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ABSTRACT 
 

Epigenetic silencing is often altered in cancer and is a target for drug discovery. 

Unbiased screens in live cells are performed to identify potential novel targets of epigenetic 

therapy, and these screens have identified drugs that were not previously recognized to be 

involved in epigenetic reactivation of gene silencing such as cardiac glycosides and a 

CDK9 inhibitor. Recently, our lab performed a whole genome siRNA screen in 

combination with DNMT inhibition. One of the top targets revealed in this screen was the 

splicing factor SF3B1. SF3B1 is a well-known crucial splicing factor and is mutated in 

several cancers. However, its role in epigenetic regulation has not been well studied. I 

propose SF3B1 is a novel target for epigenetic therapy in cancer.  

In the YB5 colon cancer cell line where GFP is under the control of a methylated 

CMV promoter, I validated the screen results and found 0%, 1.0% and 5.3% GFP+ cells 

after treatment with siControl, siSF3B1 or the DNA methyltransferase inhibitor decitabine 

(DAC), respectively. DAC and siSF3B1 were synergistic, inducing 17.2% GFP+ cells. This 

synergy was also seen in an additional live cell assay and with other SF3B and SF3A family 

proteins. RNA-Seq analyses showed 423 genes upregulated by siSF3B1, 430 genes induced 

by DAC, and 1190 induced by the combination. siSF3B1 resulted in aberrant splicing of 

695 genes, but there were only 27 genes overlapping between splicing alterations and gene 

expression changes, suggesting different mechanisms. Genes regulated upon siSF3B1 

treatment were enriched for the TATA motif in their promoters, and the TATA-Box 
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binding protein (TBP) was among the genes differentially spliced after siSF3B1. DNA 

methylation analyses showed demethylation synergy between siSF3B1 and DAC.  

Finally, the effects of siSF3B1 were phenocopied by treatment with the pan-SF3B 

inhibitor Pladienolide B (PB). GFP was reactivated in two separate colon cancer cell lines 

upon treatment with PB with synergistic activation when combined with DAC in YB5 

cells. Thousands of genes were regulated and alternatively spliced with PB treatment alone, 

and among the differentially spliced genes was TBP. Furthermore, PB treatment with DAC 

induced demethylation significantly more than with DAC treatment alone.  

Genes regulated upon SF3B1 loss and inhibition were enriched for p53 target genes. 

Indeed, there was reduced cell proliferation and cell cycle arrest when SF3B1 was 

inhibited. This study demonstrates that the splicing factor SF3B1 has unexpected effects 

on gene transcription and targeting SF3B1 is synergistic with DNA methylation inhibition 

suggesting clinical potential for the combination.  
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CHAPTER 1 

INTRODUCTION 

 
Transcriptional and Epigenetic Regulation in Cells 

 
 

Transcriptional Regulation of Gene Expression 

The set of genes expressed in each cell of a multi-cellular organism define the cell 

identity and function. Gene expression is regulated by transcription factors, which consist 

of transcriptional activators that induce gene expression activation and transcriptional 

repressors that lead to gene silencing. In Eukaryotes, general transcription factors are the 

basic requirement for transcription to occur. General transcription factors include TFIIA, 

TFIIB, TFIID, TFIIE, TFIIF, and TFIIH, which form the preinitiation complex (PIC) for 

the recruitment of RNA polymerase II (1, 2). DNA sequences at promoters required for 

promoter function and proper assembly of the preinitiation complex are called core 

promoter elements. These elements include the TATA box, which is an A/T-rich sequence 

located approximately 25bp to 30bp upstream of the transcription start site. It contains a 

consensus sequence, TATA(A/T)A(A/T)(A/G), recognized by the TATA-binding protein 

(TBP) (3). TBP is part of the TFIID complex and when it binds to the TATA-box of a gene 

promoter, the PIC can form for transcription initiation (4).   

 In addition to general transcription factors, there are transcription factors with more 

specific gene targets. For instance, p53, an important tumor suppressor, has a set of 

approximately 125 direct transcriptional targets that contain p53 binding sequences and are 

upregulated upon p53 activation (5). p53 has been previously known to be an activator of 
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transcription but recent studies have shown that it is also involved in transcriptional 

repression (6). Particularly, p53 interaction with TBP leads to repression of genes 

containing TATA boxes by hindering its access to DNA (7). Transcription factors play a 

major role in regulating gene expression, but they are only one layer in this process.   

 

Chromatin Remodeling and Histone Modifications for Regulation of Gene expression 

The epigenome encompasses everything around the DNA that does not alter the sequence 

itself. It varies by cell type leading to differences in cell identity and function. A 

determinant of gene expression is the accessibility of DNA to transcriptional regulators. In 

the cell nucleus, DNA is organized and packed into chromatin structures. Chromatin is 

comprised of nucleosomes which are DNA wrapped around a histone octamer (8). When 

the nucleosomes are tightly compacted, DNA is inaccessible to transcriptional activators 

leading to gene expression silencing. Chromatin opening allows access of transcription 

factors leading to gene expression activation. Some of the main role players in opening and 

closing of chromatin are ATP-dependent chromatin remodeling complexes.  There are at 

least 4 different families of chromatin remodeling complexes including SWI/SNF, ISWI, 

NURD/Mi-2/CHD and INO80. These families are differentiated by their unique domains 

located near the ATPase domain. The SWI/SNF family members for example, are defined 

by an HSA domain, important for binding actin, and a bromodomain required for the 

binding of acetylated lysine residues. First identified in yeast, the SWI/SNF complex was 

found to alter chromatin structure allowing for activation of gene transcription (9).  



 
3 
 

Post-translational modifications on the free tails of the histones can also determine 

the compaction of chromatin. These histone marks are established by proteins called 

writers. The marks can be recognized by readers and can be recognized and removed by 

erasers. For example, writers such as histone acetyltransferases (HATs) add acetyl groups 

to lysine residues on the histone tail. The change in charge of the residue due to the addition 

of acetyl group leads to repulsion of the histones from the DNA strand and opening of the 

nucleosomes for active transcription (10, 11). Conversely, histone deacetylases (HDACs) 

are erasers that remove the acetyl groups and cause nucleosome compaction and gene 

repression. Modifications of other residues on histone tails can also impact gene 

expression. One notable histone mark resulting in gene expression repression, is the 

trimethylation of Histone H3 lysine 27 (H3K27me3), which is catalyzed by the Enhancer 

of Zeste 2 (EZH2) subunit of the Polycomb repressive complex 2 (PRC2) (12).  

 

DNA Methylation as a Marker for Gene Silencing 

In addition to the mechanisms mentioned above, DNA methylation is another 

important marker for gene expression regulation (13, 14). DNA methyltransferases 

(DNMTs) add the methyl groups to primarily CpG dinucleotides of DNA in mammals. The 

three major types of DNMTs are DNMT1, DNMT3A and DNMT3B. DNMT3A and 

DNMT3B are responsible for de novo DNA methylation and are required for the 

establishment of  methylation patterns during early mammalian development (15). 

DNMT1 is critical for the maintenance of DNA methylation, adding methyl groups to 
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hemi-methylated DNA during DNA replication (16, 17).  This function of DNMT1 

contributes to the epigenetic memory of those cells as they continue to divide.  

Across the genome of normal cells, DNA methylation is mainly found in repetitive 

sequences (Fig. 1) (18). These repetitive elements include endogenous retroviruses, long 

interspersed transposable elements (LINES), and short interspersed transposable elements 

(SINES). The methylation and silencing of these elements prevent their deleterious effects 

on other genes in the genome. Conversely, CpG islands (CGIs), which are CpG dense 

regions found primarily at gene promoters, are mostly unmethylated (19). DNA 

methylation at promoters can directly and indirectly affect gene expression. Indirectly, 

DNA methylation can lead to the recruitment of methyl binding proteins and repressive 

chromatin remodeling complexes such as PRC2 (20).  For direct inhibition, the presence 

of methylated DNA at gene promoters has been previously found to prevent transcription 

factor binding, thereby leading to gene silencing, however emerging data have shown that 

there are transcription factors that preferentially bind methylated DNA (21, 22). Recently, 

Yin et al. analyzed the binding of over 500 transcription factors and found that while 

methylated DNA prevented the binding of most major transcription factors, there was a 

subset of transcription factors, involved in development that had a higher affinity to 

methylated DNA (22).  Transcription factor binding can also lead to the demethylation at 

gene promoters as demonstrated with transcription factor PPARγ. Binding of PPARγ to 

promoters leads to the recruitment of TET enzymes, which initiate the catalytic removal of 

the methyl groups from CpGs (23, 24). Other studies have also reported on transcription 

factor mediated demethylation through the recruitment of TET enzymes (25).  
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Deregulation of the Epigenome in Cancer 
 
 

The epigenetic mechanisms in the cancer cell can become deregulated. In contrast 

to the normal cell, there is genome-wide loss of DNA methylation in the cancer cell, which 

include sequences like repetitive elements (Fig. 1) (26). This loss in DNA methylation may 

also lead to chromosome instability (27). Simultaneously, there can be gains in methylation 

at CGIs in cancer cells (Fig. 1). Particularly, tumor suppressor genes normally active in the 

cell can become silenced due to this hypermethylation. The CpG island methylator 

phenotype (CIMP) was first seen in a subset of colon cancer samples. These cancers also 

had high incidence of tumor suppressor CDKN2A  and THBS1 methylation (28). Another 

example of a tumor suppressor gene being silenced in cancer is RB1 in retinoblastoma, 

where it was discovered that hypermethylation of the promoter led to inactivation of the 

gene  (29, 30).  Silencing of these genes can lead to uncontrolled growth and deregulated 

cell cycle, causing cancer progression. 

Mutations in epigenetic modifiers are observed in cancer and are frequently 

mutated. DNMT3A is one of the most often mutated DNMTs in hematological cancers such 

as acute myeloid leukemia (AML) and myelodysplastic syndromes (MDS) (31, 32). 

DNMT3A mutations are associated with poorer overall survival and relapse-free survival 

in AML and MDS patients (31, 33, 34).  Mutations in genes involved in chromatin 

remodeling such as SWI/SNF complex members, including SMARCB1 and SNF5 are 

prevalent in a variety of cancers (35). The histone modifier EZH2 is mutated in AML. 

EZH2 is found to be predominantly overexpressed and have gain-of-function mutations 
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associated with higher disease progression (36). However, there is also evidence that EZH2 

may be a tumor suppressor, having missense, nonsense, and frameshift mutations leading 

to poorer prognosis in AML and MDS patients (37).  

