 (B) – Western Blot Results of the samples from Figure3.1 (A). The 
protein levels of EED, SUZ12, EZH2 and MSANTD3 were detected in each 

elution fraction by corresponding antibodies.  
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Figure3.2 (C) – Histone Methyltransferase Activity (H3K27me3) assay of the 
samples from Figure3.2 (A). Measured by EpiQuick Histone Methyltransferase 

Activity Assay Kit (Cat.P3005).   
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Figure3.2 (D) – GST pull down assay with GST tagged MSANTD3 fragments in 
wild type mouse P19 cells. The GST pull down assay was performed with full 
length,N-terminal domain and C-terminal domain of MSANTD3 in whole cell 
lysatess of wild type P19 cells; the enrichments of  PRC2 core subunits  were 

detected by western blottings.   
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Figure3.2 (E) – GST pull down assay with GST- MSANTD3 in wild type and Ezh2 
knocked down P19 cells. The enrichments of  PRC2 core subunits by full 

length MSANTD3 were detected by western blottings.   
 

           
 

Figure3.2 (F) – GST pull down assay with GST-EED in wild type P19 cells. The 
enrichments of  MSANTD3 by EED was detected by western blotting. 

 

 



 43 
 

 

 

Figure3.2 (G) – Histone Methyltransferase Activity assay of FLAG pull down 
fractions from P19 cells transfected with pcDNA3.1-Flag-MSANTD3 or 

pcDNA3.1-Flag-empty vector.   
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3.3. MSANTD3 can bind to a specific DNA element, the Zeste 

binding site in vitro 

In chapter 3.2, we confirmed that MSANTD3 could interact with PRC2 

complex in vivo and in vitro. Given that PRC2 complex cannot directly bind to DNA 

element, it is interesting to test whether MSANTD3 confers the DNA binding ability. 

Regarding the high similarity between N terminal domain of MSANTD3 and the DNA 

binding domain of Zeste as shown in Figure3.1 (B), the Zeste binding consensus 

sequence was used as the template for MSANTD3 binding. 

To test the DNA binding ability of MSANTD3, we performed the Gel-shift 

assay of MSANTD3 with a 22bp double-strand DNA element harboring one Zeste 

binding site. The detailed protocols were described in Chapter 2. Briefly, the DNA 

was synthesized and labeled by DIG then was incubated with purified MSANTD3 at 

room temperature for 30min. Then the mixtures were loaded to native DNA PAGE to 

separate the free DNAs from the ones bound by protein.  

As shown in Figure3.3 (A), there was a significant shift of the specific DNA 

element with a Zeste binding site, especially at higher MSANTD3 concentrations. 

The quantitative result of the specific DNA shift is shown in Figure 3.3(B) with the 

shift efficiency at the highest MSANTD3 concentration as 100%. The specific 

MSANTD3-DNA binding showed a dose-dependent pattern with the Kd value at 

1.5uM. The higher the MSANTD3 concentration was, the stronger the signal of 
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shifted DNA became. These results indicate that MSANTD3 can specifically bind to 

the DNA element harboring Zeste binding site. 

Next, I further studied which fragment of MSANTD3 was responsible for the 

DNA binding. To identify the minimum fragments of MSANTD3 responsible for the 

DNA binding, the protein was truncated into three parts as shown in Figure 3.3 (C) 

and they were used for the gel shift assays. Figure3.3 (D) shows that the full-length, 

F1 and F2 proteins all of which harbor the DNA binding domain of MSANTD3 shifted 

the specific DNA element, while the C terminal fragment F3 did not. This result 

indicates that the N terminal DNA binding domain of MSANTD3 is responsible for 

the DNA binding.  

Furthermore I studied the binding affinity of the N terminal domain protein 

with DNA in vitro. The DNA fragment was synthesized and labeled by Biotin 

following the labeling process described in Chapter 2. Then single strand DNAs were 

annealed into double stands. The Biotin labeled double strand DNA firstly was 

conjugated to streptavidin tips, which were used for MSANTD3 binding test. The 

DNA-conjugated tips were then loaded into the wells with various concentrations of 

N terminal MSANTD3 proteins, and the binding association curves were recorded by 

octet machine. After recording the association curve, the DNA-conjugated tips were 

then loaded into the wells with binding buffer only, and the dissociation curves were 

recorded. The binding kinetic result of N terminal MSANTD3 with DNA was shown 

in Figure3.3 (E). 
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The result in Figure3.3 (E) showed that the N terminal domain of MSANTD3 

displayed typical association and dissociation curves, while the control-C terminal 

domain of MSANTD3 did not. This further evidence that the N terminal domain of 

MSANTD3 is responsible for its DNA binding ability as indicated by the gel-shift 

assay. Besides, with the increase of the protein concentration, the initial slope of the 

association curve also increased, which further confirmed the binding between the 

N-terminal-protein of MSANTD3 with the DNA. We further fitted the binding cures 

by 1:1 model and calculated its binding dissociation constant which was around 

1uM.  

