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Notch signaling is a highly conserved, critical developmental signaling pathway. 

Deregulated Notch signaling is linked with a variety of diseases including cancers. 

Therefore, a better understanding of how Notch signaling is tightly regulated is critical 

for the identification of new therapeutic approaches to block Notch-deregulated 

diseases. My work focused on two aspects of Notch transcriptional regulation, including 

the Notch transcription factor CSL-mediated transcriptional repression and Notch signal-

induced switch in CSL transcriptional activation. I also studied the mechanisms and 

functions of one novel CSL-interacting protein, SFMBT1, in skeletal myogenesis. 

        First, to investigate the molecular basis of CSL-mediated transcriptional repression, 

we isolated the in vivo CSL protein complex followed by mass spectrometric analysis. 

We showed that CSL is associated with transcriptional co-regulators including histone 

demethylase LSD1 complex proteins and polycomb protein SFMBT1. Combined with 

the further analysis showing that the SFMBT1 protein complex includes the 

CtBP/LSD1/HDACs complex, polycomb repressive complex components, and MBT 

family proteins, our study revealed the biochemical basis of CSL-mediated 

transcriptional repression.  
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        Next, we characterized the CSL/Notch/MAML transcription complex in leukemic 

cells harboring activating NOTCH1 mutations. We revealed that DDX5, an ATP-

dependent DEAD-box RNA helicase, as an interacting protein for the Notch 

transcriptional co-activator MAML1. DDX5 regulates transcription of Notch target genes, 

and is required for proliferation and survival of T-ALL leukemic cells. Additionally, DDX5 

is highly expressed in primary human T-ALL samples. Therefore, DDX5 is an important 

positive regulator of Notch signaling. 

Finally, we characterized the biological functions and mechanisms of SFMBT1 in 

skeletal myogenesis. We found that SFMBT1 negatively regulates myogenic 

differentiation. Though SFMBT1 represses certain Notch target genes in myoblasts, the 

major function of SFMBT1 is to interact with MyoD, the master regulator of myogenesis, 

and induce epigenetic silencing of MyoD-mediated transcription. Importantly, Sfmbt1 

depletion resulted in impaired muscle regeneration in vivo. Therefore, our study 

identified a mechanism accounting for the functions of SFMBT1 in transcriptional 

repression, and revealed essential roles of Sfmbt1 in myogenesis. 

In summary, my research identified novel molecular mechanisms of Notch 

signaling and revealed the roles and mechanisms of the novel epigenetic regulator 

SFMBT1 in myogenesis.  
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CHAPTER 1 
BACKGROUND AND SIGNIFICANCE 

Transcriptional Regulation 

Eukaryotic Chromatin Structure 

Eukaryotic chromatin, which consists of DNA and its associated proteins, 

undergoes multiple levels of compaction that eventually packs DNA of about 3 meters in 

length into a nucleus with less than 10 M in diameter (1). Structurally, eukaryotic 

chromatin can be grouped into heterochromatin and euchromatin (2). The chromatin 

structure is dynamically regulated and plays important functions in diverse processes 

including DNA replication and repair, gene transcription, and cell cycle progression (1). 

For example, heterochromatin is highly condensed and associated with transcriptional 

repression because DNA is inaccessible to transcriptional machinery, while euchromatin 

is open and indicates regions of active gene transcription.  

Eukaryotic chromatin consists of the repeating nucleosome core particles and the 

linker DNA to form a structure of ‘beads on a string’. The basic unit of the eukaryotic 

chromatin, the nucleosome, is a nucleic acid–protein complex including approximately 

147 base pairs of DNA wound around an octameric histone core, a globular structure 

consisting of two molecules of histone H2A, H2B, H3, and H4. The tails of the histones, 

mostly the N-terminal tails, protrude outside of the octamer and are subject to different 

posttranslational modifications (3, 4).  

Epigenetic Modifications 

Epigenetic modifications regulate the gene transcriptional events without changing 

genetic DNA sequence (5). Two important forms of epigenetic modifications are DNA 

methylation and histone modifications. DNA methylation is a dynamic process that 
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regulates multiple cellular events such as genomic imprinting, chromatin structure, gene 

transcription and cell identity (6-8). Histone modifications such as acetylation, 

methylation, ubiquitination and phosphorylation can occur at over 60 different residues 

on histones, mostly on the N-terminal tails, regulating chromatin structure, DNA 

replication and repair and gene transcription (9). Histone modification status on gene 

promoters is linked with transcriptional activities (10). For example, histone methylation 

on H3K4 and histone acetylation are generally associated with transcriptional activation, 

while methylation on H3K9, H3K27 and deacetylation are usually linked with 

transcriptional repression (9, 10).   

Epigenetic Regulators 

Diverse epigenetic modifications are established and maintained by specific 

epigenetic regulators. DNA methyltransferases and the TET family proteins regulate 

dynamic DNA methylation/demethylation processes (7, 8). Histone modification 

enzymes modify the histones and establish specific histone epigenetic marks (11). 

Chromatin reader proteins such as the MBT family members recognize the epigenetic 

marks and coordinate different epigenetic modification processes (12). The functional 

cooperation of different epigenetic regulators modifies chromatin structures and impacts 

target gene transcription.  

The LSD1 histone modification complex 

The LSD1 demethylase (also known as AOF2, BHC110, and KDM1A) is the first 

discovered lysine-specific demethylase that removes methylation residues from 

H3K4me1/2, which are histone marks commonly associated with active transcription 

(13). Therefore, LSD1 mainly functions as a transcriptional co-repressor. LSD1 

associates with HDAC1/2, CoREST and BHC80, which function cooperatively with 
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LSD1 in regulating transcriptional repression (13-15). For example, HDACs provide 

hypoacetylated histone substrates, which are more susceptible to CoREST/LSD1-

mediated histone demethylation (15). Conversely, LSD1 interplays with HDACs and 

further enhances deacetylation of histone H3 by HDAC1 (16). Intriguingly, LSD1 can 

also promote transcription of androgen receptor and estrogen receptor target genes by 

demethylating H3K9me1/2, a mark associated with transcriptional silencing (17-19). 

Functionally, LSD1 regulates diverse biological processes such as hematopoiesis (20, 

21), germline immortality (22), DNA methylation maintenance (23), cancer invasion and 

metastasis (24). 

The polycomb protein SFMBT1  

Polycomb repressive complex proteins are essential for the establishment and 

maintenance of tissue-specific gene expression patterns during embryonic development. 

Three distinct polycomb repressive complexes (PRC), PRC1, PRC2 and PhoRC (Pho 

repressive complex), function cooperatively in transcriptional repression (25-28). The 

mammalian PRC2 complex, which consists of EED, EZH1/2, SUZ12 and RBBP4/7, 

functions in the initiation of transcription repression by catalyzing H3K27 tri-methylation. 

The PRC1 complex, mainly composed of RING1/2, CBX2/4/8, PHC1/2/3, BMI1 and 

SCMH1/SCML2, binds to H3K27me3 and catalyzes H2AK119 ubiquitination. In addition, 

PRC1 is found to perturb the RNA Polymerase II function and compact chromatin (25). 

The recently characterized PhoRC (Pho repressive complex) in Drosophila, consisting 

of the DNA binding protein Pho and MBT (malignant brain tumor) domain-containing 

protein dSfmbt, might function in recruitment of other polycomb proteins to target loci 

(29, 30).  
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 The polycomb protein SFMBT1 (Scm-like with four mbt domains1) belongs to 

MBT protein family with the members characterized by the presence of two (dScm 

homologs), three (dL3mbtl homologs) or four (dSfmbt homologs) MBT domains. The 

MBT-containing proteins are chromatin “readers” as the MBT domains exhibit 

preferential binding to low methylated histones and recruit other co-repressors to 

mediate transcriptional silencing (31-33). The PhoRC component SFMBT1 contains four 

MBT domains and specifically recognizes mono- and di-methylated histones such as 

H3K9me1/2 and H4K20me1/2 in vitro (34, 35). Drosophila dSfmbt interacts with dScm 

and cooperates with dScm in repression of polycomb target genes (34). dSfmbt 

knockout in Drosophila displays a classic polycomb phenotype showing strong and 

widespread de-repression of HOX genes (29). However, the biological functions and 

mechanisms of mammalian SFMBT1 remain unknown.   

Transcriptional Regulation of Notch Signaling 

Notch signaling is a highly conserved pathway regulating cell fate decisions in 

embryonic development and adult tissue homeostasis. After binding of the ligands 

(Jagged1, 2 and Dll1, 3, 4 in mammals), Notch receptors (Notch 1-4) undergo two 

proteolytic cleavages catalyzed by ADAM-family metalloproteases and -secretase, 

resulting in the release of the intracellular domain of Notch receptors (ICNs) from the 

cell membrane. ICNs then enter the nucleus where they bind to the transcription factor 

CSL (CBF1, Su(H) and LAG-1) and activate transcription of Notch target genes (Figure 

1-1) (36). 

In the absence of Notch receptor activation, CSL represses transcription by 

associating with transcriptional co-repressors. For instance, CSL was shown to interact 
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with co-repressors including SMRT (NCOR2)/HDAC1 complex (37), CIR (CBF1 

interacting co-repressor) (38), SPEN (SHARP, or SMRT/HDAC1 associated repressor 

protein), CtIP/CtBP co-repressors (39-41), ETO (42) and SKIP (Ski-interacting protein) 

(40, 43) and repress transcription of  Notch target genes. When Notch receptors are 

activated, ICN interacts with CSL which further recruits co-activators such as MAML1, 

histone acetyltransferases (HATs) p300 and PCAF to activate transcription (44-46). 

Therefore, CSL functions as a transcriptional switch in response to Notch signals. 

However, the detailed molecular mechanisms underlying the CSL functional switch 

remain incomplete.  

Notch Signaling in Development and Cancers 

Notch Signaling in Embryonic Stem Cells 

The Notch signaling pathway regulates cell fate determination, stem cell self-

renewal, and differentiation (47). In embryonic stem cells (ESCs), expression of multiple 

Notch ligands and receptors is detectable at both the mRNA and protein levels (48-51); 

however, Notch activity is low in embryonic stem cells, as indicated by low level of 

active cleaved forms of Notch receptors (49, 51). As a result, expression levels of Notch 

targets such as the Hes and Hey family genes are very low in ESCs. The Notch activity 

was found to increase during differentiation of ESCs.  Furthermore, forced activation of 

Notch signaling in ESCs promotes differentiation of ESCs to different lineages such as 

neural cells and T cells (50-52).  

Notch Signaling in Hematopoiesis  

Hematopoiesis is a dynamic process in which hematopoietic stem cells (HSCs) 

differentiate into diverse types of blood lineage cells. Notch signaling is important in 

regulating hematopoietic stem cell generation and differentiation, since knockout of 
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Notch1 severely impaired HSC development and hematopoietic cell differentiation (53). 

One well-characterized activity of Notch signaling is to promote T cell development at 

the expense of B cells, as inactivation of Notch1 in mice blocked T cell development 

while causing an increase in B cells (54). Conversely, mice transplanted with 

constitutively activated Notch1-transduced bone marrow cells developed leukemia with 

increased populations of immature CD4+ CD8+ T cells in the bone marrow and in 

circulation (55). Also, when co-cultured with the bone marrow stromal cells line OP9 

over-expressing Notch ligands, mouse hematopoietic progenitor cells and human cord 

blood hematopoietic stem cells (CD34+CD38–) differentiated into T cells (56, 57), 

indicating that Notch signaling can be used to promote T cell generation in vitro. 

Emerging data also indicate the important roles of Notch signaling in development of 

other hematopoietic cell lineages such as megakaryocyte (58), dendritic cells (59) and 

NK cells (60, 61).  

Leukemogenic Activties of Notch Signaling  

Abnormal Notch signaling is important in the pathogenesis of human T cell acute 

lymphoblastic leukemia (T-ALL). The t(7;9)(q34;q34.3) chromosomal translocations 

encoding the truncated, constitutively active Notch1 (TAN1) were first identified in a rare 

subset of the human T-ALL patients (62). Later, activating NOTCH1 mutations were 

detected in about 50-70% of human T-ALL cases. There are two mutation hotspots: one 

in the Notch1 heterodimerization domain (HD), which increases ICN1 cleavage, and the 

other in the PEST domain, which stabilizes the cleaved ICN1 (63). In addition, the loss 

of function mutations in the ubiquitin ligase FBW7, resulting in decreased degradation of 

ICN1, were also frequently found in T-ALL patients (64). Mice transplanted with bone 

marrow cells transduced with the activated Notch1 mutations developed T-ALL 
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leukemia (65-67), further supporting the oncogenic functions of Notch signaling. 

Importantly, inhibition of aberrant Notch signaling suppressed the growth and survival of 

certain leukemic cell lines derived from human T-ALL patients (63). Therefore, Notch 

signaling induces leukemogenesis and is required for leukemic cell survival.
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Figure 1-1. A diagram of the Notch signaling pathway is shown (68). Notch signaling is 
a highly conserved pathway that is mediated by cell-cell communication. The 
ligands on signaling cells interact with Notch receptors on the adjacent signal-
receiving cells and subsequently induce proteolytic cleavages of Notch 
receptors, causing the release of the intracellular domains of Notch receptors 
(ICN) from the cell membrane followed by ICN nuclear entry. In the absence 
of Notch receptor activation, the Notch transcription factor CSL binds to the 
transcriptional co-repressors and represses transcription of  Notch target 
genes. In the presence of Notch receptor activation, the binding of nuclear 
ICN to CSL causes the release of transcriptional co-repressors and the 
recruitment of transcriptional co-activators to CSL, resulting in transcriptional 
activation of Notch target genes. 
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CHAPTER 2 
IDENTIFICATION OF NOVEL CSL-INTERACTING NOTCH REGULATORS 

Introduction 

The Notch signaling pathway is essential for embryonic and postnatal 

development, controlling cell proliferation, differentiation, and survival. Aberrant Notch 

signaling is frequently associated with developmental disorders and tumorigenesis. 

Therefore, it is important to understand the mechanisms underlying the transcriptional 

regulation of the Notch signaling pathway. CSL (CBF1/Su (H)/Lag1) is the only Notch 

pathway transcription factor CSL that mediates transcription of Notch target genes. In 

the absence of Notch signals, CSL represses target gene transcription via associating 

with transcription repressors. After Notch receptor activation by ligand stimulation, 

binding of ICNs to CSL then induces the release of co-repressors and recruitment of 

Notch co-activators, resulting in transcriptional activation of Notch targets.  

Eukaryotic DNA is highly packaged into chromatin through tight interactions with 

histone proteins, which prevents the accessibility of DNA to cellular machineries for 

DNA replication, transcription and repair. For gene transcription, chromatin must be 

open first so that DNA is accessible to RNA Polymerase II. Previous studies revealed 

that certain epigenetic modifiers such as HDACs and HATs interact with CSL and play 

important functions in the regulation of Notch signaling (36). However, gene 

transcription is a complex process that requires the cooperation of multiple epigenetic 

modifications including chromatin remodeling, DNA methylation, and histone 

modifications. The detailed molecular mechanisms underlying the functions of CSL in 

the epigenetic regulation of Notch target gene transcription remains incomplete.    
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To investigate how CSL functions as a molecular switch in response to Notch 

activities, we utilized a proteomic approach to isolate and characterize the CSL protein 

complex. In this study, we found that the majority of CSL-associated proteins function in 

chromatin remodeling and histone modifications, suggesting the importance of 

epigenetic modifications in the regulation of Notch signaling. 

Materials and Methods 

Plasmids 

The cDNAs for human CSL was cloned into the pOZ FH vector (69) to generate 

pOZ FH_CSL that express FLAG-HA-tagged CSL proteins. The retroviral-based ICN1 

expression vector (pMigR1_ICN1) (67) and a Notch responsive reporter containing 4 

artificial CSL binding site (pCSL-luc) (70) were previously described. pQCXIP-FLAG-

SFMBT1 plasmid was kindly provided by Dr. Judd C. Rice. GFP-SFMBT1 was 

generated with the pEGFP-C3 vector. pCMV2-FLAG-L3MBTL3 was kindly provided by 

Dr. Toru Miyazaki. The FLAG tagged RING2 and HPH2 plasmids were kindly provided 

by Dr. Hengbin Wang.  The FLAG-EZH2 was a gift from Dr. Jianrong Lu. The FLAG-

SUZ12 was kindly provided by Dr. Akihide Yoshimi.  

Antibodies 

The antibodies were obtained from commercial sources: LSD1 (Abcam ab17721); 

M2 (Sigma F-3165); GFP (Santa Cruz sc8334); CoREST (Millipore 07-455); BHC80 

(Abcam ab41631); HDAC1 (Thermo PA1-860, Santa Cruz sc7872); HDAC2 (Thermo 

PA1-861); EZH2 (Millipore 07-400, Active Motif 39875); RNF2 (Active Motif 39663); 

PHC1 (Active Motif 39723); and SUZ12 (Millipore 07-379). 
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Cell Culture  

HeLa S3, U2OS and 293T cells were cultured in Dulbecco’s modified Eagle’s 

medium (DMEM) with 10% heat inactivated fetal bovine serum and 

penicillin/streptomycin.  

Virus Production, Titering and Transduction 

Retroviral constructs (pOZ-FH, pQCXIP) were co-transfected with the 

pMD.MLV.gag.pol (helper plasmid) and pMD.G (VSVG pseudotype) with Superfect 

Transfection Reagent in 293T to produce retroviruses. Supernatants containing 

retroviruses were collected and centrifuged at 25,000 rpm for 2 hours at 4°C using a 

SW28 rotor (Beckman). The pellets were suspended with 200 l PBS and the viral titers 

were determined following the technical manual from Open Biosystems. Viral 

transduction in cells was previously described (71). Stably transduced cells (polyclonal) 

were obtained and maintained by puromycin selection. 

Nuclear Extract Preparation, Protein Complex Isolation and Western Blot Analysis 

The detailed purification procedure was previously described (72). Briefly, nuclear 

extracts were first prepared from HeLa S3 or 293T cells stably transduced with FLAG-

CSL or FLAG-SFMBT1. The CSL or SFMBT1 complexes were then purified by using 

anti-FLAG M2 mAb-conjugated agarose beads (Sigma). After extensive washing, 

protein complexes were eluted using a 50 g/ml FLAG elution buffer at room 

temperature for 30 min. The eluted protein samples were separated on the 4-12% 

NuPAGE Bis-tris gels (Invitrogen) and analyzed by LC-MS/MS mass spectrometry. The 

procedures for Western blotting and immunoprecipitation studies were described 

previously (73). 
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Luciferase Assay 

Human U2OS osteosarcoma cells were used for the luciferase assays to 

determine the effects of the CSL-associating proteins on the regulation of a Notch-

responsive promoter.  Transfections were performed using Superfect Transfection 

Reagent (QIAGEN) according to the manufacturer’s instructions. The luciferase-based 

reporter assays were performed using a dual luciferase kit from Promega as previously 

described (74).   

Results 

Identification of CSL Associated Protein Complex  

To understand the molecular mechanisms underlying transcriptional regulation of 

Notch signaling, Dr. Huangxuan Shen, a former postdoc in our lab, identified the CSL 

associated complex proteins by immunoprecipitation of the CSL protein complex using 

the HeLa cells that stably expressed the FLAG-CSL, followed by mass spectrometric 

analysis (Figure 2-1). The nuclear extracts from the FLAG-CSL expressing cells and the 

control cells (transduced with empty vector) were used for immunoprecipitation with 

anti-FLAG beads to pull down the in vivo CSL interacting protein complex. Then the 

pull-down products were analyzed with SDS-PAGE and the differential bands between 

the control and the CSL pull-down products were cut out and analyzed by mass 

spectrometry.  

As shown in Figure 2-2, Dr. Shen found the known CSL interacting proteins 

including HDAC1, SHARP, SMRT, MAML1 and NOTCH2 in the CSL protein complex.  

Also, he identified some novel CSL-interacting protein candidates. The majority of the 

CSL associated proteins function in chromatin remodeling and histone modification, 

regulating gene transcription. The CSL-interacting proteins can be classified into the 
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following categories: 1) transcriptional co-repressors including SHARP, SMRT, 

TBL1XR1 and the LSD1/CoREST complex components including LSD1, CoREST, 

HDAC1, and BHC80; 2) Pho repressive complex (PhoRC) complex protein SFMBT1, 

MBT protein L3MBTL3, and polycomb repressive complex 2 (PRC2) anchor protein 

RBBP4; 3) DNA damage repair proteins such as PRKDC, PARP1, LIG3, XRCC5, and  

MSH2; 4) transcription co-activators MAML1 and Notch2; and 5) mRNA processing 

machinery RNGTT, EEF1A1, and HNRPH1. These data suggest that these CSL-

interacting proteins might function cooperatively in the regulation of Notch-induced 

transcription. 