  

 

 

Figure 1: DNA methylation patterns across the genome in normal and cancer cells 

(18) 

Diagram showing the pattern of DNA methylation in normal cells, which is mainly present 

in nonpromoter and non CpG island regions. This is compared to in cancer cells where the 

hypermethylation occurs in promoter CpG islands and hypomethylation occurs in other 

regions of the genome such as repeat sequences. Figure adapted from figure 3 by Moison 

et al. (18). 
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Epigenetic Therapy for Cancer Treatment 

 
HDAC Inhibitors 

While there are numerous mutations in epigenetic modifiers leading to the 

development and progression of cancer, targeting the epigenome for cancer therapy has 

proved challenging. Currently, there are only a limited number of epigenetic drugs FDA 

approved for clinical use (Table 1) (38). There are HDAC inhibitors at various stages of 

clinical trials. Some HDAC inhibitors target specific types of HDACs, while others are 

pan-HDAC inhibitors that can target any type (39). There are 11 HDACs in 5 different 

classes (I, IIA, IIB, III, IV), therefore targeting only one may be difficult. Thus far, FDA 

approved HDAC inhibitors include vorinistat and romidepsin for the treatment of 

Cutaneous T-cell lymphoma, belinostat for the treatment of Peripheral T-cell lymphoma, 

and panobinostat for the treatment of multiple myeloma (Table 1) (38, 40-43). With the 

exception of romidepsin, which targets class I HDACs, all the approved HDAC inhibitors 

are pan-HDAC inhibitors.  Vorinostat inhibits class I, II, and IV HDACs by binding to their 

active site (44). Romidepsin, once in the cell, it becomes active, binding the zinc atom in 

the binding pocket of the zinc-dependent HDAC to prevent its activity (45).  These and 

other HDAC inhibitors have exhibited antitumor activity, and treatment can lead to cell 

apoptosis, growth arrest, senescence and can limit cell migration (46, 47).  The use of 

HDAC inhibitors in the clinic has been successful for hematological malignancies, while 

the treatment of solid tumors with HDAC inhibitors remains a challenge. In addition to 

clinical trials, for next generation HDAC inhibitors, there are ongoing studies for the 
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improvement of these therapies in solid tumors particularly combining HDAC inhibitors 

with other drugs such as anti-HER2 drugs for the treatment of resistant breast cancer 

patients (48).   

 

DNMT Inhibitors 

Among the other FDA approved epigenetic drugs are DNMT inhibitors 5-

azacytidine (azacitidine) and 5-aza-2′-deoxycytidine (decitabine or DAC) for the treatment 

of myelodysplastic syndrome (Table 1) (38). Azacitidine is an analogue of the nucleoside 

cytidine of DNA and RNA. To inhibit DNMT, Azacitidine is incorporated into DNA as 

azacytosine, replacing cytosine. When the DNMT encounters azacytosine instead of a 

cytosine for the addition of a methyl group, it is unable to release from its covalent bond 

to the DNA strand. This leads to DNA damage signaling and degradation of DNMT. 

Consequentially, there is a reduction in DNA methylation and reactivation of silenced 

genes (49, 50). DAC is a cytidine analog, and deoxy derivative of azacitidine. It is 

incorporated into DNA and can inhibit DNMT via the same mode of action. However, 

unlike azacitidine, DAC can only be incorporated into DNA (51). The effects of DNMT 

inhibitors were found to differ based on the dose of treatment. At low doses, they can inhibit 

DNMT and induce demethylation. However at high doses, their treatment can cause 

cytotoxic effects due to their incorporation into DNA or RNA (52, 53).  

 

 

 



 
9 
 

 

Table 1: FDA approved epigenetic therapies for cancer treatment (38) 

 

Combination Therapies 

Combination therapies have proved to be effective ways to treat cancer patients. 

Our lab has previously reported that combining epigenetic drugs can have selective effects 

on epigenetic regulation (54). Particularly, the combination of DAC with other epigenetic 

modulators such as histone deacetylase, demethylase, and methyltransferase inhibitors led 

to altered expression of distinct sets of genes base on the combination. Combination of 

drugs such as DAC with chemotherapy drugs have shown synergistic effects in cancer cell 

lines (55, 56). Currently, there are clinical trials, with combination therapies, including a 

trial for the treatment of AML patients (57). In this study, they used a low intensity 

regiment of the chemotherapy drug venetoclax combined with DAC and azacitidine. They 

observed responses in patients with high-risk molecular features and adverse prognostic 

factors, such as age 75 years or older, poor cytogenetic risk, and secondary AML. These 

results are promising particularly for patients that would not fare well with more intense 
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treatment regimens. The development of combination therapies is important for the 

improvement of current standard treatments.  

 

Screening for Novel Epigenetic Targets 

 
Live cell reporter assays have been used for unbiased screens to discover drugs and 

targets of epigenetic therapy (58, 59). Our lab developed a GFP reporter cell line YB5 to 

conduct such screens (60). A screen of FDA approved drugs in YB5 cells, revealed eleven 

drugs that altered calcium signaling and altered calcium-calmodulin kinase (CamK) 

activity. It was further determined that gene expression reactivation could be due to MeCP2 

eviction from the nucleus and silenced promoters (58). Cyclin-dependent kinase 9 (CDK9) 

was also identified as a target for reactivation of epigenetically silenced genes. This screen 

was done with a natural compound library in YB5 cells. The top compound hits were then 

optimized for gene reactivation and one was later identified as a potent inhibitor of CDK9 

(59). For this current study, a whole genome siRNA screen in combination with DAC was 

performed to identify new epigenetic targets. The splicing factors SF3B1 and SF3A1 were 

among the top hits in this screen.  
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The Splicing Machinery 

 
General Splicing Mechanism 

Following gene transcription, the precursor mRNA (pre-mRNA) is generated 

consisting of introns and exons. The exonic sequences code for the final protein product, 

therefore the pre-mRNA needs to be further processed to mature mRNA, which involves 

the removal of introns through splicing. There are five small nuclear ribonucleoproteins 

(snRNPs), including the U1, U2, U4, U5, which are the core components of the 

spliceosome (61). The snRNPs complex with the pre-mRNA and other associated factors 

to form the remaining parts of the spliceosome, which is assembled in as stepwise manner 

(Fig. 2). The U1 snRNP first binds to the 5’ splice site (5’SS) of the intron on the pre-

mRNA (62). This is followed by binding of the U2 snRNP to the branch point sequence 

(BPS), inducing a change in intron conformation and formation the prespliceosome 

complex A (63).  The pre-catalytic complex B is then formed with the recruitment of U4, 

U5, and U6 to the pre-mRNA (64). The pre-catalytic B complex is converted into the 

activated spliceosome Bact complex when the U1 and U4 snRNP are ejected (65). The 

branching reaction occurs as the 5’SS interacts with the BPS, forming the intron lariat. 

Next, the catalytic complex C is formed for the ligation of the two exons (66). This then 

leads to the formation of the post spliceosomal complex P and release of the intron lariat 

for the final product (Fig. 2) (67).   
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U2 snRNP and the SF3B Subcomplex 

One of the major complexes in RNA splicing is the U2 snRNP. It is required for 

the recognition of the BPS within the intron (Fig. 2) (68). It is composed of  the U2 small 

nuclear RNA (snRNA) and  several other proteins including the protein subcomplexes, 

SF3A and SF3B (61). In the SF3A complex are SF3A1, SF3A2, and SF3A3. SF3B1, 

SF3B2, SF3B3, SF3B4, SF3B5, SF3B6, and PHF5A are in the SF3B subcomplex. For the 

recognition of the BPS, SF3B1 interacts with other splicing factors U2AF2 and SF3B6 and 

recruits the remaining members of the U2 complex to the site (69). SF3B1 has been shown 

to be important for survival and development. Mouse embryos with homozygous deletion 

of Sf3b1 died during preimplantation development. While heterozygotes appeared normal 

externally, they had skeletal alterations along the anterior-posterior axis due to the ectopic 

expression of Hox genes that are repressed by Sf3b1 (70). 

 

Splicing Factor Implications in Cancer 

 
Driver mutations in splicing factors have been reported in several cancers including 

uveal melanoma (UVM), breast cancer, chronic lymphocytic leukemia (CLL), and 

myelodysplastic syndrome (MDS) (71-73). Splicing Factor 3b Subunit 1 (SF3B1) is among 

the splicing factors frequently mutated in these cancers. Many of the mutations are 

localized in the conserved C-terminal domain containing 22 Huntington Elongation Factor 

3 PR65/A TOR (HEAT) repeats, which serves to maintain the structural integrity of the 

complex and is important for the complex recognition of the branch point site  (74).  The 
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most frequently occurring mutation of SF3B1 in cancers is the missense mutation 

substituting lysine to glutamate at position (K700E) (73, 75). Knock-in mice heterozygous 

for the SF3B1 K700E mutation exhibit an overlap of phenotypes as MDS patients with 

mutant SF3B1, indicating the significance of this mutation in the disease (76).  

Functionally, the hotspot mutations are neither activating nor inhibiting. They induce to 

altered splicing patterns compared SF3B1 knockdown or overexpression due to differential 

binding of the complex to the BPS (77).  

The effect of SF3B1 mutation is cancer dependent. In MDS, SF3B1 mutations are 

associated with a subset of patients having ring sideroblasts. The patients in this subset are 

less likely to progress to AML and SF3B1 mutation has been found to be associated with 

a more favorable prognosis (78, 79). In CLL, however, patients with SF3B1 mutations have 

a poorer prognosis compared to patients with other mutations (73). 

 

Pharmacological Inhibition of the SF3B Subcomplex  

Because of the implication of SF3B1 in cancer, it is a known target for cancer 

therapy. A number of inhibitors targeting SF3B1 have been discovered, such as FR901464, 

herboxidiene, isoginkgetin, and pladienolides (80-84). Pladienolides are naturally 

occurring compounds with antitumor effects (83, 85, 86). Pladienolide B (PB) inhibits 

SF3B1 by interfering with the SF3B1/PH5A interaction, thereby disrupting the SF3B 

subcomplex and causing aberrant splicing and cell death (Fig. 3) (85).  A derivative of PB, 

H3B-8800 has been found to selectively kill SF3B1 mutant  cells and is currently in clinical 

trials for patients with MDS, AML and CML (87, 88).  
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Figure 2: Stepwise assembly of the spliceosome (68) 

Diagram of individual steps of spliceosome assembly. Splicosome assembly begins with 

the formation of the prespliceosome (complex A) with the pre-mRNA, U1, and U2 

snRNPs. This leads to the recruitment of the remaining snRNPs (U4, U5, and U6) for 

formation of the precatalytic splicesosome (complex B). Following intron lariat formation, 

the catalytic spliceosome (complex c) is formed, inducing the ligation of the exons, and 

dissociation of the postspliceosomal complex. Figure from figure 1 by Lee and Rio (68). 

 

 

 



 
15 
 

 

Figure 3: The binding of PB to the SF3B subcomplex (85) 

A) Ribbon diagram showing the side view of the SF3B-PB complex. SF3B subunits 

are represented in different colors. The PB ligand is shown as spheres and the carbon atoms 

are shown in orange. (B) Magnified view of the structure of PB in the SF3B1-PHF5A 

pocket. PB is shown as orange sticks. The SF3B1 (light blue) and PHF5A (pink) subunits 

are shown as a surface representation. Figure from figure 2A and 2B by Cretu et al. (85). 
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Hypothesis and Aims 

Considering the findings from our lab’s whole genome siRNA screen where SF3B1 was a 

hit for epigenetic reactivation of gene expression and the fact that SF3B1 is one of the most 

frequently mutated splicing factors in cancer, I hypothesized that the splicing factor SF3B1 

is a newly identified target for epigenetic therapy used for tumor suppressor gene 

activation. To address this hypothesis, I proposed the following aims: 

Aim 1- Evaluate the mechanism of gene reactivation by inhibition of SF3B1  

A) Identify targets of SF3B1 gene reactivation 

I planned to examine the effects of SF3B1 knockdown on the expression of other genes in 

these cells. To further confirm the effects of SF3B1 inhibition on gene expression I planned 

to treat these cells with SF3B inhibitor PB. Treatment with this inhibitor is expected to also 

lead to reactivation of GFP as seen with the siRNA.  