Based on the fact that the N terminal domain of MSANTD3 can bind to the 

double strand DNA harboring one Zeste binding site, I further performed the 

crystallography study of this protein-DNA complex. 

Purified N terminal domain of MSANTD3 was incubated with synthesized 

double strand DNA at 1:1.3 ratios for overnight at 4C. Then the mixture was loaded 

into the size-exclusive chromatography S75 column. The superimposed results of 

MSANTD3-N only and the protein-DNA complex were shown in Figure3.3 (F).  The 

gel-filtration result showed a significant peak shift on protein-DNA complex 

compared to the sample with the N terminal protein only.  This further confirmed 

the binding between the N-terminal-MSANTD3 and the DNA. 

Next, I harvested the fractions from the complex peak and did the initial 

crystal screenings under different conditions. There were three conditions 
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producing initial crystals. Based on the initial screening conditions, I further 

optimized the crystal conditions by varying the buffer PH values, the salt 

concentrations and the precipitation regent concentrations. The best crystals I got 

were used for diffraction test and the best resolution was 8A. This diffraction 

resolution was too low to calculate the phase. 

In conclusion, based on the structure similarity between N terminal domain 

of MSANTD3 and Zeate DNA binding domain, we firstly performed the Gel-shift 

assay to test the DNA binding ability of full length MSANTD3, and found that 

MSANTD3 could bind to the DNAs harboring one Zeste binding site.  Furthermore 

we studied which fragment was the minimum one responsible for the DNA binding, 

and found that the first 95 amino acid on the N-terminus was responsible for DNA 

binding. This DNA binding ability was further confirmed by Octet Kinetic binding 

assay and crystallography study. 

However the diffraction resolution of crystals of MSANTD3-N with DNA 

element was only 8A, which was not high enough for calculating the phase. One 

possibility was that the DNA element we used was not the optimized sequence for 

MSANTD3 binding. Thus, we studied the MSANTD3 binding element in mammalian 

cells which was described in chapter 3.4. 
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Figure3.3 (A) – Gel shift assay of full length MSANTD3 with the DNA element 
harboring a Zeste binding site. 

 

                
 

Figure3.3 (B) –Quantification of the shift efficiency in Figure3.3 (A). The shift 
shift efficiency with the highest MSANTD3 concentration was set as 100%, to 

which the other samples were normalized.   
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Figure3.3 (C) – Schematic of MSANTD3 fragments for Gel shift Assays. The 
fragments F1 and F2 have the DNA binding domain, and the F3 has the Coiled-

Coil domain.  

 

Figure3.3 (D) – Gel shift assays with MSANTD3 fragments and DNA oligos 
harboring one Zeste binding site. 
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Figure3.3 (E) – Kinetic Analysis of MSANTD3-N terminal domain in DNA 
interaction. The associaton curves were recorded by incubating a fixed 

amount of DNAs with different amounts of MSANTD3-N terminal proteins; The 
C terminal protein of MSANTD3 was used as the negative control(NC). 
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Figure3.3 (F) – Superimposed Gel filtration results of MSANTD3-N with or 
without DNA. MSANTD3-N with DNA was eluted at a larger molecular weight 

indicating the formation of  a protein-DNA complex. 
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3.4. Global analysis of MSANTD3 and PRC2 occupancy in 

Mammalian cells 

The results shown above clearly indicate the PRC2 recruitment function of 

MSANTD3 in vivo and in vitro. But the target genes directly regulated by MSANTD3 

are unknown. To address this issue, Chromatin immunoprecipitation by anti-

MSANTD3 antibody followed by High Throughput Sequencing was performed to 

identify the target genes directly regulated by MSANTD3 both in human A549 cells 

and mouse P19 cells.  

I performed the high-throughput sequencing by Illumina HighSeq2000, and 

the raw data sets were FASTQ files. Then the data sets were analyzed on GALAXY 

online service (Goecks J, 2010) (Blankenberg D, 2010) (Giardine B, 2005). Briefly, 

we firstly did the quality checks on all data sets and then mapped the reads to 

genomes by Bowtie (Langmead B, 2009). After mapping, the peaks were called by 

SICER (Zang C, 2009) and then their coordinates were exported to the results files 

by setting False Discover Rate to be 0.01. The statistical results of called peaks were 

shown in Table3.4 (A) with significant P value less than 10-5 and the False 

Discovery Rate less than 0.01. 