LSD1 and SFMBT1 Interact with Notch Transcription Factor CSL 

Our protein complex data identified novel CSL-interacting epigenetic modifiers 

including the five core components of LSD1 complex and the polycomb protein 

SFMBT1. These data suggest potential critical roles of LSD1 and SFMBT1 in regulating 

Notch signaling. We therefore hypothesized that LSD1 and SFMBT1 interact with CSL 

and negatively influence Notch/CSL-regulated transcription. To test this hypothesis, Dr. 

Shen and I first validated the interactions between LSD1, SFMBT1 and CSL by co-

immunoprecipitation assays. Specifically, exogenous CSL proteins were 

immunoprecipitated with anti-FLAG antibody from a stable HeLa cell line expressing 

FLAG-CSL. We found that endogenous LSD1 was readily detected in the CSL 

immunoprecipitates by Western blot analysis, indicating that LSD1 interacts with CSL in 

vivo (Figure 2-3A). Using a similar approach, we also confirmed that the polycomb 

protein SFMBT1 interacts with Notch transcription factor CSL (Figure 2-3A). 

Dr. Baofeng Jin, a former postdoc and Ms. Qiuna Wang, a former technician, next 

determined the binding domain of CSL that mediates the interaction of LSD1 and 
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SFMBT1. The CSL protein contains distinct domains including: 1) RHR-N, which makes 

major groove contacts with DNA; 2) a beta-trefoil domain (BTD) known to interact with 

Notch ICN1 and SMRT/N-CoR; and 3) RHR-C, which is required for DNA binding but 

does not make DNA contact (75, 76). They made various truncation mutants according 

to these domain arrangements of CSL as well as a form of repression-defective CSL 

mutant, CBF1 (EEF219AAA). They generated GST-fusion proteins bound to GST beads 

which were used as baits to bind the cellular lysates harvested from 293T cells with the 

transfection of FLAG-LSD1 or FLAG-SFMBT1. They found that the RHR-N domain of 

CSL (aa1-159) is sufficient and necessary for the interaction with LSD1 and SFMBT1 

because CSL (1-159aa) binds to LSD1, while the CSL mutant that lacks the N-terminal 

domains fails to bind to LSD1 and SFMBT1 (Figure 2-3B and C). Therefore, the data 

indicate that both LSD1 and SFMBT1 interact with Notch transcription factor CSL and 

the N terminal region of CSL (1-159aa) is responsible for their interactions.   

The polycomb Protein SFMBT1 Interacts with Multiple Transcriptional Repressive 
Complexes 

The biological functions and mechanisms of action of the polycomb protein 

SFMBT1 are poorly characterized. Since the Notch transcription factor CSL interacts 

with SFMBT1 that might function in recruitment of other transcriptional repressors, we 

hypothesized that SFMBT1 recruits other transcriptional repressors to regulate 

transcription of Notch target genes. Therefore, Dr. Shen and I first determined the 

SFMBT1 interacting partners by analyzing the cellular SFMBT1 protein complex. 293T 

cells were stably transduced with FLAG-tagged SFMBT1 by retroviral infection followed 

by puromycin selection. The SFMBT1 protein complex was then purified by 

immunoprecipitation with nuclear extracts from FLAG-SFMBT1 expressing 293T cells 
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using anti-FLAG beads and subsequently eluted with FLAG peptides. The SFMBT1-

associated proteins were separated by SDS-PAGE and visualized by silver staining 

(Figure 2-4A). The subsequent mass spectrometric (MS) analysis revealed that 

SFMBT1 is associated with distinct transcriptional repressors including 17 components 

of CtBP/LSD1 protein complex, 11 members of polycomb repressive complexes, and 4 

MBT protein family members (Figure 2-4B). This data revealed biochemical 

components of SFMBT1 protein complex, indicating that SFMBT1 mediates 

transcriptional repression by interacting with multiple transcriptional repression 

complexes. 

 I next validated SFMBT1 interactions with transcriptional co-repressors including 

the LSD1 complex components, PRC members and MBT proteins identified from our 

MS analysis (Figure 2-4B). As shown in Figure 2-5A, I immunoprecipitated FLAG-

SFMBT1 followed by Western blotting, and validated that LSD1 core complex 

components, including LSD1, CoREST, BHC80, HDAC1, and HDAC2, are present in 

the SFMBT1 immunoprecipitates. Using similar assays, I observed that SFMBT1 

interacts with PRC1 proteins, PHC1 and RNF2, but not with PRC2 members, EZH2 and 

SUZ12 (Figure 2-5B), which is consistent with our MS data (Figure 2-4B). Since our MS 

data also indicated significant interaction of SFMBT1 and L3MBTL3, I performed 

transient expression of GFP-tagged SFMBT1 and FLAG-tagged L3MBTL3 followed by 

co-immunoprecipitation with anti-FLAG antibodies and confirmed the interaction 

between SFMBT1 and L3MBTL3 (Figure 2-5C). In addition, I failed to detect SFMBT1 

interaction with SMRT/HDAC3 co-repressors, which is also consistent with our MS 

study (Figure 2-5D). Therefore, SFMBT1 specifically interacts with multiple 
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transcriptional co-repressors, which suggests that SFMBT1 might be important in 

recruiting the CtBP/LSD1/HDACs complex, PRC components and the MBT family 

proteins and coordinating transcriptional repression mediated by multiple repressors.  

The CSL Interacting Transcriptional Repressors Control Notch Transcription 

To study the functions of CSL interacting epigenetic regulators in transcriptional 

regulation of Notch target genes, I utilized a Notch responsive luciferase reporter 

system. In this reporter (Figure 2-6A), transcription of the firefly luciferase gene is under 

the control of a promoter containing four copies of the CSL binding sites (70). Thus, 

Notch transcription factor CSL binds to the promoter and regulate transcription of the 

luciferase gene in response to Notch activities. As shown in Figure 2-6B, transcription of 

the luciferase reporter was strongly activated when the luciferase reporter was co-

transfected with the active form of Notch, ICN1. However, activation of Notch-

responsive luciferase transcription was greatly reduced by the known CSL-associated 

repressor SHARP. Using this system, we found that the LSD1 complex components 

and SFMBT1 strongly repressed the activity of the Notch responsive reporter. Also, the 

SFMBT1-associating PRC1 components, HPH2 and RNF2, repressed Notch reporter 

transcription, yet the PRC2 proteins EZH2 and SUZ12, which are not in the SFMBT1 

protein complex, show little inhibitory effect of Notch mediated luciferase transcription. 

Therefore, the CSL-interacting proteins we identified repress Notch target gene 

transcription.  

Discussion 

CSL is the only transcription factor of the Notch pathway that mediates the 

transcription of Notch target genes. Without ligand stimulation, CSL associates with the 

transcription co-repressors and represses the transcription of Notch target genes. CSL 
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is known to recruit HDACs/HATs to Notch target promoters and controls 

repression/activation through histone deacetylation/acetylation. However, histone 

deacetylation/acetylation enzymes do not work independently but cooperate with other 

enzymes to facilitate transcription regulation (9). From our proteomic study, we found 

that all the LSD1 complex proteins (LSD1, Co-REST, BHC80, HDAC1 and HDAC2) are 

present in the CSL protein complex, indicating that the LSD1 complex proteins might 

regulate Notch target genes expression. In consistent with our data, it was reported in 

2002 that the CoREST co-repressor complex including the LSD1 homolog, Spr-5 in 

Caenorhabditis elegans functions in transcriptional repression of genes in Notch 

signaling pathway (77). In addition, knock out of Lsd1 markedly increased the Notch 

target gene Hey1 expression in the E17.5 pituitary, suggesting LSD1’s role in 

repressing the Notch target genes expression (78). Recently, two papers reported that 

LSD1 regulates Notch target gene transcription in both drosophila and mammalian 

systems, further confirming our proteomic data (79, 80). 

Another important epigenetic regulator identified in the CSL protein complex is the 

SFMBT1. SFMBT1 is a polycomb protein that contains 4 MBT domains. It has both 

MBT and polycomb characteristics and displays strong transcription repressive activities 

(29, 34, 35). However, the mechanisms accounting for SFMBT1 function in 

transcriptional repression remained undetermined. In Drosophila, dSfmbt forms the 

PhoRC with Pho, which recruits other polycomb proteins and meditates H3K27 

trimethylation at target loci for transcriptional silencing. However, SFMBT1 is not 

present in the mammalian Pho homolog YY1 protein complex (81), which suggests 

alternative mechanisms for SFMBT1 in transcriptional regulation. 
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Our data revealed that SFMBT1 is associated with multiple transcriptional 

repressors including CtBP/LSD1/HDACs, PRC and MBT proteins. All these proteins are 

critical regulators of histone modifications, polycomb recruitment, and chromatin 

compaction. The CtBP/LSD1/HDACs complex components catalyze histone 

demethylation/deacetylation (13, 82) and recruit polycomb proteins to target promoters 

(83, 84). In addition, the LSD1 complex functionally cooperates with PRC2 complex and 

mediates histone modifications on bivalent promoters that are established by PRC2 

components (85, 86). PRC1 components maintain transcription repression and compact 

chromatin at target promoters (25). Moreover, the MBT protein Scm in the PRC1 

complex has been reported to recruit other components of PRC2 and PRC1 to mediate 

histone modifications at target loci and repress transcription (33). In addition, L3MBTL 

proteins function as chromatin readers and compact chromatin (31, 32). Identification of 

the above transcriptional repressors in the SFMBT1 complex suggests that SFMBT1 

might play a central role in coordinating diverse repressive complexes in transcription 

repression. Given that SFMBT1 binds to low methylated repressive histone marks in 

vitro (29, 34, 35), SFMBT1 might function as a repressive chromatin reader and recruit 

multiple co-repressor complexes to regulate the histone modifications and chromatin 

compaction at target loci to repress transcription. 

In summary, we identified novel CSL-interacting epigenetic modifiers including the 

LSD1 complex proteins and the polycomb protein SFMBT1 through proteomic analysis 

of the CSL protein complex. We further studied the in vivo SFMBT1 protein complex to 

identify potential transcriptional regulators that might be recruited to Notch transcription 

factor CSL by SFMBT1. Our data revealed that SFMBT1 interacts with multiple 
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transcriptional repressive complexes including the LSD1 complex proteins, MBT 

proteins, and PRC1 components. Using a Notch responsive luciferase reporter system, 

we showed that the CSL and SFMBT1-associated proteins function in transcriptional 

repression of Notch signaling. Therefore, our data indicate that the Notch transcription 

factor CSL recruits the LSD1 complex proteins and SFMBT1, which might further recruit 

other polycomb proteins and MBT proteins to mediate the epigenetic silencing of Notch 

signaling (Figure 2-7).  
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Figure 2-1. An overview of the isolation and functional characterization of the CSL 

protein complex was shown. The nuclear extracts from the FLAG-CSL 
expressing cells and the control cells were collected for the purification of 
CSL-associated protein complex. The pull-down products were separated by 
SDS-PAGE and specific CSL associated proteins were further analyzed by 
mass spectrometry to identify the CSL interacting proteins. 
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Figure 2-2. Identification of the in vivo CSL interacting protein complex. A: The CSL 
protein complex was purified from the nuclear extract of HeLa S3 cells stably 
transduced with retroviruses expressing FLAG-CSL using the anti-FLAG 
agarose and analyzed by SDS-PAGE. B: Mass spectrometry analysis 
revealed multiple proteins were present in the CSL protein complex. 
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Figure 2-3. LSD1 and SFMBT1 interact with the Notch transcription factor CSL. A: 

Nuclear extracts of FLAG-CSL expressing HeLa cells (upper panel) or FLAG-
SFMBT1 expressing 293T cells (lower panel) were used for 
immunoprecipitations with anti-FLAG antibody and blot with indicated 
antibodies; B and C: GST-CSL FL and various truncated mutant fusion 
proteins bound to GST beads were incubated with FLAG-LSD1 or FLAG-
SFMBT1 and pulldown products were subjected to SDS-PAGE followed by 
Western blotting with indicated antibodies. 
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Figure 2-4. Identification of the SFMBT1 protein complex. A: SFMBT1 protein complex 

was purified from the nuclear extracts of FLAG-SFMBT1 expressing 293T 
cells using anti-FLAG agarose and analyzed by SDS-PAGE followed by silver 
staining. B: Mass spectrometry analysis revealed a list of proteins identified in 
the SFMBT1 protein complex: Red line indicates the interactions between 
SFMBT1 and its associated partners; Blue line indicates the interactions 
inside the same repressive protein complex; Black line indicates the 
interactions across different repressive complexes. 
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Figure 2-5. SFMBT1 interacts with multiple transcriptional repressive complexes 

proteins. A, B and D: Nuclear extracts of stably transduced 293T cells 
expressing FLAG-SFMBT1 were collected for immunoprecipitaion using anti-
FLAG agarose and analyzed by western blotting using indicated antibodies. C: 
GFP tagged SFMBT1 and FLAG tagged L3MBTL3 were co-transfected in 
293T cells. 48 hours after transfection, cell lysates were collected for the 
immunoprecipatation using anti-FLAG agarose and analyzed by western 
blotting using indicated antibodies. 
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Figure 2-6. The CSL interacting epigenetic regulators repress the transcription of Notch 

signaling. A: The schematic diagram of the Notch responsive reporter. B: CSL 
interacting epigenetic regulators repress Notch responsive luciferase 
transcription. 
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Figure 2-7. Model of CSL mediated epigenetic regulation of Notch signaling. The Notch 
transcription factor CSL recruits the LSD1 complex proteins and SFMBT1, 
and SFMBT1 might further recruit other polycomb proteins to mediate 
epigenetic silencing of Notch signaling. 
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CHAPTER 3 
DDX5 IS A POSITIVE REGULATOR OF ONCOGENIC NOTCH1 SIGNALING IN T-

CELL ACUTE LYMPHOBLASTIC LEUKEMIA  

Introduction 

Notch signaling is a highly conserved developmental signaling pathway, regulating 

cell proliferation, differentiation, and survival (87). Deregulated Notch signaling is linked 

to many epithelial cancers and hematological malignancies (88, 89). In particular, 

aberrant Notch signaling represents an important oncogenic mechanism for T cell acute 

lymphoblastic leukemia (T-ALL), an aggressive subset of the most common malignant 

childhood cancer ALL. More than 60% of T-ALL cases harbor activated NOTCH1 

mutations (63, 90). Sustained high levels of NOTCH1 signaling cause leukemic cell 

transformation and are required for the maintenance of the leukemic phenotype (66); 

thus the Notch pathway is a promising, highly specific molecular therapeutic target for 

T-ALL. Moreover, the Notch pathway also is an important target for solid cancers 

including breast cancer, lung cancer, pancreatic cancer, brain tumors and melanoma 

(91). Consequently, manipulation of Notch signaling has a great promise as a major 

new therapeutic strategy for treating the large array of Notch-hyperactive cancers. 

Canonical Notch signaling is initiated by ligand-receptor interactions between 

adjacent cells (92). Ligand binding results in proteolytic cleavages of Notch receptors 

and subsequent release of the intracellular domain of Notch (ICN) from the cell 

membrane. ICN then enters the nucleus and forms a complex with transcription factor 

CSL which recruits the co-activators including Mastermind-like (MAML) and other 

cofactors such as histone acetyltransferase, resulting in transcriptional activation. Our 

current understanding of molecular mechanisms regulating Notch-mediated 

transcription remains incomplete. The elucidation of new critical regulators of the Notch 
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signaling pathway will lead to the identification of therapeutic targets that modify 

deregulated Notch activity in cancers. 

 Our group and others have previously identified the family of three MAML 

transcriptional co-activators (MAML1, 2, 3) that are essential components of the Notch 

transcription activation complex (73, 74, 93). MAML1 is a major co-activator that 

regulates NOTCH1 oncogenic activities in leukemic cells, and is essential for 

maintaining leukemic cell growth and survival (unpublished). Hence, our data suggest 

that the manipulation of MAML1 expression or functional activities will affect leukemia 

initiation and progression. Currently, the molecular basis underlying the MAML1 co-

activation function remains very limited (68). We hypothesize that cellular factors 

associated with MAML1 contribute to the MAML1-co-activation function in enhancing 

Notch-mediated transcription by molecular mechanisms, for instance, through 

interacting with chromatin remodeling/modification cofactors or promoting formation or 

function (transcription or elongation) of the pre-initiation complex. 

 Therefore, to gain insights into the molecular basis underlying MAML1 function in 

regulating Notch signaling, we undertook the task of identifying cellular factors that 

interact with MAML1 and characterizing their roles in Notch signaling regulation and 

Notch-mediated T cell leukemia. In this study, we revealed that DDX5 (also known as 

p68), an ATP-dependent RNA helicase (94, 95), is a component of the MAML1 protein 

complex and is associated with the Notch transcription complex. Given a role for DDX5 

as a transcriptional modulator (96, 97), we reasoned that DDX5 might be a critical 

regulator for Notch-mediated transcription and consequently for oncogenic Notch 

signaling. Our findings in this study demonstrated a biochemical link of DDX5 with the 
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Notch transcription complex through its interaction with MAML1, and also revealed its 

critical role for efficient Notch-mediated transcription in leukemic cells and potentially in 

other human cancers in which the Notch pathway is active. Therefore, our study 

suggests that DDX5 is critical for Notch-mediated T-ALL pathogenesis and has the 

potential as a drug target in leukemia. 

Materials and Methods 

Plasmids 

Expression plasmids expressing FLAG-tagged full-length and truncation forms of 

MAML1, NOTCH1 (ICN1) as well as Notch responsive promoter construct were 

described previously (73, 74). FLAG-tagged DDX5, Myc-tagged DDX5 and Myc-tagged 

DDX5 K144R cloned in the pSG5 vectors were kindly provided by Dr. Vittorio Sartorelli 

(98). DDX5 and DDX5 K144R cDNAs were sub-cloned into a modified pBIND vector to 

express Gal4 DB-DDX5 fusions.  

Antibodies 

The following antibodies were purchased from commercial sources: mouse anti-

Flag antibody (clone M2, Sigma, 1:500 for immunoprecipitation (IP), 1:1000 for Western 

Blotting (WB); anti-Myc (clone 9E10, Santa Cruz, 1:1000 for WB); anti-DDX5 (4387, Cell 

Signaling, 1:5000 for WB); anti-DDX5 (PAb204, Upstate, 1:100 for ChIP); anti-DDX5 

(IHC-00156, Bethyl, 1:200 for IHC); anti-NOTCH1 (SC-6014R, Santa-Cruz, 1:500 for IP, 

1:1000 for WB), anti-cleaved NOTCH1 Val 1744 (4147, Cell Signaling, 1:500 for WB), 

anti-CSL (T-6709, Institute of Immunology Co., 1:500 for WB), anti-Cleaved caspase3 

(9664S, Cell Signaling, 1:1000 for WB), anti-MAML1 (A300-673A, Bethyl, 1:5000 for 

WB), anti-MAML1 (4608, Cell Signaling, 1:500 for IP) and anti-β-actin (A5316, Sigma, 1: 

10000 for WB). 
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Cell Culture, Transient Transfection and Reporter Assays 

 Human U2OS Osteosarcoma cells and cervical cancer HeLa cells (obtained from 

ATCC) were cultured in Dulbecco's modified Eagle's medium (DMEM) plus 10% fetal 

bovine serum (FBS) and antibiotics. Leukemic cells including KOPT-K1 and HPB-ALL 

were cultured in RPMI 1640 medium plus 10% FBS and antibiotics. Transfection was 

performed using Superfect Transfection Reagent (QIAGEN) according to the 

manufacturer’s instructions. The luciferase-based reporter assays were performed using 

a dual luciferase kit from Promega as previously described (74).   

Immunoprecipitation and Western Blot Analysis 

Whole-cell protein extracts were prepared as previously described (73).  For 

digestion of nuclear acids, KOPT-K1 protein lysates were treated with DNase (10U/ml) and 

RNase (10ug/ml) at room temperature for 20 minutes. Immunoprecipitations were performed 

with antibodies and protein A/G agarose overnight at 4°C. For immunoblot analysis, 

immunoprecipitates were washed five times and fractionated by SDS-polyacrylamide 

(PAGE) gels and electrotransferred to NC membranes. The membranes were blocked 

for 1 h in a buffer containing 10 mM Tris, pH 8.0, 150 mM NaCl, 0.05% Tween 20, and 

5% nonfat dry milk. The membranes were incubated with the antibodies overnight at 

4°C, then washed and incubated with a horseradish peroxidase-conjugated secondary 

antibody for 1 h at RT. The protein bands were visualized by enhanced 

chemiluminescence (Pierce). 