B) Determine if there is a direct mechanism of gene regulation by SF3B1 

In elucidating the mechanism for gene expression change by SF3B1, I looked to determine 

if SF3B1 was directly affecting gene expression by functioning at the site of transcription. 

To obtain a global view of SF3B1 binding I planned to perform ChIP-Seq and examine 

regions enriched for SF3B1 such as promoters, enhancers, intergenic regions, gene bodies, 

and CGIs. If SF3B1 has a direct effect on gene expression, one would expect SF3B1 

enrichment at promoters or enhancers, particularly of genes activated upon SF3B1 

knockdown and inhibition. 

To determine if SF3B1 regulates gene expression through DNA methylation, I 

planned to evaluate global DNA methylation by Digital Restriction Enzyme Analysis of 
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Methylation (DREAM) and by Reduced Representative Bisulfite Sequencing (RRBS) 

following knockdown and inhibition of SF3B1.  

C) Explore the indirect effects of SF3B1 on gene regulation.  

The indirect effects of SF3B1 on gene expression may be due to the alternative splicing of 

transcriptional or epigenetic regulators. Altered splicing of the regulators may lead to 

changes in protein expression or activation. To determine splicing targets of SF3B1, I 

planned to analyze the YB5 RNA-Seq data from before and after loss or inhibition of 

SF3B1. Genes found to have differential splicing after inhibition would be considered 

splicing targets of SF3B1 in these cells. These targets would then be validated by 

performing qPCR with primers targeting the alternatively spliced regions.  

Aim 2- Determine the effects of SF3B1 mutation on gene regulation 

A) Determine the effects of the mutation in cell lines  

To determine if SF3B1 mutation has similar effects to knockdown, I planned to overexpress 

the SF3B1 mutant in cells and measure GFP by FACS as well as the expression of other 

silenced genes by qPCR 

B) Explore the effects of SF3B1 mutation in patient samples  

I also planned to analyze publicly available patient dataset such as the cancer genome atlas 

(TCGA), particularly for cancers such as UVM and CLL where SF3B1 mutations are 

prevalent. I planned to examine RNA-Seq and methylation data in these samples to 

determine the impact of the mutation on overall gene expression and methylation.  

Aim 3- Determine the effects of other SF3B splicing family members on gene expression 

A) Identify which splicing family members lead to gene reactivation when knocked down 



 
18 
 

To see if other splicing factors besides SF3B1 are important for epigenetic gene expression 

reactivation. I planned to knock down other splicing family members, particularly members 

of the U2 snRNP. I also wanted to determine if there were synergistic effects when the 

family members were knocked down together.  
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CHAPTER 2 

METHODS 

 
Cell Culture 

The YB5 cell line was derived from the colorectal cancer cell line SW48, which 

was obtained from ATCC (60). Cells were cultured in L-15 medium with 10% FBS and 

1% Penicillin Streptomycin (Pen/Strep). HCT-116-SFRP1-GFP cells were kindly donated 

to us from the Baylin lab (89). Cells were cultured in McCoy’s 5A medium with 10% FBS 

and 1% Penicillin Streptomycin. Human Embryonic Kidney (HEK) 293T cells were 

obtained from ATCC and cultured in Dulbecco's Modification of Eagle's Medium 1X 

(DMEM) supplemented with 10% FBS and 1% Pen/Strep. To seed cells for experiments, 

they were washed with 1X PBS (Corning) two times. Cells were then incubated in 0.25% 

Trypsin (Mediatech) for 5-10mins. Cells were then counted using the Luna II Automated 

cell counter (Logos Biosystems). The appropriate number of cells were centrifuged then 

plated. All the cell lines were tested routinely for mycoplasma contamination. 

 

siRNA Transfection and Drug Treatment  

Individual siRNAs targeting SF3A1, SF3A2, SF3A3, SF3B1, SF3B2, SF3B3, 

SF3B4, SF3B5, SF3B6, and PHF5A were transfected in YB5 and HCT-116-SFRP1-GFP 

(Table 2). Negative control siRNA (Thermo Fisher Scientific) was transfected in parallel 

(Table 2).  Each siRNA was transfected with Lipofectamine RNAi Max transfection 

reagent (Thermo Fisher Scientific). On day one, cells were plated overnight in Opti-MEM 
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Reduced Serum medium containing siRNA and transfection reagent. The following day, 

Opti-MEM was replaced with growth medium with or without 50nM of decitabine (5-Aza-

2′-deoxycytidine, Sigma Aldrich). For the PB experiments, cells were treated with 50nM 

of DAC the day after seeding, for three consecutive days. On the second day of DAC 

treatment, cells were treated with 10nM and 150nM of Pladienolide B (Santa Cruz 

Biotechnology) in YB5 cells and 2nM and 10nM of PB in HCT-116-SFRP1-GFP cells for 

two consecutive days. Cells were collected for FACS analysis and qPCR for gene 

expression on day five of treatment. GFP-positive cell percentages were measured using 

the Guava easyCyte flow cytometer (Millipore).  

 

CRISPR Cas9 Experiments 

For the CRISPR small guide RNA (sgRNA) design, twelve total sgRNAs were tested 

(Table 3). The first set of six sgRNAs targeting SF3B1 were designed by the laboratory of 

Feng Zhang at the Broad Institute (90) . These sgRNAs targeted exons 1, 3, and 5 of SF3B1 

(Fig. 4A).  I designed the second set of sgRNAs using the sgRNA designer tool developed 

by the Broad Institute (91). From the design tool, I chose the top ranked sequences based 

on both on-target and off-target scores. The sgRNAs chosen targeted exons 2,3,4,6, and 7 

of SF3B1 (Fig. 4A). The 5’ and 3’ oligos were purchased from Sigma-Aldrich using the 

sequences of the six predesigned sgRNAs and the sequences of the six sgRNAs designed 

by me, for a total of 24 oligos. The oligos were then annealed and cloned into the 

lentiCRISPR v2 vector (Fig. 4B) (91). Plasmids generated were transfected into 293T cells 

with Lipofectamine®2000 (Thermo Fisher Scientific) and lentiviral packaging and 
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envelope plasmids pSPAX2 and pMD2.G, respectively. At 48 and 72 hours post 

transfection, the medium from the transfected 293T cells was transferred to the YB5 cells 

for transduction. Following transduction, cells underwent puromycin selection for up to 7 

days, changing media every 2 days. Viable cells from selection were plated for single cell 

cloning by serial dilution. Once viable single clones were expanded enough, the cells were 

collected for downstream experiments.  

 

Cell Proliferation and Cell Cycle Analysis 

For the cell proliferation assays, cells were seeded and treated as described above. Each 

day, cells were trypsinized then counted with the Luna II cell automated counter.  For cell 

cycle analyses, cells were treated with PB as described above. Cells were then trypsinized, 

centrifuged, washed two times with 1X PBS, and then fixed with ice-cold 70% ethanol. 

Fixed cells were stained with Propidium Iodide (PI). The cell cycle phases were measured 

using the Guava easyCyte flow cytometer. 

 

Gene Expression qPCR 

RNA extractions were done using TRIzol Reagent (Thermo Fisher Scientific) then 

treated with DNase I (Ambion). cDNA synthesis was completed with the High-Capacity 

cDNA Reverse Transcription Kit (Applied Biosystems). SF3B1 Gene Expression Assay 

and TIMP3 Gene Expression Assay (Thermo Fisher Scientific) were used to amplify the 

cDNA along with the iTaq Universal Probes Supermix (BioRad). To examine alternative 

splicing of TBP in siRNA and PB experiments, primers targeting exons 6, 7, and 8 to 
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differentiate unspliced and spliced form of TBP were designed using the Primer3 software 

(Table 4) (92). cDNA from these experiments were amplified with iTaq Universal SYBR 

Green Supermix (BioRad). GAPDH was used as a reference gene. qPCR and analysis were 

done with the Step One Plus Real-time PCR System (Applied Biosystems). 

 

RT-PCR and Sanger Sequencing 

 To perform the clonal sequencing for mutation detection of the CRISPR 

samples, for each single cell clone, I isolated RNA using TRIzol Reagent (Thermo Fisher 

Scientific) (93). For reverse transcription (cDNA synthesis), I followed the protocol 

included with the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems).  

I then PCR amplified the CRISPR target regions with primers flanking exon 3 (Table 4) 

and the Phusion High-Fidelity DNA Polymerase (Thermo Fisher Scientific). PCR clones 

were then run on a 1% agarose gel to determine exon skipping. For mutation detection, 

from the PCR products, PCR clones were made using the Zero Blunt TOPO PCR Cloning 

Kit for Sequencing (Thermo Fisher Scientific). PCR clones were then sent for sanger 

sequencing at Genewiz, Inc (South Plainfield, NJ). To analyze the mutations, the sequences 

were aligned to a known reference sequence using Serial Cloner (94).  

 

Protein Extraction and Western Blot 

Protein was isolated from treated cells with protein lysis buffer (50mM Tris-HCl pH 

7.4, 5mM EDTA, 250mM NaCl, 50mM NaF, 0.1% Triton X-100, 0.1 mM Na3VO4). Protein 

was heated in Laemmli sample buffer (BioRad) supplemented with 2-Mercaptoethanol at 
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95°C for 5 minutes to denature then run on an SDS-Page Gel (BioRad) in SDS Running 

Buffer. Protein was transferred from gel to PVDF membrane in CAPS transfer buffer for 

45 mins at 65 volts.  After blocking with 5% dry nonfat milk for 1 hour at room 

temperature, membrane was incubated primary antibody overnight at 4°C with shaking. 

The primary antibodies used were anti-Sap155 (catalog# D221-3, MBL), Tata Binding 

Protein Antibody (catalog# ab818, abcam), and anti-B-actin (catalog# A5316, Sigma).  

Membrane was washed in 1X TBS-T (Tris-buffered Saline plus 0.1% tween) then 

incubated in secondary antibody for 1 hour at room temperature. Secondary antibodies 

used were either anti-mouse or anti-rabbit HRP-linked antibodies (GE Healthcare) 

depending on the species of the primary antibody.  Membranes were visualized and bands 

were quantified with the iBright imaging system (Thermo Fisher Scientific).  

 

ChIP-Seq 

For Chromatin immunoprecipitation and sequencing (ChIP-Seq) experiments, 5 

million cells were plated per immunoprecipitation (IP).  Cells were crosslinked in 1% 

formaldehyde in media. Crosslinking was quenched with glycine (125nM final 

concentration). Cells are washed in 1X PBS then pellet by centrifugation. Samples are then 

resuspended in SDS lysis buffer (1% SDS, 10mM EDTA, 50mM Tris pH 8.1, plus 1x 

protease inhibitor). Samples were then sonicated, and chromatin was quantified for ChIP. 