There were 753 fragments in human A549 cells and 1996 fragments in 

mouse P19 cells identified as the MSANTD3 binding sites by the Chip-seq 

experiment. 
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The identified MSANTD3 binding elements were further analyzed for the 

signal of H3K27me3 markers by Genome Brower database. 522 of the 753 

fragments identified in human and 1514 of the 1996 fragments identified in mouse 

have the H3K27me3 markers. In other words, almost 80% of the MSANTD3 binding 

sites bear the H3K27me3 markers. Given that H3K27me3 is the product of PRC2 

complex, there is a high chance of MSANTD3 and PRC2 co-occupancy on these DNA 

sites. This is consistent with our previous notion that MSANTD3 interacts with PRC2 

complex in vivo. 

The identified fragments were further annotated to their possibly regulated 

genes by GREAT (Cory Y McLean, 2010). Then the gene lists were used to do the 

Gene Ontology (GO) analysis by DAVID (Glynn Dennis Jr., 2003). The result of the GO 

analysis of MSANTD3 targeted genes in human A549 and mouse P19 cells are shown 

in Figure3.4 (A).  

The results in Figure3.4 (A) showed that the significantly enriched GO terms 

of the gene list annotated from mouse Chip-seq experiment were signal 

transduction, system development, transport, primary metabolic process, cellular 

component organization, response to stimulus, localization, cell-cell adhesion, 

regulation of immune system, cell differentiation, neurological system process, cell 

division and  communication, and regulation of transferase activity. Similar GO 

terms were enriched from the gene list generated from human Chip-seq experiment 

except the localization, regulation of the immune system, cell division and 

regulation of transferase activity. Among the 10 overlapping GO terms both 
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enriched in human and mouse Chip-seq experiments, cell differentiation and 

neurological system process were more interesting because they were also 

profoundly regulated by PRC2 complex. Hence, I would focus my subsequent 

MSANTD3 functional study on neuron differentiation process. 

As previously mentioned, the comparison between our MSANTD3 CHIP-seq 

results and the H3K27me3 CHIP-seq databases indicated a high rate of MSANTD3 

and PRC2 co-occupancy on the genes. To validate these findings, 10 randomly 

selected fragments from the overlapped sites were validated by Chip-qPCR 

experiments. The anti-MSANTD3 and anti-EZH2 were used to immunoprecipitate 

the chromatin-DNA complex with IgG as the negative control from human A549 

cells, and then the final DNA was extracted to perform the quantitative PCR assays 

to detect the accumulation of all the fragments.  

Figure3.4 (B) shows the results in human A549 cells and indicates that all 10 

fragments were accumulated in both MSANTD3 and EZH2 precipitation samples. 

This result validated the high-throughput data sets in human cells and further 

confirmed the co-occurrence of MSANTD3 and PRC2 complex in vivo. To examine if 

these co-occurrences were cell type dependent, we repeated these CHIP-qPCR 

experiments in human Hela cells and the result was shown in Figure3.4 (C).  

Similarly, we found that all the 10 fragments were also pulled down by MSANTD3 

and EZH2, which indicated the co-occurrences of these two proteins on the tested 

fragments in human Hela cells. Combining the results of Figure3.4 (B) and (C), we 



 55 
 

found that the co-occurrences of MSANTD3 with PRC2 complex were not dependent 

on the cell types in human.   

The results discussed above indicated that MSANTD3 could co-occupy with 

PRC2 complex in human and mouse cells in vivo. Next, I wanted to figure out the 

specific DNA binding motif of MSANTD3 based on the CHIP-seq data. The DNA 

sequences of the top 100 annotated peaks from MSANTD3 CHIP-seq in human A549 

cells or mouse P19 cells were obtained from Genome Brower. Then the sequences 

were loaded to MEME motif scanning software or Gibbs Sampling motif scanning 

software. The best calculated motif was shown in Figure3.4 (D). Comparing the 

calculated DNA motif recognized by MSANTD3 with Zeste binding consensus 

sequence, we found that there was high similarity between the two, which explained 

the binding results of MSANTD3 to Zeste binding consensus sequence described in 

chapter 3.3. 

The high-throughput CHIP-Seq experiments provided information about the 

genes directly regulated by MSANTD3. Next I studied the change of global genes’ 

expression levels by knocking down Msantd3 in mouse P19 cells. SiRNAs targeting 

mouse Msantd3 gene were purchased from Sigma. Then the two different siRNAs 

were transfected into P19 cells. The cells were harvested 48 hours after the 

transfection, and the total RNAs were extracted by using Qiagen RNeasy Mini Kit. 