Protein Complex Purification and Identification 

About 30mg of whole cell lysates from KOPT-K1 were used for 

immunoprecipitation with anti-MAML1 antibody and protein A/G agarose at 4°C over 

night. Protein complexes were washed and eluted from agarose using an elution 
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solution containing MAML1 peptide. The eluted protein samples were separated on the 

4-12% NuPAGE Bis-tris gels, and stained with a colloidal blue stain kit (Invitrogen). The 

MAML1 associated complex was then analyzed by LC-MS/MS mass spectrometry.  

GST Pull-Down Assay 

The GST fusion proteins GST-MAML1 full-length and 1-302 aa were expressed in 

BL21 Escherichia coli and purified on glutathione-sepharose beads according to the 

manufacturer's protocol. Equivalent amounts of purified GST fusion proteins or GST 

bound to glutathione-sepharose beads were incubated with 293T cell lysate expressing 

transfected FLAG-tagged DDX5 proteins overnight at 4°C. The beads were washed 

extensively and the proteins bound to the beads were resolved on SDS-polyacrylamide 

(PAGE) gels and detected by Western blot analysis. 

Lentiviral-Mediated ShRNA Knockdown 

The pLKO.1_DDX5-shRNA and the control luciferase shRNA constructs were 

purchased from OpenBiosystems. Lentiviruses were produced as previously described 

(99).  In brief, 293FT cells were transfected with shRNA targeting DDX5 or luciferase 

control plasmid together with packing plasmid psPAX2 and envelope plasmid pMD2.G. 

Viral supernatants were harvested at 48 h and 72h post-transfection, target cells were 

infected in the presence of 4 ug/ml polybrene for 8 h twice for two consecutive days and 

then selected with puromycin (0.2 μg/ml, Sigma).  

Real-Time RT-PCR 

Real-time RT-PCR was performed as previously described (99).  RNA was 

isolated and then reverse transcribed into cDNA using a GeneAmp RNA PCR kit 

(Applied Biosystems). Real-time PCR was performed using the StepOne Real-Time 

PCR System (Applied Biosystems) with the SYBR Green PCR Core Reagents Kit 
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(Applied Biosystems). GAPDH was used as an internal control to normalize gene 

expression levels. The following primers were used: HES1 primers (Forward, 5’ 

TCAACACGACACCGGATAAA 3’; Reverse, 5’ TCAGCTGGCTCAGACTTTCA 3’); 

DTX1 primers (Forward, 5’ CTTCCCTGATACCCAGACCA 3’; Reverse, 5’ 

TCCTCTTGCGGTGAACTTCT 3’); HEY1 primers (Forward, 5’ 

TCGGCTCTAGGTTCCATGTC 3’; Reverse, 5’ CTGGGTACCAGCCTTCTCAG 3’); MYC 

primers (Forward, 5’ GGACTATCCTGCTGCCAAGA 3’; Reverse, 5’ 

CGCCTCTTGACATTCTCCTC 3’); DDX5 primers (Forward, 5’ 

GCCGGGACCGAGGGTTTGGT 3’; Reverse, 5’ CTTGTGCTGTGCGCCTAGCCA 3’); 

and GAPDH primers (Forward, 5’ CAATGACCCCTTCATTGACC 3’; Reverse, 5’ 

GACAAGCTTCCCGTTCTCAG 3’). 

Proliferation Assays 

Cell growth was determined by counting the cell numbers in culture. Briefly, 2 ml of 

1×105/ml cells were cultured in RPMI1640 containing 10% FBS in the 6-well plates at 

day 0, and the cell numbers were scored by trypan blue exclusion at day 2 and day 4.   

Cell Cycle Analysis 

Cell cycle profiles were analyzed by BrdU/7-AAD staining using the BD 

Pharmingen™ BrdU Flow Kit (BD Biosciences) according to the manufacturer’s 

instructions. After staining, a minimum of 10000 events were collected to create each 

DNA content histogram with Accuri C6 Flow Cytometer (BD Biosciences). 

Apoptosis Analysis 

Cell apoptosis were detected by measuring Caspase 3/7 activity with the 

Caspase-Glo 3/7 Assay kit (Promega) and the Annexin V/PI FACS analysis (BD 

Biosciences) according to the manufacturer’s instructions. For the Caspase 3/7 activity 
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analysis, ~1X104 cells (20 ul) and an equal volume of Caspase-Glo 3/7 reagent were 

added to a well in the 96-well plate. After incubation for 1-2 h in room temperature, the 

luminescence of each sample and blank control were measured in a plate-reading 

luminometer (FLUOstar OPTIMA). For Annexin V/PI FACS analysis, the cells were 

stained with Annexin V-FITC and Propidium Iodide for 15 min at room temperature in 

the dark and then analyzed with Accuri C6 Flow Cytometer (BD Biosciences). 

Chromatin Immunoprecipitation (ChIP) 

The ChIP assays were performed based on the Millipore ChIP protocol with minor 

modifications as previously described (99). Briefly, cells were fixed with 1% 

formaldehyde for 10 minutes at room temperature and sonicated to shear DNA to about 

200 and 800 bp. The DNA protein complex was then immunoprecipitated with the DDX5 

antibodies or control IgG. The ChIP DNA was purified and eluted with 100ul of H2O. 

ChIP DNA (2.5ul) was used for the real-time PCR analysis using the primers flanking 

the CSL-binding site of the Notch target HES1 promoter. The primer sequences are: 

Forward, 5’ cgtgtctcctcctcccatt 3’; and Reverse, 5’ ggcctctatatatatctgggactgc 3’. 

Immunohistochemical Staining 

Formalin-fixed paraffin-embedded bone marrow samples were from The University 

of Texas MD Anderson Cancer Center with an approved IRB. These slides were heated 

at 50C for 1 h before being deparaffinized and rehydrated. Endogenous peroxidase 

activity was blocked with 3% hydrogen peroxide for 10 min.  Optimal staining with rabbit 

anti-DDX5 (IHC-00156, Bethyl) required 25 min. of heat antigen retrieval in 10mM 

Citrate buffer pH 6.0.  Sections were sequentially blocked with normal serum, avidin and 

biotin prior to the application of rabbit anti-DDX5 (1:200) overnight at 4C.  Slides were 
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stained using the ABC-Elite kit (Vector Labs) and counter-stained with Hematoxylin 

(SurgiPath). 

In Vivo Tumor Xenograft 

Tumor xenograft studies were performed following a protocol approved by IACUC 

(Institutional Animal Care & Use Committee) of University of Florida. HPB-ALL cells that 

had been engineered to stably express firefly luciferase (HPB-ALL-Luc) by transducing 

with pMSCV-GFP-Luc retroviruses were infected with lentiviruses carrying control 

shRNA, or DDX5-targeting shRNA. A total of 5x106 leukemia cells were diluted in 100 ul 

50% Matrigel (BD Biosciences)/50% PBS and injected subcutaneously into the right 

flank of 6-week-old female NCR nude mice. For bioluminescence imaging, mice were 

given 150 ug/g of D-luciferin in PBS by i.p. injection. Fifteen minutes after injection, 

bioluminescence was imaged with a Xenogen In-vivo Imaging System (Caliper Life 

Sciences). Tumor volumes were measured in two dimensions (length and width) using 

Dial Caliper and calculated using the formula: tumor volume = (length x width2) x 0.5. 

After 10 days post-implantation, tumor volumes were measured every two days and 

bioluminescence images were taken once a week.  

Results 

DDX5 Is Identified as a MAML1-Interacting Protein in a Proteomic Study 

We recently found that MAML1 is a major transcriptional co-activator contributing 

to Notch signaling in human T-ALL leukemic cells that contain NOTCH1-activating 

mutations, as depletion of MAML1 expression resulted in a significant decrease in 

Notch target gene expression (unpublished), similar to the effects of γ-secretase 

inhibitor treatment that blocks Notch receptor processing (100). We hypothesized that 

MAML1 functions by recruiting specific co-regulators that activate transcription of Notch 
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target genes. MAML1 was shown to interact with p300/CBP, CDK8 and GSK3β (45, 

101-103) that exert positive or negative effects on Notch transactivation. However, 

these interactions cannot account for all MAML1 co-activation functions. To 

systematically identify co-regulators that are important for MAML1 transcriptional co-

activation, Dr. Huangxuan Shen isolated the endogenous MAML1 complex from 

activated NOTCH1 mutations-containing leukemic cells (KOPT-K1) by 

immunoprecipitation using rabbit antibodies generated from the MAML1 peptide. Mass 

spectrometric analysis was then performed to identify proteins in the MAML1 protein 

complex. These data showed that MAML1 is associated with known interacting proteins 

including NOTCH1 and the Notch pathway transcription factor CSL, indicative of the 

presence of the core transcriptional complex, NOTCH1/CSL/MAML1. Importantly, novel 

potential MAML1-interacting proteins were identified in this analysis. I then focused on 

one of the MAML1-interacting protein candidates, the ATP-dependent RNA helicase 

DDX5, since DDX5 has been functionally linked to transcriptional co-activation and 

many oncogenic events (96, 97). 

 MAML1 Interacts with DDX5 in Vitro and in Vivo  

Ms. Liang Tian, a former visiting student in our lab, and I validated the interaction 

between MAML1 and DDX5 using a series of assays.  First, GST pull-down assays 

were performed to determine whether DDX5 specifically interacts with MAML1 in vitro. 

Bacterially expressed GST or GST-MAML1 fusion proteins were immobilized on 

glutathione-sepharose, which were used as baits for cellular lysates expressing FLAG-

tagged DDX5. We found that GST tagged full-length (FL) or 1-302aa of MAML1, but not 

GST, specifically pulled down FLAG-tagged DDX5 (Figure 3-1A), indicating a specific 

interaction between the N terminal region of MAML1 and DDX5 in vitro. Second, co-
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immunoprecipitation assays were performed to determine the in vivo interaction of 

FLAG-tagged MAML1 and Myc-tagged DDX5. 293T cells were transfected with 

plasmids encoding FLAG-tagged MAML1 or Myc-tagged DDX5 individually or together. 

MAML1 was immunoprecipitated with anti-FLAG antibodies and then any associated 

Myc-tagged DDX5 was detected by immunoblotting with anti-Myc antibodies. Wefound 

that MAML1 readily co-precipitated with DDX5 when over-expressed in the cells (Figure 

3-1B). Third, we used co-immunoprecipitation assays to determine the interaction 

between MAML1 and DDX5 proteins at the endogenous protein levels. Here, HeLa cell 

lysates were prepared and endogenous MAML1 immunoprecipitation using rabbit anti-

MAML1 antibodies was performed. We found that DDX5 co-immunoprecipitated with 

MAML1 endogenously in HeLa cells (Figure 3-1C). To further confirm the interaction 

between MAML1 and DDX5 in a more physiological condition, we performed 

mammalian two-hybrid assays. The wild-type (wt) DDX5 and enzyme-inactive K144R 

mutant (mutation in ATP binding domain, mut) constructs were expressed as fusion 

proteins with a GAL4 DNA binding domain, and MAML1 was expressed as a fusion 

protein with the activation domain (AD) in U2OS cells. The interaction between DDX5 

and MAML1 was quantified by the activation of a luciferase reporter containing GAL4 

binding sites in the promoter. We found that the luciferase activity from cells expressing 

both proteins was significantly increased compared to the control, indicating that 

MAML1 and DDX5 interact with each other in vivo. Moreover, the enzyme-inactive 

mutant of DDX5 appeared not to interact with MAML1 (Figure 3-1D). Overall, the above 

data indicate a specific interaction between MAML1 and DDX5 in vitro and in vivo. 
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DDX5 Is Associated with the Notch Transcription Activation Complex in Leukemic 
Cells 

It was reported that more than half of T-ALL patients carry activating NOTCH1 

mutations, which result in the formation of active NOTCH1/CSL/MAML1 transcriptional 

complex and subsequent expression of Notch target genes,  contributing to leukemic 

phenotype (63, 66). To explore the potential functions of DDX5 in T-ALLs, we first 

surveyed the expression levels of leukemic cells that carry active NOTCH1 signaling. By 

Western blot analysis, we found that DDX5 is expressed in a variety of T-ALL leukemic 

cell lines and DDX5 expression levels appear to be higher in a majority of T-ALL cells in 

comparison with three AML (acute myeloid leukemia) cell lines we tested (Figure 3-2A).  

Based on the evidence that MAML1 interacts with DDX5 in a protein complex and 

that DDX5 functions in transcriptional co-activation, DDX5 might have a role in 

mediating MAML1-coactivator function and thereby modulating Notch signaling in T-ALL 

leukemia. Therefore, we next determined whether DDX5 is associated with the 

NOTCH1 transcription activation complex. First, we determined whether MAML1 

interacts with DDX5 in the presence or the absence of active NOTCH1 signaling. Here, 

activating NOTCH1 mutation-containing KOPT-K1 leukemic cells were treated with the 

vehicle control DMSO or γ-secretase inhibitor (GSI) that interferes with NOTCH1 

receptor processing and hence blocks Notch signaling, and then cell lysates were 

prepared for endogenous MAML1 immunoprecipitation using anti-MAML1 antibodies. 

We found that GSI treatment greatly reduced cleaved NOTCH1 levels (Figure 3-2B), 

indicating effective blockade of NOTCH1 signaling. In consistence with these data, 

cleaved NOTCH1 and CSL levels were significantly reduced in the MAML1 

immunoprecipitates (Figure 3-2B and not shown), indicating a reduced level of active 
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Notch transcription complex. Importantly, we found that the levels of DDX5 co-

immunoprecipitated with MAML1 remained similar in both the presence and absence of 

active Notch signaling (Figure 3-2B), suggesting that MAML1 interacted with DDX5 

irrespective of cellular Notch signal status. Next, we performed NOTCH1 (ICN1) 

immunoprecipitation using antibodies against the cytoplasmic domain of NOTCH1, and 

detected any possible DDX5 co-immunoprecipitated with NOTCH1. We found that 

DDX5 is readily detectable in NOTCH1 immunoprecipitates (Figure 3-2C). The reverse 

immunoprecipitation using anti-DDX5 antibodies also supported an interaction between 

DDX5 and the NOTCH1 (ICN1)/MAML1/CSL transcription complex (Figure 3-2D). Since 

DDX5 is an RNA binding protein, we further determined whether there is a role for RNA 

in the interaction of DDX5 and MAML1. KOPT-K1 protein lysates were first treated with 

RNase/DNase to remove the nuclear acids before being subjected to 

immunoprecipitation. Our data showed that MAML1 was able to pull down DDX5 protein 

after digestion with RNase/DNase, indicating that the interaction between MAML1 and 

DDX5 is independent of nuclear acids (Figure 3-3). These data indicate that DDX5 

interacts with MAML1 independent of cellular Notch signaling status and is recruited to 

the NOTCH1 (ICN1) transcription complex, hence suggesting a role for DDX5 in 

modulating Notch signaling in Notch-active leukemic cells. 

DDX5 Enhances Notch-Mediated Transcription and DDX5 Depletion Reduces 
Expression of Notch Signature Genes in Leukemic Cells 

To evaluate a potential role of DDX5 in Notch-mediated transcription, we first 

determined whether DDX5 promotes NOTCH1 (ICN1)-induced transcription. Here, 

U2OS cells were transfected with a Notch-responsive promoter reporter (pCSL-luc 

containing four copies of CSL-binding sites in the promoter) and activated NOTCH1 
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(ICN1) in the presence and absence of wild-type or enzymatically inactive forms of 

DDX5 (Figure 3-4A). We found that DDX5 enhanced NOTCH1 (ICN1)-induced reporter 

activity and such enhancement is dependent on the intact DDX5 enzymatic activity, as 

the mutation  (K144R) renders inactive enzyme failed to show the enhanced activity 

(Figure 3-4A). These data suggest that DDX5 activation of Notch-mediated transcription 

is dependent on DDX5 enzyme activity. Moreover, chromatin immunoprecipitation (ChIP) 

assay revealed that DDX5 was enriched on the CSL-binding promoter region of the 

Notch target gene HES1, and that the level of DDX5 protein associated with HES1 

promoter was reduced in DDX5 knockdown cells (Figure 3-4B), which further supported 

a function of DDX5 in the regulation of Notch-mediated transcription. 

Next, we investigated whether DDX5 loss-of-function impairs Notch signaling in 

leukemic cells. We utilized a pLKO.1-based lentiviral shRNA set containing five U6 

promoter-regulated shRNA targeting DDX5, and identified two forms of shRNA 

(shDDX5-3 and shDDX5-4) that were effective to knock down DDX5 in HeLa cells (not 

shown). We then infected activating NOTCH1 mutation-bearing cells, KOPT-K1, with 

these two forms of DDX5 shRNA (shDDX5-3, and -4) or luciferase shRNA as controls, 

and collected RNA and protein samples for analysis. We found that there was about 

70% reduction in the DDX5 transcript level by real-time RT-PCR assays, and more than 

90% of DDX5 protein reduction though Western blot analysis (Figure 3-4C). We 

subsequently compared the levels of endogenous Notch signature genes in DDX5 

knockdown cells and the control cells by real-time RT-PCR. We found that DDX5 

depletion by two forms of shRNA resulted in decreased expression levels of Notch 

signature genes including HES1, HEY1, MYC and DTX1 (Figure 3-4D). In contrast, 
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knockdown of DDX5 failed to significantly affect Notch target gene expression in 

SUPT13 T-ALL cells that have wild-type NOTCH1 gene and are insensitive to Notch 

signaling inhibition (Figure 3-5). These data indicate that DDX5 is essential for efficient 

Notch-mediated transcription in Notch-active leukemic cells. 

DDX5 Regulates Leukemic Cell Proliferation and Survival 

Since activated NOTCH1 signaling is essential for leukemic cell growth and 

survival and DDX5 modulates Notch signaling, we predicted that DDX5 loss-of-function 

and subsequent reduced Notch signaling will inhibit leukemic cell proliferation and 

survival. Therefore, we knocked down DDX5 expression in a series of leukemic cells by 

lentiviral infection on two consecutive days followed by puromycin selection for 2 days. 

At day 6 post-infection (D0), cells were set up for cell proliferation, cell cycle, and 

apoptosis assays while cell lysates were made simultaneously to determine the extent 

of DDX5 knockdown. We were able to knock down DDX5 protein levels by about 70% 

and 90% in several cell lines including KOPT-K1, HPB-ALL, MOLT4 and Jurkat (Figure 

3-4C and not shown). We found that DDX5 knockdown led to a decrease in cell growth 

in these Notch-overactive leukemic cells, but not in the Notch insensitive SUPT13 cells 

(Figure 3-6A and Figure 3-5). To study the mechanisms underlying cell growth 

suppression caused by DDX5 loss-of-function, we first investigated the impact of DDX5 

knockdown on cell cycle profile using BrdU/7-AAD staining followed by FACS analysis. 

We found that DDX5 depletion resulted in inhibition of G1-S-phase transition (Figure 3-

6B). Next, we investigated whether DDX5 loss-of-function affects cell survival by various 

apoptotic assays. We found that DDX5 knockdown led to enhanced apoptotic activities 

by measuring Caspase-Glo 3/7 activity (Figure 3-6C), cleaved Caspase 3 level by 

Western blot analysis (Figure 3-6D) and Annexin V/PI staining (Figure 3-6E). These 
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data indicates that DDX5 depletion-induced cell growth suppression could be due to 

both cell cycle arrest and induction of apoptosis. Combined with the previous data, our 

findings indicate that DDX5 modulates cell proliferation and survival in leukemic cells at 

least in part through regulating Notch signaling.   

DDX5 Depletion Results in Reduced T-ALL Cell Growth in Vivo 

 To test the function of DDX5 in Notch-overactive T-ALL cell growth in vivo, Dr. 