Chromatin was diluted in ChIP dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2mM 

EDTA, 16.7mM Tris-HCl pH 8.1, and 167mM NaCl) then incubated with 5ug of antibody 

per IP while rotating overnight at 4°C. Next day, Protein G Dynabeads (Life Technologies) 
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were washed in wash buffer (50mM Tris pH8, 150mM NaCl, 2mM EDTA, 1% NP-40, 

0.5% Sodium Deoxycholate, 0.1% SDS) then incubated while rotating with 

chromatin/antibody mix for 3 hours at 4°C.  Samples were then washed 4 times with wash 

buffer then once with TE buffer (50mM NaCl, 10mM Tris-HCl pH 8.1, 1mM EDTA). 5M 

NaCl (final concentration of 0.2M NaCl) was added to samples, which were then incubated 

at 65°C overnight for reverse crosslinking. After reverse crosslinking, samples were treated 

with Proteinase K and RNase A, then DNA was purified with ammonium acetate.  Purified 

DNA was quantified with the Qubit 2.0 fluorometer (Invitrogen). DNA was sent for library 

preparation and sequencing to the Fox Chase Cancer Center. Sequencing was done using 

single-end reads (50bp and ~30-50 million reads per sample) on the Illumina HiSeq 2500 

sequencing platform. Sequencing reads were aligned to the hg19 genome with Bowtie 2 

(95).  

 

RNA-Seq 

RNA was extracted from YB5 cells following treatment in biological triplicates 

with the RNeasy Plus Mini Kit (Qiagen). RNA libraries were prepared using TruSeq 

stranded total RNA with Ribo-Zero Gold (Illumina). For the siRNA and DAC experiments, 

sequencing was done using paired-end reads (150bp and ~50 million reads per sample) on 

the Illumina HiSeq 2500 sequencing platform. Sequencing reads were aligned to the hg19 

genome using Spliced Transcripts Alignment to a Reference (STAR) (96). For the PB and 

DAC experiments, sequencing was done using 100bp single end reads and sequencing 

reads were aligned to the hg19 genome using TopHat2 (97).   
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DNA Methylation Analyses 

Reduced representation bisulfite sequencing (RRBS) was performed in YB5 cells 

treated with siSF3B1 and DAC (98). In brief, 100pg of lambda phage DNA was used as 

the unmethylated standard to spike 1μg of genomic DNA. DNA was then digested with the 

restriction enzyme MspI. The ends of the fragments were filled in, 3′-dA was tailed, and 

methylated adaptors were ligated to the ends of the fragments (catalog #E7535, NEB). 

Bisulfite treatment was completed using the Epitect kit (Qiagen). Bisulfite-converted 

libraries were amplified using EpiMark TaqDNA polymerase (NEB) and primers with 

barcode indices. Sequencing of the pooled libraries was done using 80bp single-end reads 

on the Illumina HiSeq 2500 sequencing platform. Bismark was used to align the sequences 

to the human hg19 genome assembly (99). The methylKit R package was used to analyze 

differential methylation (100). Digital restriction enzyme analysis of methylation 

(DREAM) was performed in YB5 cells treated with PB and DAC, as previously described 

(101, 102). The libraries for sequencing were generated according to Illumina protocols 

and run on Illumina HiSeq 2500 instrument. Sequencing reads were aligned to the human 

hg19 genome. Promoter regions in the analyses were defined as -500bp to +500bp from 

the transcription start site.  

 

Bioinformatic Analysis and Statistics 

For FACS and qPCR experiments, analyses including student’s t-tests were done 

using Prism Graph Pad. (97). Synergy of the combination treatments was defined as an 

effect greater than the sum of the effects of the individual treatments. For example, in the 
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siRNA experiments, the combination of siSF3B1 and DAC was considered synergistic if 

the percentage of GFP positive cells induced was greater than sum of the GFP positive 

cells induced upon siSF3B1 and DAC treatment alone.  

Next generation sequencing analyses were done using R and software on linux.  For 

RNA-Seq data, differential gene expression analysis was done using edgeR (103). Genes 

were considered differentially regulated with a fold change > 2, and FDR < 0.1. Alternative 

splicing analysis was done with MAJIQ software package (104). Briefly, this software 

measures the local splicing variations (LSVs) within each sample. The LSVs of exon 

junctions are quantified and expressed as the exons’ percent spliced in (PSI). The 

difference in PSI between two conditions is measured as the delta PSI. I used the default 

threshold of delta PSI set by the software to determine alternative splicing events. Pathway 

analyses were done using Consensus Path Database (105). I used HOMER for promoter 

motif analysis (106). Ingenuity pathway analysis (IPA) was used for upstream regulator 

analysis. To examine the changes in repetitive element expression, for each repeat, I 

generated a multivariate linear regression for the relationship between expression and DAC 

or siSF3B1 treatment. Linear equation: 𝑦𝑦 = 𝑎𝑎 +  𝑏𝑏𝐷𝐷𝐷𝐷𝐷𝐷 ∙ 𝑥𝑥𝐷𝐷𝐷𝐷𝐷𝐷  + 𝑏𝑏𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠3𝐵𝐵1 ∙ 𝑥𝑥𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠3𝐵𝐵1, where 

y is the repetitive element expression, x is treatment with DAC or siSF3B1, respectively, b 

is the respective regression coefficient, and  a is the y-intercept (107). For ChIP-Seq 

analyses, peak calling was done with Model-based Analysis for ChIP-Seq (MACS) (108). 

Plots showing the average binding across TSSs, Exons, and CGIs were made with NGS 

plot (109).  
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The results from the uveal melanoma (UVM) patients were based on data generated 

by the TCGA Research Network: https://www.cancer.gov/tcga. RNA-Seq data were 

downloaded for all 80 patients. I downloaded the values normalized by RNA-Seq by 

Expectation-Maximization (RESM) then z-score transformed the values. Hierarchical 

cluster was generated using Ward’s method. Methylation (Illumina Human Methylation 

450) beta values were downloaded for all 80 patients. The difference in methylation was 

determined by subtracting the average beta values of patients with low SF3B1 or mutant 

SF3B1 with from the average beta values of patients with high SF3B1 or wildtype SF3B1 

for each site, respectively. P-values were determined by student’s t-test and adjusted for 

multiple corrections using the false discovery rate (FDR) method.  

 

 

 

Company Catalog number Name 
ThermoFisher Scientific 4390843 Negative control siRNA 
Dharmacon J-016051-05 SF3A1 siRNA 
Dharmacon D-018282-01 SF3A2 siRNA 
Dharmacon D-019808-04 SF3A3 siRNA 
Dharmacon J-020061-14 SF3B1 siRNA 
Dharmacon D-026599-03 SF3B2 siRNA 
Dharmacon D-020085-03 SF3B3 siRNA 
Dharmacon D-017190-03 SF3B4 siRNA 
Dharmacon D-014706-02 SF3B5 siRNA 
Dharmacon D-020260-04 SF3B6 siRNA 
Dharmacon D-014987-18 PHF5A siRNA 

Table 2: List of siRNAs used in knockdown experiments 

 

https://www.cancer.gov/about-nci/organization/ccg/research/structural-genomics/tcga
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Name Sequence 
SF3B1sgRNA1A CACCGAAGATCGCCAAGACTCACGA 
SF3B1sgRNA1B AAACTCGTGAGTCTTGGCGATCTTC 
SF3B1sgRNA2A CACCGTCATCATCTACGAGTTTGCT 
SF3B1sgRNA2B AAACAGCAAACTCGTAGATGATGAC 
SF3B1sgRNA3A CACCGCCGCTTACCTTCGTGAGTCT 
SF3B1sgRNA3B AAACAGACTCACGAAGGTAAGCGGC 
SF3B1sgRNA4A CACCGTATACCACAGTCAACAGAAC 
SF3B1sgRNA4B AAACGTTCTGTTGACTGTGGTATAC 
SF3B1sgRNA5A CACCGCTGATCCTAAAATGAATGCT 
SF3B1sgRNA5B AAACAGCATTCATTTTAGGATCAGC 
SF3B1sgRNA6A CACCGATCACCTGTTCTGTTGACTG 
SF3B1sgRNA6B AAACCAGTCAACAGAACAGGTGATC 
SF3B1sgRNA7A CACCGAAAAGGATCAAGACGCTCTG 
SF3B1sgRNA7B AAACCAGAGCGTCTTGATCCTTTTC 
SF3B1sgRNA8A CACCGTACACCTAGCCACACACCAG 
SF3B1sgRNA8B AAACCTGGTGTGTGGCTAGGTGTAC 
SF3B1sgRNA9A CACCGCATAATAACCTGTAGAATCG 
SF3B1sgRNA9B AAACCGATTCTACAGGTTATTATGC 
SF3B1sgRNA10A CACCGATCATTAAGCAATGCCACAG 
SF3B1sgRNA10B AAACCTGTGGCATTGCTTAATGATC 
SF3B1sgRNA11A CACCGGAGAACTAAAAGTCGTCAA 
SF3B1sgRNA11B AAACTTGACGACTTTTAGTTCTCC 
SF3B1sgRNA12A CACCGTTCTACAGGTTATTATGACC 
SF3B1sgRNA12B AAACGGTCATAATAACCTGTAGAAC 

 Table 3: List of small guide RNAs tested for CRISPR experiments 
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Figure 4: Diagram of leniCRISPRV2 vector and exons targeted by CRISPR guide 
RNA 
A) Diagram of 5’ end of SF3B1 showing exons (not to scale) targeted by each of the 12 

sgRNAs. Numbers above each arrow indicate the sgRNA number. B) lentiCRISPRv2 

vector diagram showing placement for sgRNA sequence and SpCas9 sequence (90).  

 

 

Name Sequence 
SF3B1exon2F2 AAGATCGCCAAGACTCACGA 
SF3B1exon2R2 TCATTAAGCAATGCCACAGG 
SF3B1exon3F2 GAGTGGGCCTCGATTCTACA 
SF3B1exon3R2 GTCTGTGCTCAGCAAATGGA 
SF3B1exon3-4F TGGTCAGAAGAAGCCAGGAT 
SF3B1exon3-4R CAAAAGGATCAAGACGCTCTG 
TBP_qpcr_full_F GTAGTTATGAGCCAGAGTTATTTCCTG 
TBP_qpcr_full_R TGCTCTGACTTTAGCACCTGTT 
TBP_qpcr_splice_F GGGTTTTCCAGCTAAGTTCTTG 
TBP_qpcr_splice_R TCTGCTCTGACTTTAGCACCTACT 

Table 4: List of primers used in qPCR experiments 
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CHAPTER 3 

RESULTS 

SF3B1 knockdown Reactivates Expression of Silenced Genes 

Our lab previously completed a whole genome siRNA screen to identify novel 

targets of epigenetic regulation and identified SF3B1 as a hit for synergy with DAC1. The 

screen was done in YB5 cells, an SW48 derived colon cancer cell line containing the green 

fluorescent protein (GFP) gene linked to a hypermethylated cytomegalovirus (CMV) 

promoter (60). The silenced GFP becomes expressed when the cells are treated with drugs 

such as DAC (Fig. 5A). The primary screen was done with pooled siRNAs. To confirm 

these data, a secondary screen was performed with four separate siRNAs targeting SF3B1 

and all reactivated GFP in combination with DAC when analyzed by FACS (Fig. 5B). 