The knocking down efficiency result was shown in Figure3.4 (E). The total RNAs 

were submitted to the Microarray Center of Baylor College of Medicine for 

microarray experiments, which use Agilent mouse one color array. 
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 The microarray data was processed and analyzed by Qiagen Ingenuity 

iReport software. There were 1678 genes altered with MSANTD3 depletion, in 

which 749 genes were up regulated and 929 genes were down regulated. The 1678 

genes were then used to do the Gene Ontology analysis by DAVID. The result was 

shown in Figure3.4 (F). 

The significantly enriched GO terms of the microarray assay were signal 

transduction, neurological system process, cell communication, regulation of 

response to stimulus, system development, transport, regulation of transferase 

activity, regulation of immune system process, primary metabolic process, cation 

homeostasis, response to stimulus, cell differentiation, cell division, molting cycle, 

localization, and cell-cell adhesion. Compared to the GO results of Chip-seq 

experiment in mouse cells, all 13 GO terms enriched in Chip-seq data were also hit 

in the Microarray data sets. This highly consistence had cross validated the results 

of GO terms annotation. Among them the neurological system process and cell 

differentiation were my focus in the following study. 

In conclusion, the high throughput CHIP-seq experiments of MSANTD3 in 

human A549 cells and mouse P19 cells showed that there were thousands of DNA 

fragments bound by MSANTD3 in both mouse and human cells. Among them, 80% 

were overlapped with H3K27me3 markers. Given that H3K27me3 is the product of 

PRC2 complex, this indicated the co-occupancy of PRC2 complex on the MSANTD3 

bound genes. To validate this co-existence, CHIP-qPCR experiments were performed 

by MSANTD3 and EZH2 antibodies on 10 randomly selected fragments in human 
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A549 cells and Hela cells. Their results indicated that both MSANTD3 and EZH2 had 

enrichments on the 10 randomly selected fragments. This further indicated that 

MSANTD3 interacted with PRC2 on their target genes in vivo.  

Furthermore we performed the microarray assay by knocking down 

Msantd3 in mouse P19 cells to identify the genes regulated by MSANTD3 in vivo. 

Then we performed the GO analysis of CHIP-seq and microarray data sets and found 

that the enriched GO terms by these two data sets were the same. Besides, we also 

calculated the DNA consensus sequence recognized by MSANTD3 and found that the 

motif shared high similarity with Zeste binding consensus sequence. This explained 

why MSANTD3 could bind to the DNA elements harboring one Zeste binding site.  

Till now, we have found that MSANTD3 could interact with PRC2 complex in 

vitro and in vivo. We also found that MSANTD3 could bind to a specific DNA 

element. These results validated that MSANTD3 could recruit PRC2 complex to their 

specific targets in vivo. From the Gene Ontology analysis of Chip-seq data sets and 

microarray data sets, we found that the neuron system process and cell 

differentiation were highly enriched. Given that PRC2 plays an essential role in these 

two biological processes, next we studied the function of MSANTD3 in neuron 

differentiation process.  
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Table 3.4 – CHIP-seq identified MSANTD3 binding fragments and the overlap 
with H3K27me3 database. 

SS      

Species # of MSANTD3 binding 
fragments 

# of the binding fragments with 
H3K27me3 marker 

Human 753 522 

Mouse 1996 1514 
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Figure3.4 (A) – GO analysis of CHIP-Seq data sets. Top:enriched GO terms of 
MSANTD3 CHIP-Seq from mouse P19 cells; Bottom:enriched GO terms of 

MSANTD3 CHIP-Seq from human A549 cells.   
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Figure3.4 (B) – CHIP-qPCR analysis of randomly selected 10 fragments from 
the overlapping pool of humanMSANTD3 with H3K27me3 in human A549 

cells. Blue column indicate the enrichments of MSANTD3 on the 10 fragments; 
red column indicate the enrichements of EZH2 on the 10 fragments. 
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Figure3.4 (C) – CHIP-qPCR analysis of randomly selected 10 fragments from 
the overlapping pool of humanMSANTD3 with H3K27me3 in human Hela cells. 

Top column indicate the enrichments of MSANTD3 on the 10 fragments; 
Bottom column indicate the enrichements of EZH2 on the 10 fragments. 
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Figure3.4 (D) – Motif sequence recognized by MSANTD3. The motif was 
calculated from MSANTD3 CHIP-Seq data sets by MEME or Gibbs Sampling.   