Yumei Gu, a postdoc in our lab, generated HPB-ALL cells expressing the luciferase 

gene (HPB-ALL-luc) by infecting the HPB-ALL cells with retroviruses that co-express 

GFP and luciferase under a bicistronic transcript. FACS sorting for GFP+ cells was 

performed to enrich transduced cells, which were further validated for luciferase 

expression by luciferase assays. HPB-ALL-luc cells were then infected with lentiviruses 

that expressed the shRNA against DDX5 or lentiviruses generated from the vector 

control. At about 72 hours after first infection, cell lysates were collected for the 

confirmation of DDX5 knockdown by Western blotting (Figure 3-7A). At the same day, 

an equivalent number of the viable DDX5-depleted and control cells (based on Trypan 

blue assays and luciferase assays shown in Figure 3-8) were subcutaneously injected 

into nude mice. The growth of tumor xenografts was then monitored by measuring 

tumor volume and luciferase intensities at different time points after leukemia cell 

injection (Figure 3-7B). The tumors in the mice injected with the control cells grew and 

reached to a size of about 800 mm3 at 30 days after injection. However, knockdown of 

DDX5 resulted in the suppression of tumor growth (Figure 3-7C). Thus, DDX5 

expression is required for the growth of T cell acute lymphoblastic leukemia in vivo. 
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DDX5 Is Highly Expressed in Human T-ALL Patient Samples 

The expression of DDX5 in T-ALL has not been investigated. Searching of DDX5 

expression in the Oncomine database revealed that DDX5 is expressed at significantly 

higher transcriptional levels in T-ALL in comparison with peripheral blood mononuclear 

cells (PBMC) (Figure 3-9A), which is based on microarray gene expression data of 174 

T-ALL cases and 74 normal PBMC cells (104). To further determine the relevance of 

DDX5 in human T-ALLs, we assessed DDX5 protein expression in bone marrow 

aspirates from three normal individuals and three patients with T-ALLs by 

immunohistochemical staining. Bone marrow aspirates were formalin-fixed and paraffin-

embedded, and then the sections were stained with rabbit anti-DDX5 antibodies. In 

normal bone marrow aspirates, certain subsets of cells showed positive nuclear DDX5 

staining, likely including lymphocytes, granulocytes and megakaryotes (Figure 3-9B). In 

T-ALL samples, strong nuclear DDX5 staining was observed in the majority of T-ALL 

cells in all three T-ALL specimens (Figure 3-9B and not shown). In addition, the cellular 

morphologies seem to be abnormal for T-ALL. These data suggest two possibilities: one 

is that DDX5 is expressed at a low level in normal T lineage but an abnormally high 

level in T-ALL cells, and the other is that DDX5 is expressed in immature T lineage, and 

the clonal expansion of immature T-ALL cells results in the more uniform DDX5 staining 

in T-ALL. Overall, our data indicate that DDX5 expression is highly expressed in human 

primary T-ALL samples. 

Discussion 

Notch signaling is a major oncogenic pathway in the pathogenesis of T-ALLs and 

is a promising therapeutic target. Therefore, the identification of regulators that 

modulate Notch signaling is of great importance.  In this study, we identified DDX5 as a 
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novel interacting protein for the Notch transcriptional co-activator MAML1. DDX5 

interacts with the Notch transcription activation complex via the association with MAML1, 

and is required for optimal Notch activities in leukemic cells. DDX5 is essential for 

leukemic cell growth and survival in cultured cells and xenograft tumor models. 

Importantly, DDX5 is highly expressed in human T-ALL samples. Therefore, DDX5 

regulates oncogenic Notch signaling at the transcriptional level and is likely to have a 

critical role in NOTCH1-mediated T-ALL pathogenesis.   

DDX5 is a member of the DEAD box family of RNA helicases with diverse cellular 

functions including RNA processing, mRNA translation, ribosome assembly, and gene 

transcription (96, 97, 105). It was shown that DDX5 co-activates several transcription 

factors including p53 (106), androgen receptor (107), estrogen receptor (108), MyoD 

(98), Runx2 (109) and NFAT5 (110) by mediating chromatin remodeling and 

transcription initiation complex on target promoters (98).  DDX5 is significantly up-

regulated in multiple tumors such as breast cancers, prostate cancers, bladder cancers, 

colon cancers, colorectal tumors and myeloma (97, 111), which suggest important 

functions of DDX5 in tumor development and progression. Moreover, DDX5 is 

responsible for the anti-apoptotic functions of tumor cells when treated with anticancer 

drugs (112, 113), as depletion of DDX5 in tumor cells abolishes their ability to escape 

from death and results in acceleration of cell killing by drugs (113). Therefore, DDX5 

represents a potential important therapeutic target for cancer treatment. 

The expression and function of DDX5 in leukemia had not been investigated 

previously. In this study, we found that DDX5 is expressed in multiple T-ALL leukemic 

cell lines (Figure 3-2A), and appears to be up-regulated in the bone marrow specimens 
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derived from human T-ALL patients in comparison to the normal bone marrow control 

(Figure 3-9). Therefore, DDX5 might have a regulatory role in the oncogenic events in 

T-ALL. Indeed, our data showed that DDX5 is required for T cell growth and survival of 

T-ALL cells with constitutive activation of Notch signaling, as DDX5 knockdown inhibited 

leukemic cell growth and promoted cell apoptosis. Furthermore, we showed that DDX5 

depletion results in reduced leukemic xenograft growth. Therefore, DDX5 is an 

important cellular factor required for leukemic cell growth and survival.  

The functional effects of DDX5 knockdown on leukemic cell proliferation and 

survival are at least partially mediated by the ability of DDX5 to modulate Notch 

signaling. We showed that DDX5 is recruited to the Notch transcription activation 

complex, and is physically localized to the Notch responsive promoter, the HES1 

promoter. DDX5 regulates Notch-induced transcription, as DDX5 promotes Notch-

mediated transcription and DDX5 knockdown reduces expression of Notch signature 

genes in leukemic cells. However, the exact mechanism by which DDX5 regulates 

transcriptional activation is still unclear. Previous data indicate that reducing the levels 

of DDX5 and its homologous protein DDX17 (p72) protein impaired recruitment of the 

TATA binding protein TBP, RNA polymerase II, and the catalytic subunit of the ATPase 

SWI/SNF complex, Brg-1 (98). Therefore, it is likely that DDX5 recruitment to the Notch 

target promoter promotes the formation or function of the pre-initiation complex. This 

might be one of the mechanisms that contribute to MAML1-co-activator function in 

enhancing Notch transcription.  

 Intriguingly, inhibition of Notch signaling via targeting different steps of the Notch 

pathway appears to have distinct effects on cell growth and survival. Notch signaling 
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inhibition via gamma secretase inhibitors (GSIs) that block Notch receptor processing 

significantly reduces transcription of Notch target genes within 24 hours, but usually has 

mild and progressive effects on the growth and survival of Notch-mutated T-ALL cell 

lines (63). Consistent with the published data, our data showed that the GSI Compound 

E inhibited expression of Notch target genes in activating Notch1 mutation-containing 

KOPT-K1 cells, but had little effects on cell proliferation at day 2 and day 4 under 

treatment (Figure 3-10). On the other hand, inhibition of Notch signaling via siRNA-

mediated NOTCH1 knockdown (114) or via blocking MAML1 expression by shRNA 

(unpublished) or expression of dnMAML1 (100, 115) results in better and more rapid 

suppression of cell growth and induction of apoptosis. DDX5 is associated with 

Notch/MAML1/CSL transcriptional activation complex, which might explain our data that 

DDX5 depletion functionally resembled MAML1 inhibition, in comparison to GSI-

mediated Notch signaling blockade. These data suggest that differential mechanisms of 

action accounting for targeting Notch signaling at various steps of the pathway or Notch-

independent roles of MAML1 in the regulation of cell growth and survival. Importantly, it 

should be noted that DDX5 might regulate leukemic cell growth and survival through 

other uncharacterized Notch-independent mechanisms due to its ability to interact with 

other cellular factors. However, it appears that DDX5 has a crucial role in regulating 

NOTCH1-activated T-ALLs, as DDX5 depletion affected growth and survival of 

NOTCH1-activated T-ALLs, but not of T-ALL cells without abnormally activated 

NOTCH1 signaling. 

 Collectively, we identified DDX5 as a novel MAML1-asociated protein that is 

required for MAML1 transcriptional co-activation function. DDX5 modulates Notch 
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signaling and is crucial for the growth and survival of T-ALL cells with constitutive 

activation of Notch signaling, supporting the role of DDX5 as a novel regulator of 

oncogenic Notch signaling in leukemic cells. Therefore, DDX5 might be critical for 

Notch-mediated T-ALL pathogenesis and has the potential as a drug target in leukemia. 

Given the importance of DDX5 in the oncogenesis of multiple cancer types and its 

function in drugs resistance in tumor cells, development of specific DDX5 inhibitors 

might hold great promises for the therapy of DDX5 over-expressing tumors including the 

Notch mutated T-ALL.   
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Figure 3-1. MAML1 specifically interacts with DDX5 in vitro and in vivo. A: MAML1 

interacts with DDX5 by GST pull-down assays. GST-MAML1 FL and 1-302aa 
fusion proteins were induced expressed in BL21 bacterial cells, and purified, 
and then incubated with cellular lysates from 293T cells transfected with 
FLAG-DDX5. The pull-down proteins were analyzed by Western blotting with 
anti-FLAG antibodies. B: MAML1 co-immunoprecipitates with DDX5.  293T 
cells were transfected with FLAG-MAML1 and Myc-DDX5 plasmids, and cell 
lysates were collected 48 hours after transfection for IP and Western blot 
analysis. C: MAML1 and DDX5 interact at the endogenous protein levels in 
HeLa cells. Whole cell lysates collected from HeLa cells were used for 
immunoprecipitation with anti-MAML1 antibodies. The MAML1 
immunoprecipitates were analyzed by Western blotting. D: MAML1 interacts 
with wild-type (wt), but not enzyme-inactive version (mut), of DDX5 by 
mammalian two-hybrid assays. U2OS cells were co-transfected with pBIND-
DDX5 and different amounts of MAML1 plasmids. The cell lysates were 
collected for luciferase assay 48 hours after transfection. Data were shown as 
average values from three independent experiments. **p<0.01. 
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Figure 3-2. DDX5 is associated with the Notch transcription activation complex in 
leukemic cells. A: DDX5 expression levels in a panel of AML and T-ALL 
leukemia cell lines were determined by Western blot analysis. B: MAML1 
interacts with DDX5 in T-ALL cells. KOPT-K1 cells were treated with GSI (1 
uM ComE) for 24 hours and then lysates were collected for IP with anti-
MAML1 antibodies and blotted with indicated antibodies. C: NOTCH1 
interacts with DDX5 in KOPT-K1 cells. Protein lysates of KOPT-K1 cells were 
used for IP with an anti-NOTCH1 antibody raised against the intracellular 
domain of the NOTCH1 receptor, and then blotted with an anti-DDX5 
antibody. D: DDX5 is associated with the core Notch transcriptional activation 
complex (i.e. NOTCH1/CSL/MAML1). IP was performed using KOPT-K1 
cellular lysates with an anti-DDX5 antibody following by Western blotting with 
indicated antibodies. 
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Figure 3-3. Interaction between MAML1 and DDX5 is independent of nuclear acids. A: 
KOPT-K1 protein lysates were treated with or without DNase (10 U/ml) and 
RNase (10 ug/ml) at room temperature for 20 minutes. ~30 ug protein lysates 
were loaded on agarose gel to confirm the digestion of nuclear acids. B: The 
lysates with or without digestion were used for immunoprecipitation using 
anti-MAML1 antibodies and the MAML1 immunoprecipitates were analyzed 
for DDX5 and MAML1 by Western blot analysis. 
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Figure 3-4. DDX5 enhances Notch-mediated transcription and its depletion reduces 
expression levels of Notch target genes in NOTCH1 mutated KOPT-K1 cells. 
A: DDX5 enhances Notch mediated transcription. Data were shown as 
average from three independent experiments. **p<0.01; ***p<0.001. B: DDX5 
directly binds to NOTCH target HES1 promoter. ChIP assay was performed in 
KOPT-K1 cells using DDX5 antibody or control IgG. The upper panel shows 
the location of primers on HES1 promoter. C: DDX5 is effectively knocked 
down in KOPT-K1 cells. KOPT-K1 cells were infected with lentiviruses that 
contain two independent shRNAs that target KD DDX5, and the control 
viruses expressing shRNA target luciferase gene. Transduced cells were 
assayed for DDX5 expression by Western blotting analysis (upper panel) and 
real-time RT-PCR (lower panel). D: Real-time RT-PCR assays showed that 
DDX5 depletion reduces expression levels of NOTCH target genes. B-D: the 
Real-time PCR data were shown as average from three independent 
experiments. 
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Figure 3-5. DDX5 depletion has little effects on expression of Notch target genes and 
cell proliferation in SUPT13 cells that does not have abnormally active Notch 
signaling.  A: Two forms of lentiviral-based shDDX5 effectively knocked down 
DDX5 expression in SUPT13 cells. SUPT13 cells were infected with 
lentiviruses that contain two independent shRNAs that target DDX5, and the 
control viruses expressing shRNA target luciferase gene. Transduced cells 
were assayed for DDX5 expression by real-time RT-PCR. B: Real-time RT-
PCR assays showed that DDX5 depletion had little effect on the expression 
levels of NOTCH target genes such as HES1 and MYC in SUPT13. C: DDX5 
depletion did not affect cell proliferation of SUPT13 cells. 
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Figure 3-6.  DDX5 knockdown results in a reduction in T-ALL cell proliferation and 

survival. A: DDX5 knockdown reduces T-ALL leukemic cell proliferation. 
KOPT-K1 cells were infected with lentiviruses expressing shRNA against 
DDX5 or control shLuc on two consecutive days, and then selected with 
puromycin for 2 days. At 6 days after the first infection (considered D0), cell 
growth, cell cycle and survival assays were performed. Control and DDX5-
knockdown leukemic cells were cultured under the same conditions (a total of 
2 ml at 1X105 cells/ml) and cell numbers were counted at day 2 (D2) and D4. 
Data were shown as average values from three independent experiments. 
**p<0.01. B: Cell cycle distribution of DDX5 knockdown and control cells were 
determined by BrdU/7-AAD straining followed by FACS analysis. C: DDX5 
knockdown caused an increase in Caspase 3/7 activities in leukemic cells. 
About 1x104 cells were used for the quantification of Caspase 3/7 activities. 
Data were shown as average from three independent experiments. **p<0.01; 
***p<0.001. D: DDX5 knockdown caused an increased level of cleaved 
Caspase 3 level by Western blot analysis. E: DDX5 knockdown caused an 
increased percentage of apoptotic cells in KOPT-K1 cells determined by 
Annexin V-PI staining followed by FACS analysis.   
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Figure 3-7. DDX5 knockdown reduces growth of human T-ALL leukemia xenograft in 

nude mice. A: DDX5 knockdown in luciferase-expressing HPB-ALL cells 
(HPB-ALL-luc). DDX5 expression in HPB-ALL-Luc transduced with shRNA 
against DDX5 (KD) as compared to cells transduced with a nontargeting 
shRNA (Ctl) was analyzed by Western Blot analysis with anti-DDX5 
antibodies. B: A representative bioluminescent image shows that two mice 
implanted with HPB-ALL-luc cells transduced with control shRNA and DDX5 
shRNA, respectively. The image was taken on Day 24 after leukemic cell 
injection. C: Tumor growth was inhibited significantly in mice implanted with 
DDX5 knockdown cells compared to control (n=5, p<0.01). Tumor volumes 
were measured every two days starting at day 10 after leukemic cell injection.  
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Figure 3-8. The DDX5 knockdown and control cells have similar level of luciferase 
activities. Cell lysates were collected from the DDX5 knockdown and control 
cells for the analysis of luciferase activities before injection into mice. Data 
were shown as luciferase intensity/ug protein.  
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Figure 3-9. DDX5 gene expression is significantly up-regulated in human T-ALL patient 

samples. A: DDX5 transcript levels are significantly higher in T cell acute 
lymphoblastic leukemia as compared to peripheral blood mononuclear cells 
(PBMC) based on microarray gene expression data of 174 T-ALL cases and 

74 normal PBMC cells (104). *** p<0.001. B: DDX5 is over-expressed in bone 

marrow aspirates from the patients of T-ALLs by IHC analysis using anti-
DDX5 antibodies.   
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Figure 3-10. GSI (Compound E; ComE) treatment inhibits expression of Notch target 
genes, but has little or no effects on T-ALL cell proliferation after two and four 
day-treatment. A: GSI (ComE) inhibits NOTCH1 receptor cleavage. KOPT-K1 
cells were treated with ComE (2 uM) for 24 hours and then lysates were 
collected for Western Blot analysis to detect the cleaved NOTCH1 levels. B: 
ComE treatment inhibited Notch target gene expression in KOPT-K1 cells. C: 
ComE treatment has no apparent effect on the proliferation of Notch 
overactive KOPT-K1 T-ALL cells.   

 

 



 

71 

CHAPTER 4 
THE MBT PROTEIN SFMBT1 REGULATES MYOD-MEDIATED EPIGENETIC 

SILENCING IN SKELETAL MYOGENESIS 

Introduction 

Skeletal myogenesis is a complex process that generates functional muscle 

tissues from muscle precursor cells and is critical for muscle development and 

regeneration. In response to myogenic signals, myogenic progenitor myoblasts exit from 

the cell cycle, fuse and differentiate into multinucleated myotubes, which further mature 

as functional muscles (116). The basic helix–loop–helix (bHLH) transcription factor 

MyoD is the master regulator of the myogenic processes by coordinating diverse 

epigenetic factors to regulate target genes expression in response to the developmental 

signals (117, 118). In proliferating myoblasts, MyoD is associated with transcriptional 

co-repressors such as HDACs (119-121), HP1 (122) and Suv39h1 (123) that repress 

the expression of myogenic targets. Upon differentiation, MyoD cooperates with Six4 

and MEF2 proteins to recruit transcriptional co-activators including P300/CBP (124, 

125), PCAF (126), the Trithorax Group proteins SWI/SNF chromatin remodeling 

complex (127), UTX (128) and Ash2L/MLL2 (129) and facilitates transcriptional 

activation of myogenic target genes (118). 

Polycomb family proteins repress important developmental genes and regulate 

diverse developmental processes such as myogenesis (130-132). Genome-wide 

mapping revealed that the promoters of key myogenic regulators such as Pax7, MyoD 

and Myogenin are occupied by polycomb proteins, suggesting important functions of 

polycomb in regulating myogenesis (130, 131). Also, one polycomb protein, Ezh2, was 

shown to repress transcription of myogenic targets and prevent premature 

differentiation of myogenic progenitors (30, 133) and is required for in vivo muscle 
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regeneration (134). Genome-wide ChIP analysis revealed that dSfmbt is physically 

associated with many important target genes functioning in muscle development (135). 

However, it was unknown whether Sfmbt1 has any functional roles in regulation of 

myogenesis. 

Since epigenetic regulation has critical roles in the myogenic process, in this study, 

I utilized myogenic models to investigate the biological functions of Sfmbt1 in skeletal 

myogenesis. Through gain-of-function and loss-of-function studies in combination with 

microarray studies, we found that Sfmbt1 has an important role in regulating 

myogenesis in vitro and in vivo, through transcriptional silencing of the myogenic master 

regulator, MyoD.   

Materials and Methods 

Plasmids 

pLKO.1 lentiviral shRNA plasmids targeting mouse Sfmbt1 were purchased from 

Open Biosystems. SFMBT1 truncation mutants (1-473aa, 494-699aa, 721-866aa) were 

cloned to pGex vector to generate GST fusion proteins. pQCXIP-FLAG-SFMBT1 was 

kindly provided by Dr. Judd C. Rice. HA-MyoD (FL) and the HA tagged MyoD mutants 

(N: 1-66aa; △N: 84-318aa; C: 173-318aa; △C: 1-240aa) were kindly provided by Drs. 

Serge A. Leibovitch and Slimane AIT-SI-ALI.  

Antibodies 

The antibodies were obtained from commercial sources: LSD1 (Abcam ab17721); 

M2 (Sigma F-3165); HA (Covance MMS-101P); HDAC1 (Santa Cruz sc7872); EZH2 

(Active Motif 39875); RNF2 (Active Motif 39663); Beta-Actin (Sigma A5316); H3K4me2 

(Millipore 07-030); H3K27me3 (Millipore 07-449); H3Ac (Millipore 06-599); H4Ac 
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(Millipore 06-598); Myosin (RD Systems MF20); Myogenin (BD Pharmingen 556358); 

MyoD (BD Pharmingen 556130); Pax7 (DSHB, University of Iowa). 

Cell Culture 

293FT and 293T cells were cultured in Dulbecco’s modified Eagle’s medium 

(DMEM) with 10% heat inactivated fetal bovine serum and penicillin/streptomycin. 

C2C12 cells (ATCC) were cultured in DMEM with 20% heat inactivated fetal bovine 

serum and penicillin/streptomycin. Primary myoblasts were isolated and maintained as 

described previously (136). For the myogenesis assay, cells were grown to 80-90% 

confluence, and induced for differentiation by switching from growth medium to 

differentiation medium (DMEM containing 2% horse serum).   