Similar synergy data were found when DAC treatment was done for three consecutive days 

(Fig. 5A). I confirmed knockdown of SF3B1 by western blots in both YB5 and HCT-116-

SFRP1-GFP cells, which are HCT-116 colon cancer cells engineered to express GFP linked 

to the hypermethylated SFRP1 gene promoter, similar to the YB5 cells (Fig. 5C) (89).  

Following siSF3B1 treatment alone, there were 1.0% GFP+ cells and there were 

5.3% positive cells with DAC alone. The combination treatment induced 17.2% GFP+ cells 

(Fig. 6A). I also measured GFP mRNA levels by qPCR and saw induction upon siSF3B1 

and DAC treatment, with synergistic induction in the combination treatment (Fig. 6B). For 

TIMP3, an endogenously silenced tumor suppressor gene, expression was also 

                                                 

1 siRNA screen was performed by Yasuyuki Okamoto.  
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synergistically induced following siSF3B1 and DAC treatment (Fig. 6C). I validated the 

findings in HCT-116-SFRP1-GFP cells. Like the YB5 cells, GFP expression in these cells 

is induced upon treatment with drugs such as DAC. There were 16.2% GFP+ cells with 

DAC treatment and 35.0% GFP+ cells with siSF3B1 alone. There was an induction to 

38.7% of GFP+ cells in the combination of siSF3B1 and DAC (Fig. 6D). GFP and TIMP3 

mRNA were also induced upon treatment in this cell line (Fig. 6E and 6F). 

 

 

 

Figure 5: SF3B1 knockdown in YB5 and HCT-116-SFRP1-GFP 

A) Schematic of GFP Silencing under a methylated CMV promoter and reactivation of 

expression upon treatment with an epigenetic modifying agent in YB5 cells, and a schedule 

of siRNA and DAC treatment. B) SF3B1 knockdown with 4 individual siRNAs in 

combination with 50nM DAC. ** and *** indicate a significant induction of GFP over the 

siControl in triplicates (p < 0.001 and p<0.0001, respectively, as measured by Student's 

Test). C) Western blots of SF3B1 (155 kDa) and β-Actin (42 kDa) showing SF3B1 
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knockdown after siSF3B1 and DAC treatment alone and in combination in YB5 and HCT-

116-SFRP1-GFP cells.  

 

 

 

Figure 6: Reactivation of gene expression by knockdown of SF3B1  

A) Percent GFP+ YB5 cells measured by FACS in siSF3B1 and siControl with or without 

50nM DAC. B) GFP and C) TIMP3 mRNA levels in YB5 cells following siRNA and DAC 

treatment. D) Measurement of percent GFP+ HCT-116-SFRP1-GFP cells after siRNA and 

DAC treatment. E) GFP and F) TIMP3 mRNA levels in HCT-116-SFRP1-GFP cells. *,** 
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and ***indicate a significant induction of GFP over the siControl in triplicates (p < 0.05, 

0.001, and 0.0001, respectively, as measured by Student's t-test). 

 

 

U2snRNP Splicing Complex Member Effects on GFP Reactivation 

 
To test whether the effects seen on gene expression were specific to SF3B1, other 

members of the U2 snRNP splicing complex were also knocked down, including genes of 

the SF3A complex members, SF3A1, SF3A2 and SF3A3 and the SF3B complex members, 

SF3B1, SF3B2, SF3B3, SF3B4, SF3B5, SF3B6, and PHF5A.  siSF3A1, siSF3B3, and 

siSF3B4 significantly induced GFP in the YB5 cells in combination with 50nM of DAC 

treatment with siSF3B1 having the highest GFP induction (p<0.01) (Fig. 7A)2. In the HCT-

116-SFRP1-GFP cells, these same siRNAs with the addition of siSF3B2 significantly 

induced GFP+ cells (p<0.01) (Fig. 7B). Together, these data indicate that loss of SF3B1 

and other splicing complex members can lead to the induction of epigenetically silenced 

genes.  

 I next wanted to determine if the combination of splicing factor loss could induce 

further effects on GFP. I treated YB5 cells with the siRNAs previously shown to have an 

effect on GFP, siSF3B1, siSF3A1, siSF3B3, and siSF3B4. I treated with each siRNA alone 

and in pairs, siSF3A1+siSF3B3, siSF3A1+siSF3B1, and siSF3B3+siSF3B4, alone and with 

                                                 

2 Performed by Yasuyuki Okamoto 
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DAC (Fig. 8A). There was no synergy observed with any of the combination treatment. I 

also combined the siSF3A1, siSF3B3, and siSF3B4 with siSF3B1 alone and with DAC, 

however no synergy was seen with any of these pairs. The combination of all the siRNA 

also did not lead to synergistic effects on GFP expression (Fig. 8B). 

 

 

 

Figure 7: siRNA of splicing factor family member induction of GFP  

A) Percent of GFP+ YB5 cells after treatment with siRNA targeting SF3A and SF3B 

family members of the U2 snRNP complex in combination with DAC. B) Percent of GFP+ 

cells upon treatment with siRNA of splicing family members in HCT-116-SFRP1-GFP 

cells. *, **, and *** indicate a significant induction of GFP over the siControl in triplicate 

experiments (p < 0.01, p < 0.001, and p<0.0001, respectively, as measured by Student's 

Test). 
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Figure 8: Combination siRNA treatment of splicing family members 

A) siRNA knockdown of SF3B1, SF3A1, SF3B3, and SF3B4 alone and combined with 

DAC treatment. Combination siRNA knockdown of SF3A1, SF3B3, and SF3B4 with and 

without DAC. B) siRNA knockdown combination treatment of SF3B1 with either SF3A1, 

SF3B3, SF3B4, and all three, with or without DAC treatment.  
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Global Changes in Gene Expression and Splicing Upon SF3B1 Knockdown  

 
Following SF3B1 knockdown and DAC treatment I was interested in seeing the 

global effects of SF3B1 loss and DAC treatment. I treated YB5 cells with siSF3B1 and 

DAC then performed RNA-Seq. Differential expression analyses indicated that after 

siSF3B1 treatment alone compared to the siControl, there were 17 genes downregulated 

and 61 genes upregulated (Fig. 9A). DAC treatment led to 149 genes downregulated, 575 

genes upregulated, and the combination led to 206 genes downregulated and 572 genes 

upregulated (Fig. 9B and 9C). Unlike with GFP expression, there were no synergistic 

effects on global gene expression activation with the combination treatment (Fig. 9C).   

To determine the similarities in the target genes between siSF3B1 and DAC, I 

overlapped the genes that were downregulated upon each treatment and saw little overlap 

between genes downregulated upon siSF3B1 and DAC treatment with only 2 genes 

overlapped between the two conditions. The biggest overlap of downregulated genes was 

between DAC and siSF3B1 plus DAC combination with 98 genes (Fig. 9D). There were 

no genes overlapped between the three conditions. There many more upregulated genes 

overlapped with 54 genes overlapped between siSF3B1 and DAC, 24 genes overlapped 

between all three conditions and 417 genes overlapped between DAC and siSF3B1 plus 

DAC (Fig. 9E). There was also set of 94 genes only upregulated in the siSF3B1 plus DAC 

treatment. These are synergy genes of GFP-like genes since they behave similarly to GFP 

in these cells (Fig. 9E).   
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In addition to differentially expressed genes, I analyzed alternative splicing after 

siSF3B1, DAC, and siSF3B1 plus DAC. There was a total of 207 alternative splicing events 

detected in siSF3B1 treated cells, 131 events detected in DAC, and 359 alternative splicing 

events detected in siSF3B1 plus DAC treated cells (Fig. 10A). Four different types of 

alternative splicing events were measured including exon skipping, alternative 5’ splice 

site, alternative 3’ splice site, and intron retention. The class of splicing events observed 

the most was exon skipping at 60%, 52%, and 58% percent of the events occurring in 

siSF3B1, DAC, and siSF3B1 plus DAC treatment, respectively (Fig. 10B). The next most 

frequently occurring events were the alternative 5’ and 3’ splice sites with 19%, 19%, and 

17% for alternative 5’ splice sites and 18%, 19%, and 18% for alternative 3’ splice site 

after siSF3B1, DAC and siSF3B1 plus DAC treatment, respectively. Moreover, 3%, 10%, 

and 7% of the events were intron retention in siSF3B1, DAC, and siSF3B1 plus DAC 

treatment, respectively (Fig. 10B).  
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Figure 9: siSF3B1 and DAC induction of global gene expression changes 

Volcano plots depicting the log2 fold change of gene expression in biological triplicates of 

YB5 cells comparing A) siSF3B1 versus siControl B) DAC versus siControl C) siSF3B1 

plus DAC versus siControl. The green dots are downregulated genes and the red dots are 

upregulated genes (fold change > 2, FDR <0.1). The position of the GFP gene among the 

upregulated genes is noted in each plot as a blue circle. UpSet plots showing the number 

of genes overlapping between siSF3B1 alone, DAC alone, and siSF3B1 plus DAC 

treatment for D) downregulated genes and E) upregulated genes. Numbers above bars 

indicate the number of genes in that intersection.  
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Figure 10: Alternative splicing events occurring after SF3B1 loss  

A) YB5 cell RNA-Seq detection of alternative splicing events after siSF3B1, DAC and 

siSF3B1 plus DAC combination treatment in triplicate experiments. B) Pie charts of 

categories of alternative splicing events detected. ES= Exon Skipped, A5SS= Alternate 5’ 

Spliced Site, A3SS= Alternate 3’ Spliced Site, IR= Intron Retained  

 

 

Extended and Repeated siRNA Knockdown of SF3B1 

 
GFP Reactivation After Extended Knockdown of SF3B1 

To further examine the effects of sustained SF3B1 knockdown, I treated cells with 

siSF3B1 three times followed by DAC treatment three times, then measured GFP by FACS 

on the ninth day (Fig. 11A). DAC treatment alone induced 5.1% GFP+ cells. siSF3B1 alone 

induced 7.4%, and the combination induced 15.2% GFP+ cells (Fig. 11B).  
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Figure 11: GFP activation by extended knockdown of SF3B1 in YB5 cells 

A) Schedule of siRNA and DAC treatment extended to 9 days with repeated siRNA 

treatment. B) FACS results of siRNA treatment with and without DAC. *** indicates a 

significant induction of GFP over the siControl in triplicate experiments (p < 0.0001, as 

measured by Student's t-test) 

 

 

Global Gene Expression Changes 

Next, I examined the global effects of SF3B1 loss by performing RNA-Seq in YB5 

cells treated with siSF3B1 and DAC (schedule described in Fig. 11A). siSF3B1 treatment 

induced the expression of 423 genes and downregulated 338 genes (fold change > 2, false 

discovery rate (FDR) < 0.1) (Fig. 12A). DAC alone led to 430 genes upregulated and 135 

genes downregulated (Fig. 12B). In the combination treatment with siSF3B1 and DAC, 

there were synergistic gene expression changes with 1190 genes upregulated and 904 genes 
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downregulated (Fig. 12C). When I compared the downregulated genes between the 

samples, there were 46 genes overlapped over all three conditions, 49 genes overlapped 

between DAC and siSF3B1 and 235 genes overlapped between siSF3B1 alone and the 

combination treatment (Fig. 12D). For the upregulated genes, there were 65 genes in 

common with all the conditions, 71 genes overlapped between siSF3B1 and DAC, and 402 

genes overlapped between siSF3B1 alone and the combination treatment (Fig. 12E). There 

was a set of 538 genes that were induced exclusively in the combination treatment. I 

identified these genes as synergy genes (Fig. 12E).  