                                    
 

  
 

Figure3.4 (E) – Western Blot analysis showing MSANTD3 knockdown in P19 
cells with siRNAs targeting MSANTD3 or GFP as negative control. 

 

 

 



 63 
 

 

 

 
 
Figure3.4 (F) – GO analysis of Microarray data sets from mouse P19 cells with 

Msantd3 knockdown.   
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3.5. The functional study of MSANTD3  

To study the roles of MSANTD3 in neuron cell differentiation, we used P19 

cells as the differentiation model, which are mouse embryonic carcinoma cells that 

could differentiate to neurons upon the induction of retinoic acid.  

 To induce the mouse P19 cells into neurons, we followed the protocols 

described in Chapter2. Briefly, the P19 cells were sub-cultured in Bacteria grade 

culture plates with Retinoic Acid induced for 3 to 4 days, followed by subculture in 

tissue culture dishes. We harvested the cells at different time points over the whole 

differentiation process, and the whole cell lysates were used for running SDS-PAGE 

followed by Western Blots. The results were shown in Figure3.5 (A-B). 

The images in Figure3.5 (A) showed that P19 cells were successfully induced 

to neurons with dendrites. The western results in Figure3.5 (B) showed that the 

protein level of MSANTD3 decreased from day2 during the differentiation process, 

while the protein level of EZH2 slightly decreased from day4. The beta-tubulin was 

used as the control.  

Next, I extracted the histones at day6 from cells with or without Retinoic Acid 

induction following the protocols of histone extraction. And then we performed the 

western blots to examine the change of global H3K27me3 levels during the neuron 

differentiation process. Figure3.5 (C) showed the result that when inducing P19 

cells into neurons, the global H3K27me3 decreased. 
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The results shown above indicated that the protein level of MSANTD3 

decreased when inducing P19 cells to neurons. Given the conclusion from 

chapter3.2 to chapter3.4 that MSANTD3 recruits PRC2 complex to their target genes 

in vivo, decreasing MSANTD3 should decrease the PRC2 recruitment and lead to the 

decrease of global H3K27me3 level. The results shown in Figure3.5 (C) validated 

that when P19 were induced by Retinoic Acid, the global H3K27me3 significantly 

decreased.  

To further validate if decreasing MSANTD3 will lead to the decrease of 

H3K27me3 level in vivo, I knocked down MSANTD3 in P19 cells and checked the 

change of H3K27me3 levels by western blots. The result was shown in Figure3.5 

(D). The result showed that when knocking down MSANTD3 in P19 cells, the global 

H3K27me3 significantly decreased. This further confirmed that lacking MSANTD3 in 

vivo results in the deficiency of PRC2 recruitment which leads to the decrease of 

H3K27me3 levels. 

Next, I examined which neuron differentiation genes are regulated by 

MSANTD3 in vivo. Based on the GO analysis of high throughput data sets, I found 

that the neuron system development process was enriched in both Chip-seq data 

sets and the Microarray data set. The expression levels of genes in this catalogue 

were examined by knocking down or overexpressing Msantd3 in mouse P19 cells. 

Firstly, I performed the Msantd3 loss of function study. I knocked out 

Msantd3 in mouse P19 cells by Crisper method. Then the total RNAs were extracted 
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and the corresponding cDNAs were synthesized by Reverse transcriptional Kit in 

vitro. Finally quantitative PCR experiments were performed to check the expression 

levels of the target genes. The RT-qPCR result was shown in Figure3.5 (E), which has 

been normalized by the expression levels of Gapdh. From the Figure3.5 (E), I found 

that when knocking down MSANTD3 in P19 cells, the mRNA levels of all the neural 

differentiation markers were up regulated, which indicated that MSANTD3 

repressed the expression of neural differentiation factors in P19 cells. Together with 

the results described in Figure3.5 (B), when P19 cells were induced to neurons, the 

protein level of MSANTD3 decreased which activated the expression of neural 

differentiation markers. 

The results discussed above indicated that MSANTD3 repressed the 

expressions of neural differentiation related genes. Besides, we found that 

MSANTD3 could recruit PRC2 complex to their target genes in Chapter3.2-3.4. The 

next question was whether the repressions were dependent on PRC2 recruitment. 

To address this question, we performed the Sequential chromatin immune-

precipitation (SeqCHIP) to check the co-occupancy of MSANTD3 and PRC2 complex 

on the DNA regulation regions of the target genes in vivo. 