Virus Production, Titering and Transduction 

Lentiviral constructs (pLKO.1) were co-transfected with the pMD2.G envelope 

vector and pSPAX2 packaging vector into 293FT cells using Superfect Transfection 

Reagent (Qiagen). Retroviral constructs (pQCXIP) were co-transfected with the 

pMD.MLV.gag.pol (helper plasmid) and pMD.G (VSVG pseudotype) with Superfect 

Transfection Reagent in 293T to produce retrovirus. Supernatants containing virus were 

collected and centrifuged at 25,000rpm for 2 hours at 4°Ç using a SW28 rotor 

(Beckman). The pellets were suspended with 200ul PBS and the titers were determined 

following the technical manual from Open Biosystems. Viral transduction in cells was 

previously described (71). Stably transduced cells (polyclonal) were obtained and 

maintained by puromycin selection. 

Immunofluorescence Staining and Luciferase Assays 

Immunofluorescence staining and luciferase reporter assays were performed as 

previously described (73). 



 

74 

Microarray Analyses 

Microarray experiments were performed using RNA samples isolated from the 

C2C12 vector and C2C12 Sfmbt1 knockdown. The total RNA was extracted using Trizol 

reagents (Invitrogen) and purified using a QIAGEN column with in column DNase 

digestion. Hybridizations of Affymetrix Mouse Genome 430 2.0 Arrays were performed 

at the Dana-Farber Microarray core facility. Genes with a fold-change equal to or 

greater than 1.5 and a p-value of less than 0.01 were considered differentially 

expressed. 

GST Pull-Down Assay 

GST pull-down assay was performed as previously described (73). Briefly, 

bacterially expressed GST or GST-SFMBT1 fusion proteins were induced and purified 

with glutathione sepharose. Equivalent amounts of GST or GST-SFMBT1 immobilized 

on glutathione sepharose were then incubated with nuclear extract of 293T transfected 

with HA tagged MyoD. After extensive washing, the pull-down HA-tagged MyoD was 

detected by Western blot analysis.  

Real-Time RT-PCR 

cDNA was generated with 2ug of total RNA using a GeneAmp RNA PCR kit 

(Applied Biosystems). Real-time PCR was performed using the Step oneTM Real-Time 

PCR System (Applied Biosystems) with the SYBR Green PCR Core Reagents Kit 

(Applied Biosystems). The sequences for the primers used are listed in Table 4-1. 

Chromatin Immunoprecipitation (ChIP) 

ChIP assay was performed based on as previous described (99). Briefly, cells 

were fixed with formaldehyde for 10 minutes at room temperature to crosslink the DNA 

to chromatin-associated protein complexes. The crosslinking was stopped with Glycine 
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and cells were sonicated using the MISONIX S-4000 sonicator to shear DNA to lengths 

between 200 and 800 bp. The DNA protein complex was then immunoprecipitated with 

the indicated antibodies and washed extensively. The ChIP DNA was then purified and 

eluted with 100 ul of H2O. 2.5 ul of ChIP DNA was used for Real-time PCR analysis. 

The primer sequences are listed in Table 4-1. 

Dnase I Sensitivity Assay 

DNase I sensitivity assay was performed with RQ1 RNase-Free Dnase 

(Promega). Nuclei of 5*105 cells were treated with DNase at 37℃ for 30 minutes and 

then the reactions were stopped with EDTA at final concentration of 25mM. Genome 

DNA samples were purified by Protease K digestion and phenol chloroform extraction. 

The purified DNA samples were analyzed by Real-time PCR to detect the relative 

amount of DNA remaining at the promoter region of Myogenin. 

Intramuscular Injection of Lentiviruses and CTX Induced Muscle Regeneration 

Mice studies were performed following a protocol approved by the University of 

Florida IACUC (Institutional Animal Care & Use Committee). In brief, tibialis anterior (TA) 

muscles of about 8 weeks old mice were injected with shRNA-producing pLKO.1 

lentiviral particles (100,000 transducing unit in PBS) three times in two-day intervals.  

Three days after the final injection, TA muscles were injected with 30 ul of 10 uM CTX 

to induce damage. TA muscles were dissected at various days post-injection for 

expression studies and histological analysis.  

Statistical Analyses of Experimental Data 

Independent Student's t-test was used to analyze data from proliferation and 

real-time PCR-experiments. 



 

76 

Results 

Sfmbt1 Expression Is Down-Regulated during Myogenic Differentiation 

Epigenetic silencing is important to restrict the expression of muscle genes in 

myoblasts (30, 118, 130, 131, 133). Sfmbt1 was shown to express in skeletal muscles 

by Northern blot analysis (137) and its Drosophila homologue dSfmbt constitutively 

occupies the promoters of genes involved in muscle development in both embryo.s and 

larvae in a ChIP-chip study (135). Therefore, I investigated the possible role of Sfmbt1 

in regulating myogenic differentiation.  

I first investigated the expression pattern of Sfmbt1 during myogenic differentiation 

by real-time RT-PCR. I found that the Sfmbt1 expression was highest in undifferentiated 

C2C12 myoblasts and became reduced during differentiation, whereas expression of 

myogenic transcription factor Myogenin was induced in response to differentiation 

signals (Figure 4-1A). The observation that Sfmbt1 transcript levels are highest in 

undifferentiated myoblasts but reduced during the course of differentiation suggests a 

possible role for Sfmbt1 in repressing myogenic differentiation. 

Over-Expression of Exogenous SFMBT1 Blocks Myogenic Differentiation 

The down-regulation of Sfmbt1 expression during myogenic differentiation 

suggests that Sfmbt1 might be important for the maintenance of myogenic progenitor 

functions by preventing the pre-mature differentiation of myoblasts. Therefore, I next 

determined whether ectopic expression of human SFMBT1 gene affects myoblasts 

proliferation and differentiation. C2C12 cells were infected with retroviruses expressing 

FLAG-tagged SFMBT1 or vector control viruses. After puromycin selection, exogenous 

SFMBT1 expression was confirmed by Western blot analysis using anti-FLAG 

antibodies (Figure 4-1B). The cells were induced to differentiate and myotube formation 
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and muscle-specific gene expression were examined. I found that ectopic SFMBT1 

expression resulted in a block in myotube formation (Figure 4-1C) and a decrease in the 

expression of muscle differentiation markers (Myosin and Myogenin) (Figure 4-1D). 

Ectopic SFMBT1 expression appeared to have little effect on cell proliferation of 

undifferentiated myoblasts in growth medium (Figure 4-1E). These data suggest that 

Sfmbt1 is critical for regulating myogenic differentiation likely by silencing muscle 

specific gene expression. 

Sfmbt1 Depletion Enhances Myogenic Differentiation 

Since SFMBT1 represses myogenic differentiation which would contribute to the 

maintenance of the undifferentiated state of myoblasts, I therefore hypothesized that 

Sfmbt1 depletion will promote myogenic differentiation. To test this hypothesis, I 

knocked down expression of Sfmbt1 in C2C12 myoblasts and determined the functional 

consequences of Sfmbt1 depletion on myogenic differentiation. In brief, C2C12 cells 

were stably transduced with lentiviral-mediated shRNA against Sfmbt1 (shSfmbt1), or 

shRNA against luciferase as a control (shLuc). I found that the expression level of 

endogenous Sfmbt1 decreased by 75% in stably transduced Sfmbt1 knockdown cells, 

as compared to shLuc controls (Figure 4-2A). When induced to undergo myogenic 

differentiation, C2C12 cells with Sfmbt1 knockdown differentiated better than the control 

cells, as shown by the formation of larger and more myotubes (Figure 4-2B), and 

enhanced expression levels of myogenic transcription factor Myogenin and muscle 

differentiation marker Myosin (Figure 4-2C). Moreover, Sfmbt1 knockdown significantly 

reduced the proliferation rate of C2C12 myoblasts cultured in growth medium (Figure 4-

2D). The decrease in cell proliferation might be due to the up-regulation of cell cycle 

inhibitors such as P21, which is required for the cell cycle exit during myogenic 
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differentiation (Figure 4-2E). In addition, the expression of muscle stem cell marker 

Pax7 decreased in the Sfmbt1 knockdown cells, further confirming the role of Sfmbt1 in 

preventing muscle precursor cells from premature differentiation (Figure 4-2F). The 

shRNA knockdown effects are specific, as I observed similar effects with another 

shRNA construct that was able to knock down Sfmbt1 expression (data not shown). 

Furthermore, I determined the functional effects of Sfmbt1 on primary mouse myoblasts, 

and found that Sfmbt1 knockdown reduced primary mouse myogenic cell proliferation 

and promoted differentiation (Figure 4-2G-J).  

Therefore, combined gain-of-function and loss-of-function studies, these data 

strongly indicate that Sfmbt1 is required for proper proliferation of myogenic progenitor 

cells and prevention of premature differentiation.  

Sfmbt1 Represses Transcription of Myogenin and Myofibrillar Genes 

To uncover the mechanisms underlying Sfmbt1 regulation of myogenic processes, 

I determined Sfmbt1 target genes in undifferentiated myoblasts. Specifically, I 

performed microarray analysis on proliferating C2C12 myoblasts stably expressing 

shRNA against Sfmbt1 in comparison with the control scramble. I found that there are a 

total of 201 up-regulated genes (Table 4-2) and 300 down-regulated genes (Table 4-3) 

when the criteria of fold change  1.5 and p< 0.05 were used (Figure 4-3A). The up-

regulated genes with highest fold changes are numerous muscle differentiation genes, 

indicating that Sfmbt1 knockdown increased expression of muscle differentiation genes 

even without exposure to differentiation cues (Table 4-2). These genes include muscle 

transcription factors, Myogenin and  Mef2C, and many myofibrillar genes including the 

troponin genes, Tnnc, Tnnt, and Tnni, Myosin light and heavy chains, α-actin and etc. 
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Elevated expression of some typical muscle genes such as Myogenin, Mef2c, Mylpf, 

Myh3, Gas2 and Tnnc2 in Sfmbt1-knockdown cells was further confirmed by real-time 

RT-PCR (Figure 4-3B). Since expression levels of those muscle genes are normally 

very low in proliferating undifferentiated muscle cells, our findings thus support that 

Sfmbt1 is critical in conferring the transcriptional silencing of muscle genes in the 

myogenic progenitor cells.  

Sfmbt1 Interacts with Muscle Transcription Factor MyoD 

 Myogenic transcription factor MyoD is associated with transcriptional repressors 

to repress target gene expression and maintain the undifferentiated status of myogenic 

progenitor cells. Sfmbt1 depletion results in the enhanced expression of important 

MyoD target genes such as Myogenin and Mef2c in myoblasts, suggesting that Sfmbt1 

might interact with MyoD. A previous study by Cao et. al. (138)  used ChIP-seq 

approach to identify genes whose promoters are physically associated with MyoD in 

undifferentiated myoblasts. With the help of Shaojun Tang from Dr. Alberto Riva lab, we 

compared Sfmbt1 target gene candidates from our microarray data with this MyoD 

ChIP-Seq data, we found a significant overlap between two sets of genes, and a total of 

59 out of 201 up-regulated genes due to Sfmbt1 knockdown show physical MyoD 

binding to their promoters (Figure 4-3C).  

Therefore, Sfmbt1 likely represses MyoD-dependent transcription in myogenic 

progenitors. To test this possibility, I determined whether there is a physical interaction 

between Sfmbt1 and MyoD by co-immunoprecipitation assays. In brief, I used stably 

transduced C2C12 cells expressing FLAG-tagged SFMBT1, and performed reciprocal 

co-IP assays by antibodies against endogenous MyoD or anti-FLAG antibodies. I found 

that FLAG-tagged SFMBT1 is present in endogenous MyoD immunoprecipitates, and 
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endogenous MyoD in FLAG-tagged SFMBT1 immunoprecipiates (Figure 4-4A), 

indicating that SFMBT1 interacts with MyoD.  We further mapped their respective 

interaction domains using a series of SFMBT1 (GST fusion) and MyoD (HA tagged) 

domains, and found that MyoD interacts with the N-terminal domain and the middle part 

of SFMBT1 (Figure 4-4B and C), and the bHLH domain of MyoD is required for its 

interaction with SFMBT1 (Figure 4-4D and E). 

Sfmbt1 Recruits Multiple Repressive Complexes to Mediate Epigenetic Silencing 
of MyoD Targets  

Myogenin is a MyoD target gene that is essential for muscle cell differentiation. 

Therefore, I focused on the Myogenin gene to study molecular mechanisms by which 

Sfmbt1 regulates MyoD-mediated transcriptional repression using the following assays. 

First, I determined whether Sfmbt1 inhibited MyoD-responsive Myogenin promoter 

activity using luciferase reporter assays. I found that exogenous SFMBT1 repressed the 

activities of Myogenin promoter reporter in a dose dependent manner (Figure 4-5A). 

Conversely, depletion of endogenous Sfmbt1 in C2C12 resulted in increased Myogenin 

promoter activity (Figure 4-5B). To determine whether Sfmbt1 directly regulates 

Myogenin gene transcription, I performed chromatin immunoprecipitation (ChIP) to 

determine whether Sfmbt1 is localized to the Myogenin promoter. Since no good ChIP 

antibodies are available for Sfmbt1, I performed ChIP using stably transduced C2C12 

cells expressing FLAG-SFMBT1 and showed that FLAG-tagged SFMBT1 is enriched on 

the Myogenin promoter, indicating that Sfmbt1 directly regulates MyoD target gene 

transcription (Figure 4-5C). Consistent with the promoter assays, Sfmbt1 knockdown 

resulted in enhanced transcript levels of the Myogenin gene (Figure 4-3B). Moreover, 

Sfmbt1 knockdown in C2C12 showed an increase in Myogenin protein expression 1 day 
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after growing in the differentiation medium, indicated by Western blotting (Figure 4-2C). 

Therefore, my data indicate that Sfmbt1 physically interacts with MyoD, localizes on the 

MyoD target Myogenin promoter and represses MyoD-dependent transcriptions that are 

required for myogenic differentiation. 

 The MBT proteins such as dScm and L3MBTLs were reported to recruit other 

transcriptional repressors to target promoters to repress transcription (31-33). I showed 

that Sfmbt1 is associated with multiple repressive complexes including 

CtBP/LSD1/HDACs complex, PRC and MBT family proteins in protein complexes 

(Figure 2-4). SFMBT1 interacts with MyoD and directly regulates MyoD target genes 

transcription (Figure 4-3 and 4-4). Combining these data, I proposed a model in which 

Sfmbt1 recruits multiple transcriptional repression complexes to the MyoD target 

promoters (e.g. Myogenin) and mediates the epigenetic silencing. To address this 

model, I first determined the effect of Sfmbt1 depletion on the recruitment of multiple co-

repressors to the Myogenin gene promoter by ChIP assays. As shown in (Figure 4-5D), 

Sfmbt1 knockdown resulted in decreased binding of multiple transcription repressors, 

such as LSD1, HDAC1, RING2 and EZH2, to the Myogenin promoter, indicating that 

Sfmbt1 is required for the recruitment of multiple repressive complexes components to 

MyoD target loci.  

Since Sfmbt1-associated CtBP/LSD1/HDACs complex and PRC components have 

enzymatic activities to catalyze histone methylation/demethylation and 

acetylation/deacetylation, I further determined whether Sfmbt1 depletion affects the 

histone modification status of MyoD target promoters by ChIP assays. I found that 

Sfmbt1 knockdown resulted in decreased levels in transcription repressive mark 
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H3K27me3, and increased levels of active marks, H3K4me2, AcH3 and AcH4 (Figure 4-

5E) in the MyoD-binding region of Myogenin gene promoter. 

In addition, the MBT family proteins and PRC1 proteins that function in chromatin 

compaction were identified in the SFMBT1 protein complex. This suggests that Sfmbt1 

might cause chromatin structure compaction on target promoters, a potential novel 

mechanism that contributes to Sfmbt1 repression function. Therefore, I compared the 

chromatin accessibility flanking the transcription initiation site of MyoD target gene 

Myogenin before and after Sfmbt1 knockdown using the DNase I sensitivity assay. In 

brief, intact nuclei isolated from Sfmbt1 knockdown C2C12 cells and control cells were 

treated with DNase I. Genomic DNA was then extracted for real-time RT-PCR analysis 

to measure the uncut DNA of TSS sites of Myogenin and Gapdh. Gapdh was used as a 

control, as it is constitutively expressed and its expression is not regulated by Sfmbt1. I 

found that Sfmbt1 knockdown reduced the level of uncut DNA at the Myogenin promoter 

region, suggesting that the region spanning the TSS site of the Myogenin gene is 

relatively more accessible to DNase I digestion in Sfmbt1 knockdown cells (Figure 4-5F). 

This data suggest that Sfmbt1 causes chromatin compaction of target promoters and 

represses transcription. 

Muscle Regeneration Is Impaired in Sfmbt1-Knockdown Muscles. 

To reveal an in vivo role of Sfmbt1, I investigated the effects of Sfmbt1 depletion 

on cardiotoxin (CTX)-induced muscle regeneration in Tibialis anterior (TA) muscles. TA 

muscles of about 8-week-old mice were injected with CTX to induce muscle 

regeneration, which is a multi-step process including inflammatory response, activation 

and proliferation of muscle stem cells (satellite cells), differentiation of muscle stem cells 

into functional muscle cells and reconstitution of muscle structure (Figure 4-6).  



 

83 

To determine whether Sfmbt1 knockdown affects muscle regeneration, I knocked 

down Sfmbt1 expression in TA muscles via intramuscular injection of concentrated 

lentiviruses containing shRNA targeting Sfmbt1 or control Luciferase three times on two 

days intervals. Muscles were then injected with cardiotoxin three days after the last viral 

injection (Figure 4-7A and B). I found that the muscle stem cell marker Pax7 expression 

level decreases in the Sfmbt1-knockdown muscles two days after CTX injection, 

indicating a delay in muscle stem cell proliferation. Defeat in muscle stem cells 

proliferation resulted in the impaired myogenic differentiation, as shown by the reduced 

level of Myogenin at day 3 (Figure 4-7C). HE staining of TA muscle within injected sites 

revealed muscle structure was reconstituted with the newly generated centralized nuclei 

myofibers in the control muscles, while in the Sfmbt1 knockdown muscles, only fewer 

and smaller centralized nuclei myofibers were generated, indicating that the 

reconstitution of muscle fiber structure is delayed in the Sfmbt1 knockdown muscles 

(Figure 4-7D). In summary, these findings suggest that Sfmbt1 is required for 

appropriate muscle stem cell proliferation and muscle regeneration in vivo. 

Discussion 

 SFMBT1 is a polycomb protein containing 4 MBT domains. It has both MBT and 

polycomb characteristics and displays strong transcription repressive activities (29, 34, 

35). However, the mechanisms of SFMBT1 in transcriptional repression remain 

undetermined. Our proteomic analysis reveals that SFMBT1 interacts with 

CtBP/LSD1/HDAC, PRC and MBT transcriptional repressors (Figure 2-4), which 

suggests the important functions of SFMBT1 in coordinating diverse repressive 

complexes in transcription repression.  
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I then utilized both in vitro and in vivo myogenesis models to further address 

mechanisms of Sfmbt1 in transcriptional regulation and its biological functions. It was 

shown that myogenesis is under the epigenetic control. For instance, Ezh2, the 

enzymatic component of PRC2, represses muscle gene expression and regulates in 

vitro myogenic differentiation and in vivo muscle regeneration (30, 133, 134, 139). 

Drosophila ortholog of SFMBT1, dSfmbt binds to muscle development regulators (135). 

Therefore, I used this system to probe the molecular mechanisms. I showed that Sfmbt1 

expression is down-regulated during myogenic differentiation. Importantly, gain-of-

function and loss-of-function significantly impact myogenic processes. Over-expression 

of SFMBT1 in C2C12 myoblasts blocks the myogenic differentiation; on the other hand, 

knockdown of Sfmbt1 promotes the myogenic differentiation. Similar effects of Sfmbt1 

on myogenic cell proliferation and differentiation were observed in primary myoblasts. 

Moreover, in vivo muscle regeneration is impaired in the Sfmbt1 knockdown TA 

muscles, suggesting that Sfmbt1 might mediate the transcriptional repression of 

myogenic regulators and thus regulate the myogenic differentiation.  

To investigate the mechanisms of Sfmbt1 mediated regulation of myogenesis, I 

performed microarray to identify the Sfmbt1 regulating genes by comparing the global 

gene expression profile in the Sfmbt1 knockdown and the control C2C12 myoblasts. 