To compare the extended siSF3B1 (9 days) treatment with the first siSF3B1 

experiment (6 days), I overlapped the genes upregulated and down regulated in the two 

experiments. There was no significant overlap between the genes downregulated upon 

siSF3B1 treatment, with only one gene in common between the 6-day and 9-day 

experiment (Fig. 13A). However, there was significant overlap of 40 upregulated genes 

between the 6-day and 9-day experiments (p<0.001) (Fig. 13B). For DAC treatment, there 

was significant overlap of the upregulated and downregulated genes between the 6-day and 

9-day experiments with an overlap of 47 downregulated genes and 257 upregulated genes 

(p<0.001) (Fig. 13C and 13D). Significant overlap was also seen in the genes regulated by 

siSF3B1 and DAC treatment. There were 139 genes and 330 genes that were 

downregulated and upregulated, respectively, that overlapped between the 6-day and 9-day 

treatments (p<0.001) (Fig. 13E and 13F).  
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Analysis of Repetitive Element Expression After SF3B1 Knockdown 

Alongside protein coding genes, I explored the effects of SF3B1 loss on repetitive 

elements sequences. Using principle component analysis (PCA), I analyzed expression of 

repetitive elements and observed distinct clusters based on treatment, with DAC treatment 

being the primary driver of differences between the samples (Fig. 14A). Linear modeling 

of repeat expression showed that DAC treatment led to increased expression of all repeats 

while siSF3B1 led to both increased and decreased expression (Fig. 14B). When I 

examined individual categories of repeat elements, I saw that endogenous retroviruses 

(ERVs) were significantly upregulated upon siSF3B1, DAC and siSF3B1 plus DAC 

treatment (Fig. 14C).  DAC treatment led to 11 ERVs induced and only 1 ERV with 

decreased expression while siSF3B1 treatment led to 7 ERVs upregulated and 11 ERVs 

downregulated. Short Interspersed Nuclear Elements (SINEs), including Alus, were also 

induced upon siSF3B1, DAC, and siSF3B1 plus DAC treatment (Fig. 14D).  With DAC 

treatment there were 18 SINEs induced and none were decreased. siSF3B1 treatment 

induced the expression of 5 SINES and no SINEs were decreased (Fig. 14D). Finally, when 

I measured Long Interspersed Nuclear Elements (LINEs) expression, I saw that similar to 

the ERVs and SINEs, there was an overall induction of LINE expression by siSF3B1, DAC, 

and the combination treatment (Fig. 14E). 
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Figure 12: Induction of global gene expression changes after extended siSF3B1 and 

DAC treatment 

Volcano plots depicting the log2 fold change of gene expression in biological triplicates of 

YB5 cells comparing A) siSF3B1 versus siControl B) DAC versus siControl C) siSF3B1 

plus DAC versus siControl. The green dots are downregulated genes and the red dots are 

upregulated genes (fold change > 2, FDR <0.1). The position of the GFP gene among the 

upregulated genes is noted in each plot. UpSet plots showing the number of genes 

overlapping between siSF3B1 alone, DAC alone, and siSF3B1 plus DAC treatment for D) 
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downregulated genes and E) upregulated genes. Numbers above bars indicate the number 

of genes in that intersection. 
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Figure 13: Overlap of genes regulated in short-term and extended-term experiments 

Venn diagrams showing overlap of genes A) downregulated and B) upregulated upon 6-

day and 9-day siSF3B1 treatment. C) Downregulated and D) upregulated genes upon 6-

day and 9-day DAC treatment. E) Downregulated and F) upregulated genes upon 6-day 

and 9-day siSF3B1 plus DAC treatment. P-values of significance of overlaps determined 

by Hypergeometric test.  
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Figure 14: Repetitive element expression after SF3B1 knockdown  

Principle component analysis (PCA) of siControl, siSF3B1, DAC, and siSF3B1 plus DAC 

combination treated YB5 cells in triplicate experiments (1116 total repeats). B) Linear 



 
47 
 

model showing the effect of DAC and siSF3B1 on expression of all repeats. The slope 

measures the change in expression between samples not treated and treated with DAC or 

siSF3B1 (6 samples each). A slope > 0 indicates an increased change in expression and a 

slope < 0 indicates a decreased change in expression. Red (DAC) and blue (SF3B1) dots 

are repeats with a significant change in expression (p<0.05). Linear model and expression 

comparison (boxplots) between samples for C) ERVs, D) SINEs and Alus, and E) LINEs. 

Statistically significant differences in expression between conditions (p<0.05) were 

determined by paired t-test and are indicated on the box plots.  

 

 

Characterization and Promoter Analysis of Genes with Altered Expression After 
siSF3B1  

 
To further examine the targets of SF3B1 knockdown, I performed pathway analyses 

on the genes both upregulated and downregulated upon SF3B1 loss and DAC treatment. 

The top pathways of siSF3B1 regulated genes included Keratinization and Direct p53 

effectors (Fig. 15A). The top pathways of DAC target genes were Keratinization and 

pathways involved in collagen formation (Fig. 15B). The top pathways of genes regulated 

by both siSF3B1 and DAC were direct p53 effectors and transcriptional regulation 

pathways (Fig. 15C).  Further, when I took the genes that were exclusively regulated in the 

combination of siSF3B1 and DAC treatment, I found that the top pathways of these genes 

were again, involved in transcriptional regulation (Fig. 15D).  
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I then analyzed the upstream regulators of genes altered by siSF3B1 and DAC 

treatment. The top upstream regulator of genes altered by DAC was decitabine (Table 5). 

Similar to the pathway analyses, p53 was one of the top upstream regulators of genes 

altered by siSF3B1 alone and siSF3B1 plus DAC combination treatment (Table 5).  

Motif analysis of promoters of genes upregulated upon siSF3B1 and DAC treatment 

revealed enrichment for TATA-box motifs (Table 6). Additionally, siSF3B1 and the 

combination treatment showed the promoters of genes upregulated were enriched for 

transcriptional regulators ATF1 and ATF2 (Table 6).  

 

Alternative Splicing Upon SF3B1 Extended Knockdown 

Alternative splicing analysis of the RNA-Seq data showed that there was an average of 

1,639 alternative splicing events in siSF3B1 treated cells, 303 alternative splicing events 

in DAC treated cells, and 3,660 alternative splicing events in the combination treatment 

(Fig. 16A). I examined the categories of alternative splicing and found that exon skipping 

events occurred most frequently after treatment accounting for 75% upon siSF3B1, 67% 

upon DAC, and 75% of the events upon the combination treatment (Fig. 15B). Overlapping 

of genes alternatively spliced genes was significant between 6 days and 9 days of treatment 

for siSF3B1 and DAC alone, as well as the combination treatment (Fig. 16C-16E). 

Pathway analyses of alternatively spliced genes showed that the top pathways of 

the alternatively spliced genes upon SF3B1 knockdown alone were transcriptional 

regulation by TP53 and Deubiquitination (Fig. 17A). One of the top pathways for 

alternatively spliced genes after DAC treatment was ca+-calmodulin-dependent protein 
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kinase activation (Fig. 17B). Metabolism of RNA and mRNA processing were the top 

pathways of genes alternatively spliced upon the combination treatment (Fig. 17C).  

I compared gene expression changes to the alternatively spliced genes by 

overlapping the genes that were alternatively spliced with genes upregulated in each 

condition. In the siSF3B1 treatment alone, there were 27 genes that were both alternatively 

spliced and upregulated, which was not significant (p=0.14). In the DAC treatment alone, 

there were 2 genes both upregulated and alternatively spliced, which was not significant 

(p=0.91). The combination treatment had 136 genes that were upregulated and alternatively 

spliced, which was also not significant (p=0.87) (Fig. 18A). There also was no significant 

overlap between downregulated genes and alternatively spliced genes (Fig. 18B). These 

data suggest that the gene expression changes observed may not be directly due to 

alternative splicing of those genes.  

Upon further examination of the alternatively spliced genes. I found that upon 

treatment with siSF3B1 alone and the combination with DAC, the TATA box binding 

protein (TBP) had skipping of exon 7 (Fig. 19A).  Exon 7 is located in the highly conserved 

core domain of TBP (87).  These findings suggest that the gene expression induction and 

the alternative splicing upon knockdown of SF3B1 are potentially due to different 

mechanisms and alternative splicing of an important domain of the transcriptional regulator 

TBP potentially leads to its altered function. I further validated the alternative splicing 

changes by qPCR in YB5 cells. I measured the expression of unspliced TBP where exon 7 

is included (full length). I saw little difference after treatment with siSF3B1 and a slight 

decreased after treatment with the combination treatment (Fig. 19B). When analyzing the 
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expression of the spliced form of TBP with exon 7 skipped, I found that there was a 

significant increase in the expression of spliced TBP (Fig. 19C).  I measured the overall 

protein levels of TBP after SF3B1 loss by western blot, and found that in YB5 cells, there 

was a slight decrease of TBP after siSF3B1 and siSF3B1 plus DAC treatment (Fig. 19D). 