The detailed protocol of SeqCHIP was described in Chapter2. Briefly, the 

sheared chromatin DNAs were immuno-precipitated by the first antibody (anti-

MSANTD3 or anti-EZH2). Then the antibody conjugated beads were washed and 

eluted to get the first ChIPed DNAs which were used to perform the second 

immuno-precipitation by the other antibody. After two steps immuno-precipitation, 
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the final beads were washed and eluted to get the secondary ChIPed DNAs. The first 

ChIPed DNAs and the secondary ChIPed DNAs were reverse cross-linked and 

purified by Ethanol respectively. The final DNAs were dissolved in 30ul TE buffer for 

quantitative PCR analysis. 

The enrichments of the regulatory region of Lhx3 by SeqCHIP which 

performed the immuno-precipitations by pairwise combinations of MSANTD3 and 

EZH2 were shown in Figure3.5 (F), and the enrichments of the regulatory region of 

Pou4f2 were shown in Figure3.5 (G). The Seq-CHIP results showed that both 

MSANTD3 and EZH2 had enrichments on the two genes from the first immuno-

precipitations, indicating that both MSANTD3 and EZH2 could bind to the same 

regions of the target genes in P19 cells. For Lhx3 gene, the fold enrichment of the 

SeqCHIP from MSANTD3 followed by EZH2 was around 32 which was 3 times more 

than the signal of the first immune-precipitation from MSANTD3, compared to the 

control IgG, and the fold enrichment of the SeqCHIP from EZH2 followed by 

MSANTD3 was around 17 which was also 3 times more than the enrichments from 

EZH2 first immune-precipitation. This result indicated that MSANTD3 bound 

with EZH2 and co-occupied the regulatory regions of Lhx3 gene. Figure3.5 (G) 

showed the similar results that both MSANTD3 and EZH2 had enrichments on the 

regulatory region of Pou4f2 from the first immune-precipitations. The fold 

enrichments of SeqCHIP from MSANTD3 followed by EZH2 or EZH2 followed by 

MSANTD3 were more than 50 which were 5 times more than the fold enrichments 

from the first immune-precipitations by MSANTD3 or EZH2 only. This also 
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indicated that MSANTD3 interacted with EZH2 and co-occupied the DNA 

region on Pou4f2 in vivo. 

In conclusion, I studied the biological function of MSANTD3 in P19 cells and 

found that when inducing neural differentiation of P19 cells with Retinoic Acid, the 

protein level of MSANTD3 decreased. Because MSANTD3 could recruit PRC2 

complex, its decrease in differentiated cells lead to the decrease of global 

H3K27me3 which was the product of PRC2 methyl-transferase reaction. Besides, 

knocking down MSANTD3 in wild type P19 cells also resulted in the decrease of 

global H3K27me3 level, which cross validated the function of MSANTD3 in P19 

neural differentiation process. Next I examined the expression levels of neural 

differentiation factors by performing loss-of MSANTD3 experiment, and found that 

all the selected neural differentiation markers were up regulated when knocking 

down MSANTD3. This indicated that MSANTD3 repressed the gene expression of 

neural differentiation markers. Given that histone H3K27me3 marker could repress 

its target gene’s expression, we further addressed the question that whether the 

repression functions of MSANTD3 on neural differentiation factors were due to its 

PRC2 recruitment role by performing SeqCHIP experiments. The SeqCHIP results in 

Figure3.5 (F-G) indicated that MSANTD3 interacted with EZH2, the PRC2 core 

enzyme, and co-occupied the regulatory DNA regions of Lhx3 and Pou4f2.  

The conclusion from SeqCHIP, together with the results discussed above, 

validated that MSANTD3 recruited PRC2 complex to the neural differentiation genes 

to repress their expressions in undifferentiated P19 cells. When the cells were 
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induced to neurons, MSANTD3 was decreased and thus decreased the recruitment 

of PRC2 complex which further lead to the decrease of H3K27me3 levels on the 

neural differentiation factors. Finally, the repression effects on the neuron markers 

were removed and finished the transition from undifferentiated state to neurons. 
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Figure3.5 (A) – Neural differentiation of P19 cells induced by retinoic acid. 
Left: micrograph of undifferentiated cells without Retinoic Acid induction; 
Right: micrograph of neural differentiated cells with 1.5uM Retinoic Acid 

induction. 

 

  
 

Figure3.5 (B) – Western Blot analysis of protein extracts from P19 cells at 
different days of neural differentiation . 
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Figure3.5 (C) – Western Blot analysis of H3K27me3 IN histone extracts from 
P19 cells with or without Retinoic Acid induction.  