The microarray analyses revealed that the important muscle genes such as Myogenin, 

Mef2c, Troponin and Myosin family members are de-repressed in the Sfmbt1 

knockdown myoblasts, mimicking the phenotype of myogenic differentiation, thus 

suggesting that Sfmbt1 mediates repression of important muscle genes and prevents 

premature differentiation of myogenic progenitor myoblasts.  
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The mechanisms of polycomb and MBT proteins recruitment in mammalian 

system are still unclear (12, 25, 140). Diverse studies have revealed that transcription 

factors are crucial for the polycomb and MBT proteins recruitment to target promoters 

(12, 30-33, 141). During myogenesis, the bHLH transcription factor MyoD recruits 

different epigenetic regulators to the myogenic targets and establishes spatial-temporal 

muscle specific gene expression patterns in the myogenic developmental process (118). 

About 30% of the de-repressed genes in Sfmbt1 knockdown C2C12 cells are the direct 

MyoD targets, suggesting that MyoD might recruit the Sfmbt1 protein to its target 

promoters to mediate the transcription silencing. I found that SFMBT1 interacts with 

both exogenous and endogenous MyoD and represses the MyoD target Myogenin 

transcription. Moreover, SFMBT1 directly binds to MyoD target Myogenin promoters 

and is required for the recruitment of its associated transcriptional repressors to target 

loci. Accordingly, the transcriptional repressive histone mark H3K27me3 decreases 

while the active marks H3K4me2, AcH3 and AcH4 increase on MyoD target promoters 

when Sfmbt1 is depleted. Further, in vivo chromatin accessibility assay revealed that 

chromatin structure in promoter region of MyoD target Myogenin become loose in 

Sfmbt1 knockdown C2C12 cells, suggesting that Sfmbt1 is required for the chromatin 

compaction of MyoD target regions. Therefore, Sfmbt1 is required for the recruitment of 

multiple repressive complexes to MyoD and maintenance of repressive histone marks 

and chromatin compaction on MyoD target promoters.  

Overall, the MBT domain containing polycomb protein Sfmbt1 associates with 

multiple transcriptional repressive complexes and functions as a negative regulator of 

myogenic differentiation (Model, Figure 4-7E). In the undifferentiated myoblasts, Sfmbt1 
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interacts with MyoD and recruits its associated repressors to MyoD to mediate the 

histone modifications and chromatin compaction on MyoD target promoters, which 

excludes the binding of co-activators and results in the epigenetic silencing of muscle 

genes and maintains the undifferentiated state of the myogenic progenitor cells. When 

Sfmbt1 is depleted, other co-repressors are no longer associated with MyoD, which 

facilitates transcriptional de-repression of MyoD target genes and promotes myogenic 

differentiation.  
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Table 4-1.  A list of the primers used in the study. 
 

Genes Forward primer Reverse primer bp 

Sfmbt1 AGTGTGGCCGATGTCGTGCG GAGCAAAAGGGCCTGCCCGT 99 

Myog GTCCCAACCCAGGAGATCATT GACGTAAGGGAGTGCAGATTGTG 70 

P21 CGGTGGAACTTTGACTTCGT CAGGGCAGAGGAAGTACTGG 159 

Pax7 AGGACGACGAGGAAGGAGACA TCATCCAGACGGTTCCCTTT 100 

Mef2c ACTGGGAAACCCCAATCTTC ATCAGACCGCCTGTGTTACC 111 

Mylpf CGGACCCGGAGGATGTG TGGTGCCCTTCCCTTCTG 63 

Myh3 CAATAAACTGCGGGCAAAGAC CTTGCTCACTCCTCGCTTTCA 75 

Gas2 ACTTTCTGCCCCATCTCCTT CTTGCAGGGAGGATCTTCAG 115 

Tnnc2 AAGAGGAACTGGCTGAGTGCTT GCTAGCTCCTCAGCATCAATGTAG 73 

Gapdh AACTTTGGGATTGTGGAAGG ACACATTGGGGGTAGGAACA 222 

Myog Pro 
ChIP 

GAATCACATGTAATCCACTGGA ACGCCAACTGCTGGGTGCCA 151 

Myog Pro 
DNase  

GAATCACATGTAATCCACTGGA GCTCCATCAGGTCGGAAAAGGCTTG 201 

 



 

88 

Table 4-2. A list of genes showing up-regulated expression in Sfmbt1 knockdown 
C2C12 myoblasts. 

 

    Probe ID 
Fold 
change Gene Gene Title 

1452651_a_at 7.20 Myl1 myosin, light polypeptide 1 

1448371_at 6.35 Mylpf 
myosin light chain, phosphorylatable, fast skeletal 
muscle 

1427115_at 5.18 Myh3 myosin, heavy polypeptide 3, skeletal muscle, embryonic 
1427868_x_at 5.13 Myh1 myosin, heavy polypeptide 1, skeletal muscle, adult 
1417464_at 4.06 Tnnc2 troponin C2, fast 

1419391_at 4.02 Myog Myogenin 
1448201_at 3.96 Sfrp2 secreted frizzled-related protein 2 
1415927_at 3.96 Actc1 actin, alpha, cardiac muscle 1 
1427735_a_at 3.83 Acta1 actin, alpha 1, skeletal muscle 
1418370_at 3.80 Tnnc1 troponin C, cardiac/slow skeletal 
1418095_at 3.67 Smpx small muscle protein, X-linked 
1418072_at 3.62 Hist1h2bc histone cluster 1, H2bc 
1450813_a_at 3.31 Tnni1 troponin I, skeletal, slow 1 
1422580_at 3.09 Myl4 myosin, light polypeptide 4 
1419606_a_at 3.09 Tnnt1 troponin T1, skeletal, slow 
1436994_a_at 2.81 Hist1h1c histone cluster 1, H1c 
1423606_at 2.74 Postn periostin, osteoblast specific factor 
1423669_at 2.71 Col1a1 collagen, type I, alpha 1 
1437502_x_at 2.61 Cd24a CD24a antigen 
1455792_x_at 2.54 Ndn Necdin 
1418046_at 2.49 Nap1l2 nucleosome assembly protein 1-like 2 
1417185_at 2.46 Ly6a lymphocyte antigen 6 complex, locus A 
1447657_s_at 2.46 Synpo2l synaptopodin 2-like 
1454673_at 2.41 Wasf2 WAS protein family, member 2 
1433640_at 2.37 Fubp1 far upstream element (FUSE) binding protein 1 
1416613_at 2.37 Cyp1b1 cytochrome P450, family 1, subfamily b, polypeptide 1 

1434070_at 2.36 Jag1 jagged 1 
1418209_a_at 2.35 Pfn2 profilin 2 
1424780_a_at 2.26 Reep3 receptor accessory protein 3 
1426208_x_at 2.18 Plagl1 pleiomorphic adenoma gene-like 1 
1417399_at 2.18 Gas6 growth arrest specific 6 
1419123_a_at 2.17 Pdgfc platelet-derived growth factor, C polypeptide 

1421679_a_at 2.14 Cdkn1a cyclin-dependent kinase inhibitor 1A (P21) 
1419050_at 2.13 Tmem8c transmembrane protein 8C 
1426015_s_at 2.10 Asph aspartate-beta-hydroxylase 
1419397_at 2.10 Pola1 polymerase (DNA directed), alpha 1 
1452540_a_at 2.09 Gm11277  predicted gene 11277 
1422300_at 2.08 Nog Noggin 
1454838_s_at 2.06 Pkdcc protein kinase domain containing, cytoplasmic 
1441667_s_at 2.06 Smyd1 SET and MYND domain containing 1 
1426555_at 2.02 Scpep1 serine carboxypeptidase 1 
1418603_at 2.01 Avpr1a arginine vasopressin receptor 1A 
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Table 4-2 Continued 

    Probe ID 
Fold 
change Gene Gene Title 

1428891_at 2.01 Parm1 prostate androgen-regulated mucin-like protein 1 
1435274_at 2.00 Spopl speckle-type POZ protein-like 
1417785_at 1.99 Pla1a phospholipase A1 member A 
1452880_at 1.99 Znhit3 zinc finger, HIT type 3 
1433789_at 1.98 Snhg3 small nucleolar RNA host gene (non-protein coding) 3 
1450112_a_at 1.97 Gas2 growth arrest specific 2 
1416953_at 1.94 Ctgf connective tissue growth factor 
1425476_at 1.93 Col4a5 collagen, type IV, alpha 5 
1444061_at 1.93 Prr9 proline rich 9 

1455966_s_at 1.92 Nudt21 
nudix (nucleoside diphosphate linked moiety X)-type 
motif 21 

1450387_s_at 1.92 Ak4 adenylate kinase 4 
1444494_at 1.92 Kbtbd10 kelch repeat and BTB (POZ) domain containing 10 
1427256_at 1.90 Vcan Versican 
1436867_at 1.89 Srl Sarcalumenin 
1419487_at 1.88 Mybph myosin binding protein H 
1451341_s_at 1.87 Tmem189 transmembrane protein 189 
1451989_a_at 1.87 Mapre2 microtubule-associated protein, RP/EB family, member 2 
1434499_a_at 1.86 Ldhb lactate dehydrogenase B 
1422644_at 1.85 Sh3bgr SH3-binding domain glutamic acid-rich protein 
1435355_at 1.85 Neb Nebulin 
1450118_a_at 1.84 Tnnt3 troponin T3, skeletal, fast 
1416408_at 1.84 Acox1 acyl-Coenzyme A oxidase 1, palmitoyl 

1450455_s_at 1.83 Akr1c12  
aldo-keto reductase family 1, member C12 /// aldo-keto 
reductase family 1, member C13 

1434129_s_at 1.83 Lhfpl2 lipoma HMGIC fusion partner-like 2 

1429459_at 1.83 Sema3d 
sema domain, immunoglobulin domain (Ig), short basic 
domain, secreted, (semaphorin) 3D 

1423057_at 1.81 Capza2 capping protein (actin filament) muscle Z-line, alpha 2 
1450917_at 1.81 Myom2 myomesin 2 
1449178_at 1.80 Pdlim3 PDZ and LIM domain 3 
1438683_at 1.79 Wasf2 WAS protein family, member 2 
1421664_a_at 1.79 Styx serine/threonine/tyrosine interaction protein 

1421571_a_at 1.78 Ly6c1  
lymphocyte antigen 6 complex, locus C1 /// lymphocyte 
antigen 6 complex, locus C2 

1437288_at 1.78 Impad1 inositol monophosphatase domain containing 1 
1428125_at 1.77 Atxn7l3b ataxin 7-like 3B 
1438200_at 1.77 Sulf1 sulfatase 1 

1416666_at 1.77 Serpine2 
serine (or cysteine) peptidase inhibitor, clade E, member 
2 

1460208_at 1.77 Fbn1 fibrillin 1 
1454752_at 1.77 Rbm24 RNA binding motif protein 24 
1416645_a_at 1.76 Afp alpha fetoprotein 
1448664_a_at 1.75 Speg SPEG complex locus 
1416498_at 1.74 Ppic peptidylprolyl isomerase C 
1456035_at 1.74 Nxf3 nuclear RNA export factor 3 
1452107_s_at 1.73 Npnt Nephronectin 
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Table 4-2 Continued 

    Probe ID 
Fold 
change Gene Gene Title 

1416680_at 1.73 Ube3a ubiquitin protein ligase E3A 
1420859_at 1.73 Pkia protein kinase inhibitor, alpha 
1447977_x_at 1.73 Gm14430 predicted gene 14430 /// predicted gene 14434 
1449133_at 1.73 Sprr1a small proline-rich protein 1A 
1439766_x_at 1.72 Vegfc vascular endothelial growth factor C 
1415897_a_at 1.72 Mgst1 microsomal glutathione S-transferase 1 

1428083_at 1.72 Neat1 
nuclear paraspeckle assembly transcript 1 (non-protein 
coding) 

1434549_at 1.72 Rab11a RAB11a, member RAS oncogene family 
1451348_at 1.72 Depdc6 DEP domain containing 6 
1422606_at 1.71 C1qtnf3 C1q and tumor necrosis factor related protein 3 
1451475_at 1.71 Plxnd1 plexin D1 
1433676_at 1.71 Wnk1 WNK lysine deficient protein kinase 1 
1460430_at 1.70 Rap2c RAP2C, member of RAS oncogene family 
1449118_at 1.69 Dbt dihydrolipoamide branched chain transacylase E2 

1436944_x_at 1.68 
Pisd-ps1 
///Pisd-ps3 

phosphatidylserine decarboxylase, pseudogene 1 /// 
phosphatidylserine decarboxylase, pseudogene 3 

1433730_at 1.68 Elmod2 ELMO domain containing 2 
1426349_s_at 1.68 Tmpo Thymopoietin 
1436534_at 1.68 Trove2 TROVE domain family, member 2 
1436935_x_at 1.67 Clns1a chloride channel, nucleotide-sensitive, 1A 
1420642_a_at 1.67 Romo1 reactive oxygen species modulator 1 

1421027_a_at 1.67 Mef2c myocyte enhancer factor 2C 
1450922_a_at 1.67 Tgfb2 transforming growth factor, beta 2 
1448152_at 1.66 Igf2 insulin-like growth factor 2 
1417644_at 1.66 Sspn Sarcospan 
1448933_at 1.65 Pcdhb17 protocadherin beta 17 
1434411_at 1.65 Col12a1 collagen, type XII, alpha 1 
1455184_at 1.63 Mobkl1a MOB1, Mps One Binder kinase activator-like 1A (yeast) 
1416911_a_at 1.63 Akirin1 akirin 1 
1437845_x_at 1.62 Pofut2 protein O-fucosyltransferase 2 
1452237_at 1.62 Agfg1 ArfGAP with FG repeats 1 
1452893_s_at 1.62 Enho energy homeostasis associated 
1422520_at 1.62 Nefm neurofilament, medium polypeptide 
1418308_at 1.61 Hus1 Hus1 homolog (S. pombe) 
1420608_at 1.61 Rbm18 RNA binding motif protein 18 
1423287_at 1.61 Cbln1 cerebellin 1 precursor protein 
1418304_at 1.61 Cdhr1 cadherin-related family member 1 
1460656_a_at 1.61 Sft2d1 SFT2 domain containing 1 
1434552_at 1.61 Wdr77 WD repeat domain 77 
1421858_at 1.61 Adam17 a disintegrin and metallopeptidase domain 17 
1449410_a_at 1.60 Gas5 growth arrest specific 5 
1451412_a_at 1.60 Ift20 intraflagellar transport 20 homolog (Chlamydomonas) 
1426852_x_at 1.60 Nov nephroblastoma overexpressed gene 
1435524_at 1.60 Snhg8 small nucleolar RNA host gene 8 

1418004_a_at 1.60 
Tmem176
b transmembrane protein 176B 
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Table 4-2 Continued 

    Probe ID 
Fold 
change Gene Gene Title 

1434187_at 1.60 Alg11 
asparagine-linked glycosylation 11 homolog (yeast, 
alpha-1,2-mannosyltransferase) 

1448875_at 1.60 Zhx1 zinc fingers and homeoboxes 1 
1418973_at 1.59 Blzf1 basic leucine zipper nuclear factor 1 
1448124_at 1.59 Gusb glucuronidase, beta 
1453851_a_at 1.59 Gadd45g growth arrest and DNA-damage-inducible 45 gamma 
1449929_at 1.59 Dynlt3 dynein light chain Tctex-type 3 

1425603_at 1.59 
Tmem176
a transmembrane protein 176A 

1436361_at 1.59 Vgll2 vestigial like 2 homolog (Drosophila) 
1448961_at 1.58 Plscr2 phospholipid scramblase 2 

1436387_at 1.58 Homer1 
RIKEN cDNA C330006P03 gene /// homer homolog 1 
(Drosophila) 

1459981_s_at 1.58 Rsbn1 rosbin, round spermatid basic protein 1 
1436210_at 1.58 Gk5 glycerol kinase 5 (putative) 
1420875_at 1.58 Twf1 twinfilin, actin-binding protein, homolog 1 (Drosophila) 
1419662_at 1.57 Ogn Osteoglycin 
1447967_at 1.57 Tmem69 transmembrane protein 69 
1437466_at 1.57 Alcam activated leukocyte cell adhesion molecule 
1460125_at 1.57 Ccdc141 coiled-coil domain containing 141 
1428277_at 1.56 Otud6b OTU domain containing 6B 

1416318_at 1.56 Serpinb1a 
serine (or cysteine) peptidase inhibitor, clade B, member 
1a 

1437409_s_at 1.56 Gpr126 G protein-coupled receptor 126 
1424567_at 1.56 Tspan2 tetraspanin 2 
1427446_s_at 1.56 Ttn Titin 
1448335_s_at 1.56 Ccni cyclin I 
1434479_at 1.56 Col5a1 collagen, type V, alpha 1 

1440559_at 1.56 
Hmga2-
ps1 high mobility group AT-hook 2, pseudogene 1 

1452352_at 1.55 Ctla2b cytotoxic T lymphocyte-associated protein 2 beta 
1459850_x_at 1.55 Glrb glycine receptor, beta subunit 
1416985_at 1.55 Sirpa signal-regulatory protein alpha 
1450625_at 1.55 Col5a2 collagen, type V, alpha 2 
1439364_a_at 1.55 Mmp2 matrix metallopeptidase 2 
1456739_x_at 1.55 Armcx2 armadillo repeat containing, X-linked 2 
1416735_at 1.55 Asah1 N-acylsphingosine amidohydrolase 1 
1423110_at 1.55 Col1a2 collagen, type I, alpha 2 

1424289_at 1.55 Osgin2 
oxidative stress induced growth inhibitor family member 
2 

1455316_x_at 1.54 BC094435 cDNA sequence BC094435 
1448269_a_at 1.54 Klhl13 kelch-like 13 (Drosophila) 
1435713_at 1.54 Mettl2 methyltransferase like 2 
1439606_at 1.53 Katnal1 katanin p60 subunit A-like 1 
1418417_at 1.53 Msc Musculin 
1416072_at 1.53 Cd34 CD34 antigen 
1453304_s_at 1.53 Ly6e lymphocyte antigen 6 complex, locus E 
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Table 4-2 Continued 

    Probe ID 
Fold 
change Gene Gene Title 

1415863_at 1.53 Eif4g2 eukaryotic translation initiation factor 4, gamma 2 
1423309_at 1.53 Tgoln1 trans-golgi network protein 
1455070_at 1.53 Dcp2 DCP2 decapping enzyme homolog (S. cerevisiae) 
1433887_at 1.53 Dnajc3 DnaJ (Hsp40) homolog, subfamily C, member 3 
1417273_at 1.53 Pdk4 pyruvate dehydrogenase kinase, isoenzyme 4 
1418860_a_at 1.53 Letmd1 LETM1 domain containing 1 
1421217_a_at 1.53 Lgals9 lectin, galactose binding, soluble 9 
1443779_s_at 1.52 Lcor ligand dependent nuclear receptor corepressor 
1428103_at 1.52 Adam10 a disintegrin and metallopeptidase domain 10 
1433864_at 1.52 Lrp12 low density lipoprotein-related protein 12 
1428715_at 1.52 Gfpt1 glutamine fructose-6-phosphate transaminase 1 
1417675_a_at 1.52 Mdn1 midasin homolog (yeast) 

1422668_at 1.52 Serpinb9b 
serine (or cysteine) peptidase inhibitor, clade B, member 
9b 

1441994_at 1.52 Pcdhb16 protocadherin beta 16 
1416432_at 1.52 Pfkfb3 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 
1452214_at 1.52 Skil SKI-like 
1419220_at 1.52 Xirp1 xin actin-binding repeat containing 1 
1448706_at 1.52 Tdp2 tyrosyl-DNA phosphodiesterase 2 
1424215_at 1.51 Fundc1 FUN14 domain containing 1 
1427306_at 1.51 Ryr1 ryanodine receptor 1, skeletal muscle 
1448593_at 1.51 Wisp1 WNT1 inducible signaling pathway protein 1 
1440815_x_at 1.51 Gm8267 predicted gene 8267 
1433924_at 1.51 Peg3 paternally expressed 3 
1433502_s_at 1.51 Tsr1 TSR1, 20S rRNA accumulation, homolog (yeast) 
1441315_s_at 1.51 Slc19a2 solute carrier family 19 (thiamine transporter), member 2 
1416907_at 1.51 Tsn Translin 
1426570_a_at 1.51 Frk fyn-related kinase 
1457825_x_at 1.51 Tcn2 transcobalamin 2 
1428899_at 1.51 Tmem182 transmembrane protein 182 
1417254_at 1.51 Spata5 spermatogenesis associated 5 

1436736_x_at 1.50 
D0H4S11
4 DNA segment, human D4S114 

1430034_at 1.50 Cct4 chaperonin containing Tcp1, subunit 4 (delta) 
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Table 4-3. A list of genes showing down-regulated expression in Sfmbt1 knockdown 
C2C12 myoblasts. 