In HCT-116-SFRP1-GFP cells, there was more loss of TBP. (Fig. 19D).  
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Figure 15: Pathway analysis and promoter methylation distribution of genes 

regulated upon SF3B1 knockdown 

Top pathways of genes regulated by A) siSF3B1 treatment, B) DAC treatment, C) siSF3B1 

plus DAC, and D) siSF3B1 plus DAC exclusively regulated genes. Number of genes in 

each pathway are in parentheses. 
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Table 5: Upstream regulator analysis of genes altered by SF3B1 knockdown  

Lists of top ten upstream regulators of genes that had altered expression upon siSF3B1, 

DAC, and, siSF3B1 plus DAC treatment. 

siSF3B1
Upstream Regulator Molecule Type qvalue
KRAS enzyme 2.27E-10
EGF growth factor 3.64E-08
KRT14 other 4.47E-08
beta-estradiol chemical - endogenous mammalian 2.35E-07
Mek group 1.49E-06
SMARCA4 transcription regulator 2.04E-06
TNF cytokine 5.04E-06
OSM cytokine 5.33E-06
TP53 transcription regulator 9.14E-06
Salmonella enterica serotype abortus equi lipopolysaccharide chemical toxicant 9.85E-06

DAC
Upstream Regulator Molecule Type qvalue
decitabine chemical drug 6.75E-10
dexamethasone chemical drug 4.16E-09
ERBB2 kinase 1.02E-08
tretinoin chemical - endogenous mammalian 1.86E-08
TNF cytokine 1.55E-06
CBX5 transcription regulator 3.01E-06
SB203580 chemical - kinase inhibitor 2.27E-05
U0126 chemical - kinase inhibitor 2.59E-05
beta-estradiol chemical - endogenous mammalian 2.82E-05
TGFB1 growth factor 3.72E-05

siSF3B1 + DAC
Upstream Regulator Molecule Type qvalue
beta-estradiol chemical - endogenous mammalian 1.95E-14
TP53 transcription regulator 1.29E-12
TNF cytokine 4.54E-12
cisplatin chemical drug 6.05E-12
PDGF BB complex 2.82E-10
GPER1 G-protein coupled receptor 2.07E-09
SMAD4 transcription regulator 9.28E-09
dexamethasone chemical drug 1.04E-08
KRAS enzyme 1.31E-08
Mek group 1.49E-08
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Table 6: Top motifs in promoters of regulated genes. 
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Figure 16: Alternative splicing events occurring after SF3B1 loss  

A) YB5 cell RNA-Seq detection of mean number of alternative splicing events after 

siSF3B1, DAC and siSF3B1 plus DAC combination treatment in triplicate experiments. B) 

Pie charts of categories of alternative splicing events detected. Overlap of genes 

alternatively splice in 6-day and 9-day treatment of C) siSF3B1, D) DAC, E) and siSF3B1 

plus DAC treatment. p-values were determined by Hypergeometric test.  
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Figure 17: Pathway analysis of alternatively spliced genes  

Top pathways of genes alternatively spliced upon A) siSF3B1, B) DAC, and C) siSF3B1 

plus DAC treatment in YB5 cells. Number of genes found in each pathway are in 

parentheses.  
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Figure 18: Overlap of alternatively spliced and regulated genes  

A) Venn diagrams showing the overlap of genes alternatively spliced (Alt. spliced) and 

upregulated upon siSF3B1, DAC and siSF3B1 plus DAC treatment in YB5 cells. B) 

Overlap of downregulated and alternatively spliced genes in each condition (p-values 

determined by Hypergeometric test).  
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Figure 19: Alternative splicing of TBP upon siSF3B1 treatment.  

A) Sashimi plots showing splicing of TBP upon siControl, siSF3B1, DAC, and siSF3B1 

plus DAC treatment. Numbers indicate counts across exon junctions. B) qPCR of TBP 

targeting inclusion of exon 7 (full length) in YB5 cells. C) qPCR validation showing the 
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increased skipping of exon 7 in siSF3B1 treated YB5 cells. D) Western blot of TBP and β-

Actin for YB5 and HCT-116 cells treated with siControl and siSF3B1 with and without 

DAC treatment. Left bar panel is quantified signal of TBP normalized to β-Actin.  

 

 

Effects of SF3B1 Loss on DNA methylation 

 
Promoter Methylation of SF3B1 and DAC Target Genes 

To understand the role SF3B1 plays in DNA methylation, I analyzed the average 

pre-treatment promoter methylation of genes upregulated upon siSF3B1 and DAC 

treatment in YB5 cells. Promoter methylation was determined by Reduced Representation 

Bisulfite Sequencing (RRBS). Taking the average methylation of CpG sites within each 

gene promoter (-500bp and +500bp from transcription start site), I found that the promoter 

methylation of all the genes in these cells was 45.7%. The average promoter methylation 

of genes upregulated upon siSF3B1 treatment was 39.7%; DAC target genes had 79.8% 

promoter methylation. Genes upregulated by the combination treatment and synergy genes 

had 46.4% and 28.4% average promoter methylation, respectively (Fig. 20A). Thus, DAC 

target genes were highly methylated (as previously described (54)), while SF3B1 targets 

had average or low levels of promoter DNA methylation, suggesting distinct mechanisms 

for reactivation. 

When analyzing the promoters, I initially analyzed two subsets of genes 

upregulated upon SF3B1 loss. One set of genes had low promoter methylation (<20% 
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methylation) and was enriched for the p53 direct effectors seen in pathway analyses (Fig. 

15A). The other set consisted of genes with putatively highly methylated promoters (>80% 

methylation). However, upon further investigation of these promoters, I found that for the 

majority, the methylated sites were not located in CpG islands, or the transcript induced 

was from a different (unmethylated) promoter for the same gene (data not shown). 

Therefore, unlike DAC, siSF3B1 alone was not effective at reactivation of highly 

methylated CpG islands, with the possible exception of the CMV promoter. 

 

SF3B1 Loss Synergizes with DAC to Enhance Demethylation 

I performed RRBS in YB5 cells to determine the effects on methylation of siSF3B1 

and DAC treatment. When I observed all sites, there was a global average of 84.5%, 84.7%, 

76.1%, and 72.6% methylation in the siControl, siSF3B1, DAC, and the combination 

treatment, respectively. Significantly more demethylation was observed with the 

combination of siSF3B1 and DAC compared DAC alone to (p < 0.001) (Fig. 20B). When 

limiting analyses to promoters, methylation was 61.1%, 61.2%, 57.9%, and 56.3% upon 

siControl, siSF3B1, DAC, and combination treatment, respectively. There was also 

significant decrease in promoter methylation when comparing the combination treatment 

to DAC alone (p <0.001) (Fig. 20C). To confirm these data, I examined the distribution of 

the change in methylation (delta methylation); siSF3B1 showed no significant effect on 

DNA methylation (Fig. 20D). However, there was a significant shift in the distribution 

with the combination treatment compared to DAC alone (Fig. 20D). I then used volcano 

plots to visualize differences in methylation at individual CpG sites. When comparing 
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siSF3B1 alone to siControl, only one site was significantly demethylated (Fig. 21A). DAC 

treatment led to hypomethylation of 62.4% of sites and hypermethylation of 0.2% of sites 

(Fig. 21B). The combination treatment caused hypomethylation of 76.7% of sites and 

hypermethylation of 0.2% of sites (Fig. 21C). Thus, SF3B1 loss alone has no effect on 

DNA methylation but synergizes with DAC to promote global demethylation. 
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Figure 20: DNA methylation changes with DAC and siSF3B1 treatment.  

A) Plot showing the distribution of promoter methylation of all genes and genes 

upregulated upon siSF3B1, DAC, siSF3B1 plus DAC and synergy genes. The percent 

methylation distribution of siControl, siSF3B1, DAC, and siSF3B1 plus DAC treated YB5 

cells at B) all sites and C) promoter sites. D) Plot of the delta methylation distribution for 

siSF3B1, DAC, and siSF3B1 plus DAC. *** indicates a significant difference in 

distribution (p < 2.2e-16 as determined by a Kolmogorov–Smirnov (KS) test).  

 

 

 
Figure 21: Differentially methylated sites upon siSF3B1 and DAC treatment in YB5 

cells.  

Volcano plots showing the CpG sites differentially methylated in YB5 cells after A) 

siSF3B1, B) DAC, and C) siSF3B1 plus DAC treatment. Blue dots are sites that were 

hypomethylated and orange dots are sites that were hypermethylated (% methylation > 5 

and < -5, -log10 (q) >1.3).  
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SF3B Inhibitor Pladienolide B Effects on Gene Expression and Alternative Splicing 

 
Given that multiple SF3B family genes had similar effects on GFP, I next tested 

the effects of the pan-SF3B inhibitor PB, on gene expression regulation. There were 2.0% 

and 4.7% GFP+ cells after 10nM of PB and DAC treatment, respectively in YB5 cells. 

With the combination of PB and DAC, there were 16.5% GFP+ cells (Fig. 22A). GFP and 

TIMP3 mRNA levels were also synergistically induced by the combination in YB5 cells 

(Fig. 22B and 22C). In HCT-116-SFRP1-GFP cells, 2nM PB treatment induced 5.3% and 

DAC alone induced 6.4% GFP+ cells. The combination led to a synergistic induction of 

13.7% of GFP+ cells (Fig. 22D). Similar to the YB5 cells, 2nM PB combined with DAC 

synergistically induced GFP and TIMP3 mRNA levels in HCT-116-SFRP1-GFP cells (Fig. 

22E and 22F). A higher dose of PB (10nM) induced 53.6% GFP+ cells in HCT-116-

SFRP1-GFP, but there was no synergistic induction with the combination at this 

concentration (Fig. 22D).  

To confirm these data, RNA-Seq was performed in YB5 cells treated with 10nM 

and 150nM PB3. There were 2963 upregulated, and 3284 downregulated genes after 10nM 

of PB treatment (Fig. 22G). Following 150nM PB treatment, there were 4263 genes 

upregulated and 4459 genes downregulated (Fig. 22H). I then analyzed alternative splicing 

in these samples. An average of 14,001 alternative splicing events were detected after 

10nM PB treatment and an average of 7,892 alternative splicing events were detected after 

150nM PB treatment. The most common event seen was exon skipping (Fig. 22I). The top 
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pathways of the regulated and alternatively spliced genes were cell cycle and gene 

expression pathways for both 10nM and 150nM PB (Fig. 23A and 23B). When I 

overlapped gene expression and alternative splicing, similar to SF3B1 knockdown, I did 

not see significant overlap for 10nM PB. There was significant overlap for genes 

upregulated after 150nM PB treatment (p<0.0001), but not for genes repressed at this dose 

(Fig. 24A and 24B). Further analysis of alternatively spliced genes revealed like in the 

siSF3B1 experiments, TBP was alternatively spliced with increased skipping of exon 7 at 

10nM PB treatment. Treatment with 150nM of PB led to truncation of TBP and loss of 

expression of exons after exon 3 (Fig. 25).  

 
Pladienolide B Effects on DNA Methylation 

 
I examined the promoters of genes with altered expression after PB treatment and 

found that compared to all genes, which had an average baseline promoter methylation of 

45.5%, the average (pre-treatment) promoter methylation of genes upregulated by 10nM 

of PB treatment was 31.0%. The genes upregulated after 150nM PB treatment had an 

average promoter methylation of 29.4%. The promoter methylation of downregulated 

genes was 24.4% with 10nM PB and 21.9% with 150nM PB (Fig. 26A). Thus, PB 

preferentially affects genes with low promoter methylation at baseline. To determine the 

effects of PB on DNA methylation post-treatment, the highly quantitative DREAM method 

was performed (102)4. The average methylation across all sites in DMSO treated YB5 cells 
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was 55.1% and with PB alone it was 55.4%. Treatment with DAC caused a global decrease 

in methylation to 30.5%. DAC plus PB treated cells had 29.6% methylation, indicating a 

significant decrease in methylation in YB5 cells with the combination treatment compared 

to DAC alone (p<0.001) (Fig. 26B). At gene promoters, the average methylation in DMSO 

treated cells was 24.3%. PB treated cells had an average promoter methylation of 24.6%. 

DAC alone and PB plus DAC treatment led to a significant decrease to 16.4% and 16.0%, 

respectively (p<0.001) (Fig. 26C). Visualizing the individual sites of methylation by 

volcano plots, I found that there were no sites that had a significant change in methylation 

in the PB treated cells (Fig. 26). In DAC treated samples, 63.6% of the sites had decreased 

methylation while there were only 0.1% of the sites with increased methylation (Fig. 26E). 