 

Figure3.5 (D) – Western Blot analysis of H3K27me3 in histone extracts of P19 
cells with shRNAs of targeting MSANTD3 or control shRNA. 
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Figure3.5 (E) – RT-qPCR analysis of targeted genes mRNA expression. All 
genes’ expressions were normalized by Gapdh level which was used as the 

internal control.  
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Figure3.5 (F) – SEQCHIP-qPCR analysis of regulatory region at Lhx3. SEQCHIP-
qPCR were performed in P19 cells by MSANTD3 precipitated firstly followed 

by EZH2 (left two panels), or by EZH2 precipitated firstly followed by 
MSANTD3(right two panels). 

               

Figure3.5 (G) – SEQCHIP-qPCR analysis of regulatory region at Pou4f2. 
SEQCHIP-qPCR were performed in P19 cells by MSANTD3 precipitated firstly 

followed by EZH2 (left two panels), or by EZH2 precipitated firstly followed by 
MSANTD3(right two panels). 
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3.6. Conclusion and Discussion  

Regarding the essential roles of PRC2 in cell differentiation and cancer 

development, understanding how PRC2 is recruited to its target genes is very 

important. Here, we identified a new protein MSANTD3 in mammalian cells, 

discussed in Chapter3.1, which is a possible homologue of Drosophila Zeste as a 

PRC2 recruiter. To test this function of MSANTD3, I performed the interaction 

studies between MSANTD3 and PRC2 as well as the DNA binding studies of 

MSANTD3 in this thesis. Furthermore high throughput ChIP-Seq and Microarray 

experiments were performed to identify the possible molecular functions of 

MSANTD3 in mouse P19 cells. Based on the discoveries from the high throughput 

data sets, I further studied the functions of MSANTD3 in neural differentiation 

process. 

In chapter3.2, I validated the interaction between MSANTD3 and PRC2 

complex in vivo and in vitro. Firstly, I performed the size exclusive chromatography 

of nuclear extracts from wild type P19 cells, and found that MSANTD3 could be co-

eluted with all the three core subunits of PRC2 complex in the high molecular 

weight peak. Besides, the co-eluted fractions containing both MSANTD3 and PRC2 

complex had higher H3K27me3 methyl-transferase activities. This indicated that 

MSANTD3 could interact with active PRC2 complex in vivo. Next I further studied 

the interaction between MSANTD3 and PRC2 complex in vitro. I performed GST-pull 

down assays using purified MSANTD3 and its fragments with cell extracts from wild 

type and EZH2 Knocking down P19 cells, and found that both full length and N 
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terminal domain of MSANTD3 could pull down the subunits of PRC2 complex. When 

Knocking down EZH2, the enrichments of EZH2 and SUZ12 disappeared while the 

enrichment of EED had no change, which indicated that MSANTD3 might directly 

bind to EED to recruit PRC2 complex. These results further validated that MSANTD3 

could interact with PRC2 complex in vitro. Furthermore, we found that the 

methyltransferase activities of Flag-MSANTD3 pull down mixtures from P19 cells 

with MSANTD3 overexpressed were 1000 times higher than the control. This 

further validated that the PRC2 complex interacting with MSANTD3 was in active 

state. All those conclusions discussed above indicated that MSANTD3 could interact 

with active PRC2 complex in vivo and in vitro. 

Next, in Chapter3.3, I validated that MSANTD3 could bind to a specific DNA 

element in vitro. I performed the Gel Shift Assay of purified full length MSANTD3 

with the synthesized 22bps DNA fragments, and found that MSANTD3 could bind to 

the DNA element harboring one Zeste binding site. Then I truncated MSANTD3 to 

different fragments and performed the Gel Shift Assays again, and found that the 

first 95 amino acids in its N terminal domain were responsible for the DNA binding. 

Furthermore I run the size exclusive chromatography of the N terminal protein-DNA 

complex, and found a big shift of the elution peak to a higher molecular weight 

compared to the spectrum of N terminal protein only. This validated the interaction 

between the N terminal-domain of MSANTD3 with the DNA element. All the results 

discussed in Chapter3.3 indicated that MSANTD3 could bind to a specific DNA 

element via its N terminal domain in vitro. 
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Then I examined the global co-occupancy of MSANTD3 with PRC2 complex 

across the whole genome by performing the high throughput experiments discussed 

in Chapter3.4. From the results shown in Chapter3.4, I found that MSANTD3 could 

bind to thousands of DNA elements both in human and mouse cells, in which 80% 

were overlapped with H3K27me3 markers. This indicated that most DNA elements 

recognized by MSANTD3 could also be recognized by PRC2 complex, given that 

H3K27me3 markers were produced by PRC2 complex. We then successfully 

validated this coexistence by performing ChIP-qPCR experiments by MSANTD3 and 

EZH2 antibodies to check their enrichments on 10 randomly selected fragments 

from the overlapping pool. Furthermore I performed the GO analysis of the CHIP-

Seq data sets and the Microarray data set, and found that the enriched GO terms 

from different data sets were highly consistent. This indicated the reliability of the 

high throughput data sets. Besides, among the enriched GO terms, neural 

differentiation process was focused in the following functional study, because the 

main function of PRC2 complex was regulating cell differentiation. In Chapter3.4, I 

validated that MSANTD3 co-existed with PRC2 complex across the whole genome in 

both mouse and human cells. I further identified the possible molecular functions of 

MSANTD3 which might regulate neural differentiation in P19 cells. 