 

Probe ID 
Fold 
change 

Gene 
Symbol Gene Title 

1418188_a_at -3.77 Malat1 
metastasis associated lung adenocarcinoma transcript 1 
(non-coding RNA) 

1448747_at -3.34 Fbxo32 F-box protein 32 
1451020_at -3.33 Gsk3b glycogen synthase kinase 3 beta 
1420908_at -3.31 Cd2ap CD2-associated protein 

1448733_at -3.26 Bmi1 Bmi1 polycomb ring finger oncogene 
1437554_at -3.24 Plec Plectin 
1453997_a_at -3.17 Nes Nestin 
1425357_a_at -2.85 Grem1 gremlin 1 
1416200_at -2.83 Il33 interleukin 33 
1451071_a_at -2.82 Atp1a1 ATPase, Na+/K+ transporting, alpha 1 polypeptide 

1417403_at -2.77 Elovl6 
ELOVL family member 6, elongation of long chain fatty 
acids (yeast) 

1419459_a_at -2.65 Magt1 magnesium transporter 1 
1450651_at -2.54 Myo10 myosin X 

1450051_at -2.50 Atrx 
alpha thalassemia/mental retardation syndrome X-linked 
homolog (human) 

1452670_at -2.49 Myl9 myosin, light polypeptide 9, regulatory 

1429434_at -2.47 Pik3ca 
phosphatidylinositol 3-kinase, catalytic, alpha 
polypeptide 

1448525_a_at -2.43 Bnip3l BCL2/adenovirus E1B interacting protein 3-like 
1457281_at -2.39 Dnajc21 DnaJ (Hsp40) homolog, subfamily C, member 21 
1436343_at -2.36 Chd4 chromodomain helicase DNA binding protein 4 

1415802_at -2.35 Slc16a1 
solute carrier family 16 (monocarboxylic acid 
transporters), member 1 

1439122_at -2.34 Ddx6 DEAD (Asp-Glu-Ala-Asp) box polypeptide 6 

1436158_at -2.27 Eif4ebp2 
eukaryotic translation initiation factor 4E binding protein 
2 

1455102_at -2.24 Larp4 La ribonucleoprotein domain family, member 4 
1439037_at -2.22 Ddx17 DEAD (Asp-Glu-Ala-Asp) box polypeptide 17 

1458802_at -2.22 Hivep3 
human immunodeficiency virus type I enhancer binding 
protein 3 

1450071_at -2.19 Ash1l ash1 (absent, small, or homeotic)-like (Drosophila) 
1423154_at -2.18 BC005537 cDNA sequence BC005537 

1451100_a_at -2.18 Cdv3 
carnitine deficiency-associated gene expressed in 
ventricle 3 

1458385_at -2.17 Hspa4l heat shock protein 4 like 
1424572_a_at -2.17 H2afy H2A histone family, member Y 
1458226_at -2.15 Flnb filamin, beta 
1423501_at -2.13 Max Max protein 

1453504_at -2.13 Taf15 
TAF15 RNA polymerase II, TATA box binding protein 
(TBP)-associated factor 

1429658_a_at -2.12 Smc2 structural maintenance of chromosomes 2 
1438833_at -2.11 Casc5 cancer susceptibility candidate 5 
1427488_a_at -2.11 Birc6 baculoviral IAP repeat-containing 6 
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Table 4-3 Continued 

Probe ID 
Fold 
change 

Gene 
Symbol Gene Title 

1422894_at -2.11 Sfmbt1 Scm-like with four mbt domains 1 
1436188_a_at -2.09 Ndrg4 N-myc downstream regulated gene 4 

1450767_at -2.09 Nedd9 
neural precursor cell expressed, developmentally down-
regulated gene 9 

1417623_at -2.06 Slc12a2 solute carrier family 12, member 2 
1423249_at -2.04 Nktr natural killer tumor recognition sequence 
1460729_at -2.04 Rock1 Rho-associated coiled-coil containing protein kinase 1 

1435265_at -2.03 
LOC1005
04698 hypothetical LOC100504698 

1431254_at -2.02 Kbtbd11 kelch repeat and BTB (POZ) domain containing 11 
1449311_at -2.02 Bach1 BTB and CNC homology 1 
1416555_at -2.02 Ei24 etoposide induced 2.4 mRNA 
1421431_at -2.02 Ptrf polymerase I and transcript release factor 
1442367_at -2.01 Atp11c ATPase, class VI, type 11C 
1424768_at -2.01 Cald1 caldesmon 1 
1419055_a_at -2.00 Ptpn21 protein tyrosine phosphatase, non-receptor type 21 

1441897_at -2.00 
B230120H
23Rik RIKEN cDNA B230120H23 gene 

1438201_at -2.00 Pdp1 pyruvate dehyrogenase phosphatase catalytic subunit 1 
1417719_at -1.99 Sap30 sin3 associated polypeptide 
1426892_at -1.99 Utrn Utrophin 
1456361_at -1.98 Afap1 actin filament associated protein 1 
1422490_at -1.98 Bnip2 BCL2/adenovirus E1B interacting protein 2 

1418043_at -1.97 Abcc5 
ATP-binding cassette, sub-family C (CFTR/MRP), 
member 5 

1451437_at -1.97 Zdhhc20 zinc finger, DHHC domain containing 20 
1419037_at -1.95 Csnk2a1 casein kinase 2, alpha 1 polypeptide 
1454769_at -1.95 Tatdn2 TatD DNase domain containing 2 
1427414_at -1.94 Prkar2a protein kinase, cAMP dependent regulatory, type II alpha 
1431395_a_at -1.94 Iqgap1 IQ motif containing GTPase activating protein 1 
1451458_at -1.93 Tmem2 transmembrane protein 2 
1452942_at -1.93 Tmem65 transmembrane protein 65 
1449292_at -1.92 Rb1cc1 RB1-inducible coiled-coil 1 

1438160_x_at -1.92 Slco4a1 
solute carrier organic anion transporter family, member 
4a1 

1438686_at -1.92 Eif4g1 eukaryotic translation initiation factor 4, gamma 1 
1424254_at -1.90 Ifitm1 interferon induced transmembrane protein 1 
1427267_at -1.90 Tnrc18 trinucleotide repeat containing 18 
1416524_at -1.90 Spop speckle-type POZ protein 
1424708_at -1.89 Tmed10 transmembrane emp24-like trafficking protein 10 (yeast) 
1455998_at -1.89 Zbed6 zinc finger, BED domain containing 6 

1433140_a_at -1.89 Nacc1 
nucleus accumbens associated 1, BEN and BTB (POZ) 
domain containing 

1416253_at -1.89 Cdkn2d  
cyclin-dependent kinase inhibitor 2D (p19, inhibits 
CDK4) /// predicted gene 4694 

1434480_at -1.89 Pdpr 
pyruvate dehydrogenase phosphatase regulatory 
subunit 
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Table 4-3 Continued 

Probe ID 
Fold 
change 

Gene 
Symbol Gene Title 

1416572_at -1.88 Mmp14 matrix metallopeptidase 14 (membrane-inserted) 
1448207_at -1.88 Lasp1 LIM and SH3 protein 1 

1437422_at -1.88 Sema5a 

sema domain, seven thrombospondin repeats (type 1 
and type 1-like), transmembrane domain (TM) and short 
cytoplasmic domain, (semaphorin) 5A 

1442802_x_at -1.88 Bat2 HLA-B associated transcript 2 
1458447_at -1.88 Cenpf centromere protein F 
1419728_at -1.87 Cxcl5 chemokine (C-X-C motif) ligand 5 
1455836_at -1.87 Papola poly (A) polymerase alpha 
1436954_at -1.87 Wipf1 WAS/WASL interacting protein family, member 1 
1432164_a_at -1.87 Gcsh glycine cleavage system protein H (aminomethyl carrier) 
1418573_a_at -1.86 Raly hnRNP-associated with lethal yellow 
1423241_a_at -1.86 Tfdp1 transcription factor Dp 1 
1460498_a_at -1.85 Dnajc5 DnaJ (Hsp40) homolog, subfamily C, member 5 
1436223_at -1.85 Itgb8 integrin beta 8 
1435184_at -1.84 Npr3 natriuretic peptide receptor 3 
1452292_at -1.84 Ap2b1 adaptor-related protein complex 2, beta 1 subunit 
1424025_at -1.84 BC013529 cDNA sequence BC013529 

1424207_at -1.83 Smarca5 
SWI/SNF related, matrix associated, actin dependent 
regulator of chromatin, subfamily a, member 5 

1423184_at -1.83 Itsn2 intersectin 2 
1438771_at -1.81 Brd1 bromodomain containing 1 
1432349_a_at -1.81 Sync Syncoilin 
1425166_at -1.81 Rbl1 retinoblastoma-like 1 (p107) 
1421453_at -1.81 Jph2 junctophilin 2 
1422910_s_at -1.80 Smc6 structural maintenance of chromosomes 6 
1443832_s_at -1.79 Sdpr serum deprivation response 
1429172_a_at -1.79 Ncapg non-SMC condensin I complex, subunit G 
1438246_at -1.78 Csnk1g1 casein kinase 1, gamma 1 

1424306_at -1.78 Elovl4 
elongation of very long chain fatty acids (FEN1/Elo2, 
SUR4/Elo3, yeast)-like 4 

1416154_at -1.78 Srp54a  
signal recognition particle 54A /// signal recognition 
particle 54B 

1450035_a_at -1.78 Prpf40a 
PRP40 pre-mRNA processing factor 40 homolog A 
(yeast) 

1419416_a_at -1.78 Rarg retinoic acid receptor, gamma 
1415988_at -1.78 Hdlbp high density lipoprotein (HDL) binding protein 
1430216_at -1.78 Zfp292 zinc finger protein 292 
1436970_a_at -1.78 Pdgfrb platelet derived growth factor receptor, beta polypeptide 
1431213_a_at -1.77 Gm3579 predicted gene 3579 
1418911_s_at -1.77 Acsl4 acyl-CoA synthetase long-chain family member 4 
1449325_at -1.77 Fads2 fatty acid desaturase 2 
1433960_at -1.77 Isg20l2 interferon stimulated exonuclease gene 20-like 2 
1421032_a_at -1.76 Dnajb12 DnaJ (Hsp40) homolog, subfamily B, member 12 

1424077_at -1.76 Gdpd1 
glycerophosphodiester phosphodiesterase domain 
containing 1 

1427665_a_at -1.76 Nfic nuclear factor I/C 
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1427688_a_at -1.76 Ptprs protein tyrosine phosphatase, receptor type, S 
1418127_a_at -1.76 Aifm1 apoptosis-inducing factor, mitochondrion-associated 1 

1433719_at -1.75 Slc9a9 
solute carrier family 9 (sodium/hydrogen exchanger), 
member 9 

1429432_at -1.75 Bat2l2 HLA-B associated transcript 2-like 2 

1441520_at -1.75 Aspm 
asp (abnormal spindle)-like, microcephaly associated 
(Drosophila) 

1449556_at -1.75 
C920025E
04Rik 

RIKEN cDNA C920025E04 gene /// histocompatibility 2, 
T region locus 23 /// h-2 class I histocompatibility 
antigen, D-37 alpha chain-like 

1422571_at -1.75 Thbs2 thrombospondin 2 
1417978_at -1.74 Eif4e3 eukaryotic translation initiation factor 4E member 3 
1455034_at -1.74 Nr4a2 nuclear receptor subfamily 4, group A, member 2 
1456110_at -1.73 Ankrd11 ankyrin repeat domain 11 
1443923_at -1.73 Akap13 A kinase (PRKA) anchor protein 13 
1444319_at -1.73 E2f8 E2F transcription factor 8 
1427764_a_at -1.73 Tcf3 transcription factor 3 
1448623_at -1.73 Tmem123 transmembrane protein 123 

1442072_at -1.72 
C230081A
13Rik RIKEN cDNA C230081A13 gene 

1434601_at -1.72 Amigo2 adhesion molecule with Ig like domain 2 
1422313_a_at -1.72 Igfbp5 insulin-like growth factor binding protein 5 
1456503_at -1.71 Nup214 nucleoporin 214 
1452722_a_at -1.71 Cul5 cullin 5 
1418288_at -1.71 Lpin1 lipin 1 
1426255_at -1.71 Nefl neurofilament, light polypeptide 
1429679_at -1.71 Lrrc17 leucine rich repeat containing 17 
1426933_at -1.71 Oxsr1 oxidative-stress responsive 1 
1434131_at -1.70 Rufy1 RUN and FYVE domain containing 1 
1452392_a_at -1.70 Wipi1 WD repeat domain, phosphoinositide interacting 1 
1416038_at -1.70 Snd1 staphylococcal nuclease and tudor domain containing 1 
1426326_at -1.70 Zfp91 zinc finger protein 91 
1451793_at -1.70 Klhl24 kelch-like 24 (Drosophila) 
1424024_at -1.69 Mcfd2 multiple coagulation factor deficiency 2 
1451771_at -1.69 Tpcn1 two pore channel 1 
1448016_at -1.69 Sass6 spindle assembly 6 homolog (C. elegans) 
1450068_at -1.69 Baz1b bromodomain adjacent to zinc finger domain, 1B 
1429088_at -1.69 Lbh limb-bud and heart 
1457009_at -1.68 Rhobtb3 Rho-related BTB domain containing 3 
1444016_at -1.68 Anxa1 annexin A1 
1451920_a_at -1.68 Rfc1 replication factor C (activator 1) 1 
1437657_at -1.67 Scaper S phase cyclin A-associated protein in the ER 
1425481_at -1.67 Cnot6l CCR4-NOT transcription complex, subunit 6-like 
1450378_at -1.67 Tapbp TAP binding protein 
1438658_a_at -1.67 S1pr3 sphingosine-1-phosphate receptor 3 

1455089_at -1.67 Gng12 
guanine nucleotide binding protein (G protein), gamma 
12 
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1423886_at -1.67 Lamc1 laminin, gamma 1 
1428174_x_at -1.67 Khsrp KH-type splicing regulatory protein 
1424350_s_at -1.67 Lpgat1 lysophosphatidylglycerol acyltransferase 1 
1451200_at -1.67 Kif1b kinesin family member 1B 
1418129_at -1.66 Dhcr24 24-dehydrocholesterol reductase 
1422987_at -1.66 Ntn1 netrin 1 
1415965_at -1.66 Scd1 stearoyl-Coenzyme A desaturase 1 

1419497_at -1.66 Cdkn1b cyclin-dependent kinase inhibitor 1B 
1438099_at -1.66 Trio triple functional domain (PTPRF interacting) 
1449405_at -1.65 Tns1 tensin 1 
1434282_at -1.65 Ibtk inhibitor of Bruton agammaglobulinemia tyrosine kinase 
1425991_a_at -1.65 Kank2 KN motif and ankyrin repeat domains 2 
1417951_at -1.64 Eno3 enolase 3, beta muscle 
1419356_at -1.64 Klf7 Kruppel-like factor 7 (ubiquitous) 
1422748_at -1.64 Zeb2 zinc finger E-box binding homeobox 2 

1450953_at -1.63 Ciao1 
cytosolic iron-sulfur protein assembly 1 homolog (S. 
cerevisiae) 

1426235_a_at -1.63 Glul glutamate-ammonia ligase (glutamine synthetase) 

1421411_at -1.63 Pstpip2 
proline-serine-threonine phosphatase-interacting protein 
2 

1439040_at -1.63 Cenpe centromere protein E 
1448710_at -1.63 Cxcr4 chemokine (C-X-C motif) receptor 4 

1440857_at -1.63 Cad 
carbamoyl-phosphate synthetase 2, aspartate 
transcarbamylase, and dihydroorotase 

1455884_at -1.63 Dpp9 dipeptidylpeptidase 9 
1444058_at -1.63 Dzip3 DAZ interacting protein 3, zinc finger 
1429385_at -1.63 Dcaf7 DDB1 and CUL4 associated factor 7 
1434149_at -1.63 Tcf4 transcription factor 4 
1449512_a_at -1.63 Zfx zinc finger protein X-linked 
1456341_a_at -1.63 Klf9 Kruppel-like factor 9 
1423520_at -1.63 Lmnb1 lamin B1 
1453295_at -1.62 Asxl2 additional sex combs like 2 (Drosophila) 
1417161_at -1.62 Cdk2ap2 CDK2-associated protein 2 
1422170_at -1.62 Slc5a3 solute carrier family 5 (inositol transporters), member 3 
1419277_at -1.62 Usp48 ubiquitin specific peptidase 48 
1433571_at -1.62 Serinc5 serine incorporator 5 

1416516_at -1.62 Fscn1 
fascin homolog 1, actin bundling protein 
(Strongylocentrotus purpuratus) 

1460645_at -1.62 Chordc1 
cysteine and histidine-rich domain (CHORD)-containing, 
zinc-binding protein 1 

1437794_at -1.61 Cabin1 calcineurin binding protein 1 
1450786_x_at -1.61 Pdlim5 PDZ and LIM domain 5 
1418203_at -1.61 Pmaip1 phorbol-12-myristate-13-acetate-induced protein 1 
1437118_at -1.61 Usp7 ubiquitin specific peptidase 7 
1418946_at -1.61 St3gal1 ST3 beta-galactoside alpha-2,3-sialyltransferase 1 
1427311_at -1.61 Bptf bromodomain PHD finger transcription factor 
1448458_at -1.61 Top2b topoisomerase (DNA) II beta 



 

98 

Table 4-3 Continued 

Probe ID 
Fold 
change 

Gene 
Symbol Gene Title 

1442031_at -1.61 Ccdc109a coiled-coil domain containing 109A 

1425573_a_at -1.61 Asap1 
ArfGAP with SH# domain, ankyrin repeat and PH 
domain1 

1456112_at -1.61 Tpr translocated promoter region 
1418509_at -1.61 Cbr2 carbonyl reductase 2 

1440437_at -1.60 Herc1 

hect (homologous to the E6-AP (UBE3A) carboxyl 
terminus) domain and RCC1 (CHC1)-like domain (RLD) 
1 

1427040_at -1.60 Mdfic MyoD family inhibitor domain containing 
1417831_at -1.60 Smc1a structural maintenance of chromosomes 1A 
1460353_at -1.60 Tmem48 transmembrane protein 48 
1430996_at -1.60 Etnk1 ethanolamine kinase 1 
1451878_a_at -1.60 Jmy junction-mediating and regulatory protein 
1448494_at -1.60 Gas1 growth arrest specific 1 

1452360_a_at -1.60 Kdm5a lysine (K)-specific demethylase 5A 

1456060_at -1.60 Maf 
avian musculoaponeurotic fibrosarcoma (v-maf) AS42 
oncogene homolog 

1421230_a_at -1.60 Msi2 Musashi homolog 2 (Drosophila) 
1425741_at -1.60 Srgap3 SLIT-ROBO Rho GTPase activating protein 3 

1428637_at -1.59 Dyrk2 
dual-specificity tyrosine-(Y)-phosphorylation regulated 
kinase 2 

1437330_at -1.59 Lrrk1 leucine-rich repeat kinase 1 

1421933_at -1.59 Cbx5 chromobox homolog 5 (Drosophila HP1a) 
1451849_a_at -1.59 Lmnb2 lamin B2 

1433561_at -1.59 Acap2 
ArfGAP with coiled-coil, ankyrin repeat and PH domains 
2 

1434039_at -1.59 Appbp2 
amyloid beta precursor protein (cytoplasmic tail) binding 
protein 2 

1421146_at -1.59 Rapgef1 Rap guanine nucleotide exchange factor (GEF) 1 
1431425_a_at -1.59 Rprd2 regulation of nuclear pre-mRNA domain containing 2 
1437047_at -1.59 Zfp664 zinc finger protein 664 
1426114_at -1.59 Hnrnpab heterogeneous nuclear ribonucleoprotein A/B 
1459804_at -1.58 Crebbp CREB binding protein 
1427902_at -1.58 Srrm2 serine/arginine repetitive matrix 2 
1423674_at -1.58 Usp1 ubiquitin specific peptidase 1 
1433453_a_at -1.58 Abtb2 ankyrin repeat and BTB (POZ) domain containing 2 
1442827_at -1.58 Tlr4 toll-like receptor 4 
1439129_at -1.58 Dock5 dedicator of cytokinesis 5 
1449356_at -1.58 Asb5 ankyrin repeat and SOCs box-containing 5 
1431133_at -1.58 Arhgap18 Rho GTPase activating protein 18 
1430801_at -1.58 Vps13b vacuolar protein sorting 13B (yeast) 
1436904_at -1.58 Med13 mediator complex subunit 13 
1426458_at -1.57 Slmap sarcolemma associated protein 
1428432_at -1.57 Zcchc24 zinc finger, CCHC domain containing 24 
1460304_a_at -1.57 Ubtf upstream binding transcription factor, RNA polymerase I 
1449546_a_at -1.57 Zfp617 zinc finger protein 617 
1426086_a_at -1.57 Fmr1 fragile X mental retardation syndrome 1 homolog 
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1430969_at -1.57 Mtch2 mitochondrial carrier homolog 2 (C. elegans) 

1418030_at -1.57 Slco3a1 
solute carrier organic anion transporter family, member 
3a1 

1424487_x_at -1.57 Txnrd1 thioredoxin reductase 1 
1420973_at -1.57 Arid5b AT rich interactive domain 5B (MRF1-like) 

1417821_at -1.57 
D17H6S5
6E-5 DNA segment, Chr 17, human D6S56E 5 

1426020_at -1.57 Tmpo thymopoietin 
1444295_at -1.56 Neo1 neogenin 
1422340_a_at -1.56 Actg2 actin, gamma 2, smooth muscle, enteric 
1452180_at -1.56 Phf17 PHD finger protein 17 
1456088_at -1.56 Xiap X-linked inhibitor of apoptosis 
1418890_a_at -1.56 Rab3d RAB3D, member RAS oncogene family 
1429362_a_at -1.56 Sf3b2 splicing factor 3b, subunit 2 
1456533_at -1.56 Dpy19l1 dpy-19-like 1 (C. elegans) 
1454289_at -1.56 Zhx3 zinc fingers and homeoboxes 3 
1423015_at -1.55 Kirrel kin of IRRE like (Drosophila) 
1450255_at -1.55 Arhgap31 Rho GTPase activating protein 31 
1427992_a_at -1.55 Rab12 RAB12, member RAS oncogene family 
1427884_at -1.55 Col3a1 collagen, type III, alpha 1 
1451287_s_at -1.55 Aif1l allograft inflammatory factor 1-like 
1426755_at -1.55 Ckap4 cytoskeleton-associated protein 4 
1437864_at -1.55 Adipor2 adiponectin receptor 2 
1455960_at -1.54 Megf9 multiple EGF-like-domains 9 
1426686_s_at -1.54 Map3k3 mitogen-activated protein kinase kinase kinase 3 
1427353_at -1.54 Clasp1 CLIP associating protein 1 
1423756_s_at -1.54 Igfbp4 insulin-like growth factor binding protein 4 
1436356_at -1.54 Samd4 sterile alpha motif domain containing 4 
1452038_at -1.54 Capza1 capping protein (actin filament) muscle Z-line, alpha 1 
1428971_at -1.54 Ccny cyclin Y 
1439555_at -1.54 Rlf rearranged L-myc fusion sequence 
1419099_x_at -1.54 Stom stomatin 
1452703_at -1.53 Ahcyl2 S-adenosylhomocysteine hydrolase-like 2 
1449042_at -1.53 Ctcf CCCTC-binding factor 

1416625_at -1.53 Serping1 
serine (or cysteine) peptidase inhibitor, clade G, member 
1 

1418514_at -1.53 Mtf2 metal response element binding transcription factor 2 
1421319_at -1.53 Ptgfrn prostaglandin F2 receptor negative regulator 
1440868_at -1.53 Gabpb2 GA repeat binding protein, beta 2 
1434877_at -1.53 Nptx1 neuronal pentraxin 1 
1429517_at -1.53 Zfyve20 zinc finger, FYVE domain containing 20 
1451411_at -1.53 Gprc5b G protein-coupled receptor, family C, group 5, member B 
1456488_at -1.53 Wdr33 WD repeat domain 33 

1444281_at -1.53 
LOC1005
04841 hypothetical LOC100504841 

1440397_at -1.53 Cacna2d1 
calcium channel, voltage-dependent, alpha2/delta 
subunit 1 
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1426744_at -1.52 Srebf2 sterol regulatory element binding factor 2 
1438046_at -1.52 AU019823 expressed sequence AU019823 
1418731_at -1.52 Rlim ring finger protein, LIM domain interacting 
1451045_at -1.52 Syt13 synaptotagmin XIII 
1426259_at -1.52 Pank3 pantothenate kinase 3 
1443868_at -1.52 Atp13a3 ATPase type 13A3 
1453582_at -1.52 Chka choline kinase alpha 
1448008_at -1.51 Ankhd1 ankyrin repeat and KH domain containing 1 
1450629_at -1.51 Lima1 LIM domain and actin binding 1 
1427918_a_at -1.51 Rhoq ras homolog gene family, member Q 

1423417_at -1.51 Smarcc1 
SWI/SNF related, matrix associated, actin dependent 
regulator of chromatin, subfamily c, member 1 

1438773_at -1.51 Steap2 six transmembrane epithelial antigen of prostate 2 

1427279_at -1.51 Clip4 
CAP-GLY domain containing linker protein family, 
member 4 

1451747_a_at -1.51 Atg12 autophagy-related 12 (yeast) 
1423505_at -1.51 Tagln transgelin 
1422032_a_at -1.51 Zfand6 zinc finger, AN1-type domain 6 

1438032_at -1.51 Lrch1 
leucine-rich repeats and calponin homology (CH) 
domain containing 1 

1425592_at -1.50 Tnpo2 transportin 2 (importin 3, karyopherin beta 2b) 
1419502_at -1.50 Ghdc GH3 domain containing 
1450377_at -1.50 Thbs1 thrombospondin 1 
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Figure 4-1. Sfmbt1 is a negative regulator of myogenic differentiation. A: Sfmbt1 

expression level decreases during myoblast differentiation. C2C12 cells were 
switched from growth medium to differentiation medium to induce myogenic 
differentiation and RNA samples were collected at different time points. The 
transcript levels of Sfmbt1 (left) and Myogenin (right) are represented as 
mean +/- SEM. B: FLAG-tagged SFMBT1 is expressed in C2C12. C2C12 
cells are stably transduced with FLAG-SFMBT1 or mock retroviruses, and 
whole cell lysates were used for Western blot analysis with anti-FLAG 
antibody. C: SFMBT1 over-expression blocks myotube formation. FLAG-
tagged SFMBT1-expressing C2C12 cells and the control were induced to 
undergo differentiation. Myosin staining (green) was performed 3 days after 
differentiation using an anti-Myosin antibody. Nuclei were counter-stained 
with DAPI. D: SFMBT1 over-expression inhibits expression of muscle-specific 
proteins. Cell lysates were collected at indicated days after differentiation and 
detected for expression of Myosin and Myogenin by Western blot. E: SFMBT1 
over-expression does not affect proliferation of C2C12 myoblasts. Cells were 

seeded to 10-cm plates at 1*105 cells/plate, and cell numbers were counted 3 
days later. n= 3. Data are represented as fold change with cells transduced 
with empty vector as 1.  
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Figure 4-2. Sfmbt1 knockdown promotes myogenic differentiation. (A-D): knockdown of 

Sfmbt1 promotes C2C12 myoblasts differentiation. A: Sfmbt1 knockdown was 
measured by Real-time RT-PCR. Data are represented as mean +/- SEM. B: 
C2C12 Sfmbt1 knockdown and control cells were induced for differentiation 
for 3 days. Myotubes were stained with anti-Myosin antibodies (green), and 
nuclei were counter-stained (blue) with DAPI. (C): whole cell lysates were 
collected to analyze expression levels of Myosin and Myogenin by Western 
blot analysis. D: Sfmbt1 knockdown significantly decreased C2C12 
proliferation. E and F: Sfmbt1 knockdown results in increased expression of 
P21 and decreased expression of Pax7. Real-Time RT PCR analysis of P21 
and Pax7 expression in C2C12 transduced with lentivirus expressing ShRNA 
against Sfmbt1 and control. Data are represented as mean +/- SEM. G-J:  
Sfmbt1 knockdown promotes differentiation of primary myoblasts isolated 
from neonatal mice.  
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Figure 4-3. Sfmbt1 regulates MyoD target genes in C2C12 myoblasts. A: Microarray 

analysis of gene expression profiling of Sfmbt1 knockdown C2C12 cells vs. 
the controls to identify target genes regulated by Sfmbt1. B: Several Sfmbt1 
targets were validated by real-time RT-PCR. Data are represented as mean 
+/- SEM. C: Genes up-regulated by Sfmbt1 knockdown shows a significant 
overlap with direct MyoD target genes. The Sfmbt1 target genes and the 
MyoD direct target gene identified by MyoD ChIP-Seq (SRA:  SRX016191) 
(138) were compared, which showed 30% of the up-regulated Sfmbt1 target 
genes are direct MyoD target genes. 
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Figure 4-4. Sfmbt1 interacts with myogenic master transcription factor MyoD. A: 

Exogenous SFMBT1 interacts with endogenous MyoD in C2C12 by reciprocal 
immunoprecipitations. Nuclear extracts from C2C12 cells expressing FLAG-
SFMBT1 were used for IP with MyoD antibody (left) and anti-FLAG agarose 
(right), and subsequently blotted with indicated antibodies. B: A diagram of 
full-length and truncated mutants of SFMBT1. C: GST pull-down assays show 
that MyoD binds to the N and central region of SFMBT1 protein. Various 
GST-SFMBT1 fusion immobilized on glutathione-sepharose were incubated 
with whole cell lysates of 293T cells transfected with HA-MyoD. The pull-
down products were analyzed by Western blot with HA antibody. D. Domain 
structure of MyoD and various truncated mutants were shown. E: Co-
immunoprecipitation assays show that the bHLH domain of MyoD interacts 
specifically with SFMBT1. 293T cells were co-transfected with FLAG-
SFMBT1 and full-length or truncated mutants of HA-MyoD. 
Immunoprecipitation with anti-FLAG agaroses were performed with whole cell 
lysates harvested 48 hours after transfection, and then blotted with HA 
antibodies. 
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Figure 4-5. Sfmbt1 recruits multiple transcriptionally repressive complexes and 
epigenetically represses MyoD-mediated transcription of Myogenin (Myog). A: 
SFMBT1 overexpression inhibits Myogenin promoter reporter activities. B: 
Sfmbt1 knockdown results in an increase in Myogenin promoter reporter 
activities. C: SFMBT1 is bound to the Myogenin promoter by ChIP assays. 
ChIP assays using anti-FLAG agaroses were performed using C2C12 cells 
stably expressing FLAG-SFMBT1, and the purified ChIP DNA was used as 
templates for real-Time PCR with Myogenin promoter primers. D: Sfmbt1 
depletion resulted in a decrease in the binding of transcriptional repressors, 
including EZH2, RNF2, LSD1 and HDAC1, to the Myogenin promoter. E: 
Sfmbt1 depletion leads to enhanced levels of active histone marks and 
reduced levels of repressive marks. F: DNase I sensitivity assays show that 
Sfmbt1 knockdown led to increased chromatin accessibility of the TSS region 
of the myogenin gene.  
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Figure 4-6: Dynamic changes in muscle regeneration: HE-stained TA muscle sections 

collected at various time points after cardiotoxin-induced injury are shown.  
Early after injection, the main event is the activation and proliferation of 
muscle stem cells (D1-D3), while later the muscle stem cells differentiate and 
fuse into myotubes to reconstitute the functional muscles (D4-D10). 
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Figure 4-7. Sfmbt1 regulates muscle regeneration in vivo. A: Experimental design with 

respect to injection and assay schedule. B: Intramuscular injection of 
shSfmbt1-lentiviruses causes Sfmbt1 knockdown in TA muscles. RNA 
samples were collected from TA muscles at Day 0 to analyze Sfmbt1 
expression by real-time RT-PCR. n=5. C: Sfmbt1 knockdown resulted in a 
decrease in expression of Pax7 and Myogenin. D: muscle regeneration is 
impaired in Sfmbt1 knockdown TA.  Sfmbt1 knockdown and control TA 
samples collected at day 8 after CTX injection were fixed, sectioned and 
stained with HE to analyze muscle morphology. E: A model of Sfmbt1 in 
mediating epigenetic silencing of myogenesis: In undifferentiated muscle 
progenitor cells, Sfmbt1 interacts with MyoD and recruits multiple 
transcriptional co-repressors including CtBP/LSD1/HDACs complexes, PRC1 
and MBT proteins to mediate histone modifications and chromatin compaction 
on MyoD target promoters. MyoD target genes are transcriptional repressed, 
which contributes to the maintenance of the undifferentiated status. When 
Sfmbt1 is depleted, other co-repressors are no longer associated with MyoD, 
which facilitates transcriptional de-repression of MyoD target genes and 
promotes myogenic differentiation. 
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CHAPTER 5 
CONCLUSIONS AND FUTURE DIRECTIONS  

Conclusions 

The Notch receptors-mediated signal transduction pathway converts extra-cellular 

signals to specific transcriptional programs and regulates cellular processes during 

development and disease pathogenesis. CSL is the only transcription factor for the 

canonical Notch pathway, functioning as a transcriptional switch to mediate specific 

Notch transcriptional responses. However, the molecular events underlying the tight 

regulation of Notch signal-induced CSL switch from transcriptional repressor to activator 

remain incomplete. To further understand molecular regulation of Notch-mediated 

transcription, we isolated the CSL protein complex and showed that CSL is associated 

with multiple transcriptional co-regulators including the epigenetic modifiers LSD1 

complex proteins and polycomb protein SFMBT1.  

SFMBT1 belongs to the MBT (malignant brain tumor) domain-containing 

chromatin reader family that recognizes mono- and di-methylated lysines on histone 

tails and represses transcription. The biological functions and molecular basis 

underlying SFMBT1-mediated transcriptional repression were poorly elucidated. Here, 

our proteomic analysis of the SFMBT1 protein complexes revealed that SFMBT1 is 

associated with multiple transcriptional co-repressor complexes, including 

CtBP/LSD1/HDACs complexes, polycomb repressive complexes and MBT family 

proteins, which collectively contribute to the SFMBT1 repressor activity. These data 

indicate the important function of SFMBT1 in cooperation of CSL mediated 

transcriptional regulation of Notch signaling pathway.  
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The role of polycomb protein SFMBT1 in development is poorly understood. Given 

the important functions of other polycomb proteins in skeletal myogenesis, we further 

investigated the function of SFMBT1 in myogenesis. SFMBT1 negatively regulates 

myogenic differentiation of cultured and primary myoblasts. Mechanistically, SFMBT1 

interacts with the master regulator of myogenesis, MyoD, and mediates epigenetic 

silencing of MyoD target genes via recruitment of its associated repressors and 

subsequent induction of epigenetic modifications and chromatin compaction. 

Importantly, muscle regeneration is impaired after lentiviral shRNA-mediated depletion 

of Sfmbt1 in vivo, likely due to impaired satellite cell activation and differentiation. 

Therefore, our study identified a mechanism accounting for SFMBT1 transcription 

repression, and revealed essential roles of Sfmbt1 in regulating MyoD-mediated 

transcriptional silencing and maintenance of undifferentiated states of myogenic 

progenitor cells.  

Aberrant activation of Notch signaling represents an important oncogenic 

mechanism for T cell acute lymphoblastic leukemia (T-ALL), an aggressive subset of 

the most common malignant childhood cancer ALL. Therefore, understanding the 

molecular regulation of Notch activation is critical to indentify new approaches to block 

aberrant Notch oncogenic activity. The family of three MAML transcriptional co-

activators is crucial for Notch signaling activation. The prototypic member MAML1 is the 

major co-activator that regulates Notch oncogenic activities in leukemic cells. However, 

the molecular basis underlying MAML1 co-activator function that contributes to Notch 

signaling remains unclear. In this study, we performed proteomic studies and identified 

DDX5, an ATP-dependent DEAD-box RNA helicase, as a component of the MAML1 
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protein complex. DDX5 interacts with MAML1 in vitro and in vivo, and is associated with 

the endogenous NOTCH1 transcription activation complex in human T-ALL leukemic 

cells. Lentivirus-mediated shRNA knockdown of DDX5 resulted in decreased 

expression of Notch target signature, reduced cell proliferation, and increased apoptosis 

in cultured leukemic cells. Also, DDX5 depletion inhibited the growth of human leukemia 

xenograft in nude mice. Moreover, DDX5 is highly expressed in primary human T-ALL 

leukemic cells based on the analyses of Oncomine database and Immunohistochemical 

staining. Our findings revealed a critical role of DDX5 in promoting efficient Notch-

mediated transcription in leukemic cells, suggesting that DDX5 might be critical for 

NOTCH1-mediated T-ALL pathogenesis and thus is a potential new target for 

modulating the Notch signaling in leukemia. 

Future Directions 

In this study, we have identified important novel CSL associating epigenetic 

modifiers including LSD1 complex proteins, PRC components and MBT proteins, 

suggesting their potential functions in Notch regulation. Using a Notch responsive 

luciferase reporter system, we further revealed that those CSL associating epigenetic 

modifiers function in the transcriptional repression of Notch signaling. In the future, we 

are going to study the functions and mechanisms of those epigenetic modifiers in the 

regulation of Notch dependent developmental processes and cancer progression. 

The Notch signaling pathway functions crucially in cell fate determination. In the 

embryonic stem cells, although the key Notch components are highly expressed, the 

expression of Notch target genes remains at a low level. Polycomb repressive complex 

proteins establish and maintain the repressive status of important developmental genes 

in the embryonic stem cells. Large scale genome-wide polycomb targets by ChIP-Seq 
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and ChIP-Chip revealed that the Notch target promoters are bound by the polycomb 

proteins (54-56). The polycomb proteins are responsible for the establishment of 

bivalent domain (contain both H3K4me3 and H3K27me3) on the promoters of important 

developmental genes and thus repress the expression of target genes. Analysis of the 

ChIP-seq data in embryonic stem cells revealed that majority of the Notch targets has 

bivalent domains on their promoters. This suggests that the polycomb proteins directly 

regulate the transcriptional repression of Notch target genes. However, the mechanisms 

underlying how polycomb proteins regulate Notch signaling in the embryonic stem cells 

remains unknown. 

Our proteomic data revealed that the Notch transcription factor CSL is associated 

with polycomb proteins SFMBT1 and PRC1 components, suggesting that polycomb 

proteins might regulate the CSL mediated Notch target gene transcription. Since little is 

known about the functions and mechanisms of CSL-SFMBT1-polycomb proteins in 

Notch regulation, we are going to investigate the potential link between polycomb 

proteins and Notch, and the mechanisms of CSL in epigenetic silencing of Notch 

signaling in the embryonic stem cells. We will first address the functions of CSL in the 

recruitment of its associated epigenetic modifiers and the regulation of related 

epigenetic modifications on Notch target promoters. Since SFMBT1 interacts with CSL 

and might function in recruitment of other transcriptional co-repressors, we will further 

determine the functions of SFMBT1 in epigenetic regulation of Notch signaling pathway 

in the embryonic stem cells.  

 We will also address the functions of CSL interacting epigenetic modifiers in 

Notch-dependent developmental processes. Notch signaling plays an essential role in 
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the development of T cells from common lymphoid progenitors (ETP) and enforced 

NOTCH1 signaling leads to T cell differentiation at the expense of B cell differentiation 

(142, 143). Notch/CSL signaling is required for ETP generation and the transition from 

DN3 to DN4 (144, 145). To investigate the biological functions of CSL-associated 

epigenetic regulators as potential Notch regulators, we will utilize an in vitro co-culture 

system (146) to determine functions of epigenetic regulators in T cell generation that are 

critically dependent on Notch/CSL signaling. In this assay, hematopoietic stem and 

progenitor cells (HSPCs) are co-cultured with OP9 bone marrow stromal line that 

expresses Notch ligand Delta-like-1 (OP9-DL1, co-expressing GFP) or stromal cells 

infected with control viruses (OP9-GFP) (146). Culturing with OP9-DL1 supports the 

normal program of T cell development from HSPCs, whereas culturing cells with control 

OP9-GFP favors the generation of B cells and myeloid cells (56, 146). We have tested 

OP9-GFP and OP9- DL1 stromal cells (gifts of Dr. Zuniga-Pflucker) and verified that 

OP9-DL1 cells can functionally activate Notch responsive promoter reporters (pCSL-luc 

and pHES1-luc) (73) in co-cultured cell populations. 

 We will determine gain-of-function and loss-of-function effects of LSD1 and 

SFMBT1 in Notch-mediated T cells development. In brief, the fetal liver cells will be 

transduced with retroviruses or lentiviruses and cultured overnight. The transduced cells 

will be plated on OP9-DL1 monolayers or control OP9-GFP cells and then the kinetics 

of T/B cell development will be monitored by flow cytometric analysis using the cell 

surface markers. Using this system, we can further reveal the functions and the related 

mechanisms of CSL interacting epigenetic modifiers in regulation of Notch signaling 

pathway. 
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