Finally, I studied the biological function of MSANTD3 in neural differentiation 

process by inducing P19 cells differentiated into neurons with Retinoic Acid. The 

results shown in chapter3.5 indicated that when P19 cells were induced into 

neurons, the protein level of MSANTD3 as well as the global H3K27me3 markers 
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decreased. To examine if the decrease of H3K27me3 was due to the decrease of 

MSANTD3, I knocked down the MSANTD3 in wild type P19 cells and found that the 

global H3K27me3 decreased significantly. This result further indicated that 

MSANTD3 recruited PRC2 complex to its target genes in vivo. Next i examined the 

expression levels of neural differentiation factors by knocking out MSANTD3 in P19 

cells, and found that MSANTD3 repressed the expressions of neural differentiation 

markers. Furthermore I validated that MSANTD3 co-occupied with PRC2 complex 

on the regulatory DNA regions of Lhx3 and Pou4f2 genes in vivo by performing Seq-

CHIP experiments. This confirmed that MSANTD3 recruited PRC2 complex to the 

regulatory regions of neural differentiation factors and repressed the genes’ 

expressions. In Chapter3.5, we concluded that MSANTD3 recruited PRC2 complex to 

the regulatory regions of neural differentiation factors to repress their expressions, 

which might suppress the differentiation of P19 cells to neurons. 

In this thesis, I discovered a new transcription factor MSANTD3 and studied 

its molecular functions in vivo and in vitro. I identified for the first time that 

MSANTD3 could interact with PRC2 complex and recruit the complex to its target 

genes. I shed light on the mechanism that MSANTD3 recruited PRC2 complex to 

repress the expressions of neural differentiation factors, and played a role in neuron 

differentiation process. Its working model was shown in Figure3.6. 

Future goals 
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Although I have validated that MSANTD3 could recruit PRC2 complex to its 

target genes in vitro and in vivo, the detailed mechanisms of the recruitment are still 

not clear. For example, how MSANTD3 recruits the PRC2 complex in vivo. Does it 

form a complex with the PRC2 complex firstly and then bind to the specific DNA 

elements or it binds to the DNA firstly and then recruits the local PRC2 complex? 

What signals initial and control the PRC2 recruitment of MSANTD3? How to decide 

which genes are targeted under specific conditions? Further work is necessary to 

study and address these questions in the future, which will be important to further 

understand the detailed mechanisms of the recruitment of PRC2 complex. 

Besides the neuron differentiation process, I also identified genes which 

were directly regulated by MSANTD3 from high throughput data sets, which were 

annotated in apoptosis, inflammation and Wnt signaling pathways. More validations 

and functional studies in these processes need to do in the future, which will further 

the understanding of the biological functions of MSANTD3. For the apoptosis 

process, my preliminary data shown in Figure3.6 (B) indicated that the TNF alpha 

pathway was down regulated when knocking down MSANTD3. This indicated the 

potential function of MSANTD3 in activating apoptosis process. However, to further 

understand its function in apoptosis, more molecular functional studies are needed. 

In Chapter3.3, I performed the crystallography study of the complex of 

MSANTD3-N with a 22bp DNA element, and the best crystal I got had a diffraction 

resolution at 8A which was not enough to understand the interaction phase of 

MSANTD3 with DNA. The DNA fragment I used was probably the reason for the low 
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resolution diffraction, since it was not the best recognition sequence for MSANTD3. 

From the ChIP-Seq experiments, I calculated the best motif recognized by MSANTD3 

and found that it was similar to the one I used for crystallography, but the sequence 

was not the same. Then I redesigned the DNAs which harbored one consensus 

calculated from ChIP-Seq experiment, and redid the crystallography study. The best 

crystal we got had the diffraction resolution around 3.4A. Refinement of the 

crystallography is undergoing to dissolve the crystal structure. 
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Figure 3.6 – The working model of MSANTD3 as a PRC2 recruiter to regulate 
gene expression in mammalian cells. MSANTD3 binds to specific DNA 

elements and recruite PRC2 complex to repress the expression of its target 
genes. 
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