PB plus DAC treatment induced demethylation of 63.8% of sites and led to 

hypermethylation of only 0.1% of sites (Fig. 26F). Thus, PB alone had minimal effects on 

DNA methylation but showed synergistic demethylation when combined with DAC, which 

is similar to what I previously described with siSF3B1. 
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Figure 22: Effects of SF3B inhibitor PB treatment in colon cancer cells 

A) Percent of GFP+ cells measured by FACS in YB5 cells treated with DMSO and 10nM 

of PB with and without 50nM DAC treatment. B) GFP and C) TIMP3 mRNA levels in 

YB5 cells following treatment. D) FACS analysis of percent GFP+ HCT-116-SFRP1-GFP 

cells after 2nM and 10nM PB treatment with or without 50nM of DAC treatment. E) GFP 
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and F) TIMP3 mRNA levels in HCT-116-SFRP1-GFP cells after PB and DAC treatment. 

G) Volcano plot depicting the log2 fold change in gene expression from YB5 cell RNA-

Seq, comparing 10nM PB versus DMSO and H) 150nM PB versus DMSO. Red dots are 

upregulated genes and green dots are downregulated genes (fold change > 2, FDR <0.1). 

** and *** indicate significant induction of GFP compared to DMSO control (p < 0.001 

and 0.0001, respectively, as measured by Student's Test) 
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Figure 23: Pathway analysis of genes regulated and alternatively spliced after PB 

treatment in YB5 cells 
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A) Top pathways of genes regulated by 10nM PB and 150nM PB. B) Top pathways of 

genes alternatively spliced by 10nM and 150nM PB.  
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Figure 24: Overlap of alternatively spliced genes and regulated genes upon PB 

treatment 

Venn diagrams showing the overlap of genes A) alternatively spliced and upregulated and 

B) alternatively spliced and downregulated upon PB treatment in YB5 cells (p < 0.05 

determined by Hypergeometric test). 
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Figure 25: TBP alternative splicing after PB treatment 

Sashimi plot showing all exons of two TBP isoforms after treatment with DMSO, 10nM 

PB, and 150nM PB. Numbers indicate exon junction counts. Skipped exon 7 is colored in 

red. 
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Figure 26: Methylation distribution of PB regulated gene promoters and DREAM 

upon PB treatment 

A) Percent methylation distribution of promoters of all genes and genes upregulated and 

downregulated by 10nM and 150nM PB in YB5 cells. Percent methylation distribution 

after DMSO, 10nM PB, DAC, and PB plus DAC treatment at B) all sites and C) gene 

promoters. *** indicate significant difference between compared samples (p < 0.0001, 

respectively, as measured by Analysis of variance (ANOVA)). Volcano plots showing the 

SmaI sites differentially methylated in YB5 cells after D) 10nM PB E) DAC, and F) 10nM 

PB plus DAC treatment. Blue dots are sites that were hypomethylated and orange dots are 

sites that were hypermethylated (% methylation > 5 and < -5, -log10 (q) >1.3).  
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Examination of SF3B1 Binding Across the Genome by ChIP-Seq 

 
To gain the full understanding of the mechanism for SF3B1 loss and gene 

reactivation and determine if this effect is due to a direct interaction of SF3B1 with 

chromatin, we performed ChIP-Seq targeting SF3B1 in YB5 cells and HCT-116-SFRP1-

GFP cells. Then I plotted the average binding of SF3B1 normalized to input sample across 

TSSs, exons, and CGIs and detected the number of broad and narrow peaks in each 

experiment (Table 7).  ChIP-Seq in YB5 cells was performed to examine SF3B1 binding 

to chromatin (YB5 experiment 1)5. When examining the average enrichment of SF3B1 at 

different parts of the genome, I observed depletion of SF3B1 at transcription start sites 

(TSSs) of gene promoters (Fig. 27A). When genes were stratified by high, low and not 

expressed, there appeared to be differential binding of SF3B1 at the TSS. At genes with 

high and low expression, there was depletion of SF3B1 at the TSS. At genes that were not 

expressed, this depletion was not seen (Fig. 27A). SF3B1 was enriched at exons of all 

genes, and when I stratified the genes based on expression, there did not appear to any 

distinction in SF3B1 binding between expressed and nonexpressed genes (Fig. 27B). 

Similar to the TSS, SF3B1 was depleted at CGIs, with depletion at expressed genes but not 

at nonexpressed genes (Fig. 27C).  

I aimed to confirm these findings by repeating the ChIP-Seq in the YB5 cells (YB5 

experiment 2). Contrary to the first SF3B1 ChIP-Seq, I found SF3B1 was enriched at the 

TSS of gene promoters with no difference in binding at expressed or nonexpressed genes 

                                                 

5 YB5 experiment 1 performed by Yasuyuki Okamoto 
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(Fig. 27D). SF3B1 binding at all exons was consistent between the two experiments, 

however there appeared to be more enrichment at nonexpressed and lowly expressed genes 

than highly expressed genes in the second experiment (Fig. 27E). At CGIs in the second 

experiment, SF3B1 was enriched and there was little difference in the binding at high, low 

and nonexpressed genes (Fig. 27F). I also examined Histone H3 binding in two separate 

ChIP-Seq experiments in YB5 cells. In the first experiment, I found H3 to be depleted at 

TSSs, and depletion at genes with high and low expression but not at nonexpressed genes 

(Fig. 28A). H3 was enriched at exons with no difference in binding based on gene 

expression (Fig. 28B). H3 was depleted at CGIs, but when examining by expression, there 

was depletion at expressed genes and not at nonexpressed genes (Fig. 28C). H3 binding in 

the second experiment was similar to the first experiment. There was depletion at TSSs 

with high and low expression, which was not seen at nonexpressed genes (Fig. 28D). There 

was H3 enrichment at both exons and at CGIs, but there was a difference in binding at 

CGIs based on gene expression, consistent with the first experiment (Fig. 28E and 28F).  

Next, ChIP-Seq was done targeting SF3B1 in the HCT-116-SFRP1-GFP cells in 

two separate experiments6. As observed in the first ChIP-Seq in YB5 cells, there was 

depletion of SF3B1 at TSSs. There was also depletion at highly and lowly expressed genes, 

which was not seen at nonexpressed genes (Fig. 29A). SF3B1 was enriched at exons with 

no difference between expressed and nonexpressed genes (Fig. 29B). At CGIs, SF3B1 was 

depleted with more depletion occurring at genes with high expression (Fig. 29C). When 

                                                 

6 HCT-116 experiment 1 performed by Somnath Pandey 
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the ChIP-Seq was repeated in these cells (HCT-116 experiment 2), there was enrichment 

at exon regions (Fig. 29E).  However, there was a discrepancy again in SF3B1 binding at 

TSSs and CGIs. At both TSSs and CGIs there was enrichment of SF3B1 instead of 

depletion seen in the first experiment (Fig. 29D and 29F).  I further analyzed the first 

SF3B1 ChIP-Seq data in the HCT-116 cells by normalizing SF3B1 enrichment to the IgG 

control instead of input. At the TSS, the enrichment pattern of SF3B1 was different when 

comparing the IgG normalized to the input normalized analysis, showing more enrichment 

at the promoter when normalized to IgG (Fig. 29A and 30A). While in the IgG normalized 

analysis of SF3B1 binding there did appear to be some depletion at the TSS, overall, there 

was a peak at the promoter. The exon enrichment was similar in the IgG normalized and 

the input normalized analysis (Fig. 29B and 30B). At CGIs in the IgG normalized analysis, 

similar to the TSS, there was enrichment at these regions with some minor depletion, which 

was unlike the full depletion of SF3B1 seen in the input normalized analysis (Fig. 29C and 

30C).  

I also counted the detected peaks in all the ChIP-Seq experiments. In the first YB5 

cell experiment, there were no peaks detected for SF3B1. In the second experiment, there 

were 10,875 broad peaks and 3,490 narrow peaks detected. In the HCT-116 cells, there 

were 1,854 broad and 470 narrow SF3B1 peaks detected in the first experiment.  In the 

second experiment, there were 1,895 broad and 470 SF3B1 narrow peaks (Table 7). The 

variability between SF3B1 ChIP-Seq experiments may be partly due to the number of 

peaks detected in each experiment. 
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Table 7: ChIP-Seq peaks observed across different experiments 

 

Experiment Target #Broad peaks #Narrow Peaks
YB5 experiment 1 SF3B1 0 0
YB5 experiment 1 H3 213 127
YB5 experiment 2 SF3B1 10,875 3,490
YB5 experiment 2 H3 920 392
HCT-116 experiment 1 SF3B1 1,854 470
HCT-116 experiment 1 IgG 1,461 753
HCT-116 experiment 2 SF3B1 1,895 1,695
Hela SF3B1 146,381 31,138
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Figure 27: SF3B1 ChIP-Seq in YB5 cells for two separate experiments 

Plots indicating the average binding of SF3B1 observed in one ChIP-Seq experiment at A) 

Transcription start sites (TSS), B) Exons, and C) CpG islands (CGI). Second ChIP-Seq 
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experiment showing SF3B1 binding pattern at D) TSS, E) Exons, and F) CGIs. Top panels 

show binding of SF3B1 across all genes. Bottom panels show binding across genes with 

high expression (red), low expression (blue), and nonexpressed genes (black).  
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Figure 28: H3 ChIP-Seq in YB5 cells in two separate experiments 

Plots indicating the average binding of Histone H3 observed in one ChIP-Seq experiment 

at A) Transcription start sites (TSS), B) Exons, and C) CpG islands (CGI). Second ChIP-
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Seq experiment showing H3 binding pattern at D) TSS, E) Exons, and F) CGIs. Top panels 

show binding of H3 across all genes. Bottom panels show binding across genes with high 

expression (red), low expression (blue), and nonexpressed genes (black).  
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Figure 29: SF3B1 ChIP-Seq in HCT-116-SFRP1-GFP cells in two separate 

experiments 

Plots indicating the average binding of SF3B1 at A) Transcription start sites (TSS), B) 

Exons, and C) CpG islands (CGI) in experiment one. SF3B1 binding at D) TSS, E) 

Exons, and F) CGIs in experiment two. Top panels show binding of respective protein 

across all genes. Bottom panels show binding across genes with high expression (red), 

low expression (blue), and nonexpressed genes (black). 

 

 

 

Figure 30: SF3B1 ChIP-Seq normalized to IgG in HCT-116 cells 

Plots indicating the average binding of SF3B1 normalized to IgG at A) Transcription start 

sites (TSS), B) Exons, and C) CpG islands (CGI) in experiment one. Top panels show 
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binding of respective protein across all genes. Bottom panels show binding across genes 

with high expression (red), low expression (blue), and nonexpressed genes (black). 

 

 

The Importance of SF3B1 for Cell Survival 

 
Alternate Splicing of SF3B1 After CRISPR/Cas9 Mediated Editing 

To produce SF3B1 knockout cells, I employed the CRISPR/Cas9 technique to 

introduce deleterious mutations in SF3B1 (90). I designed small guide RNAs to target the 

exons primarily in the 5’ end of SF3B1 (Fig. 4A). In total, I transduced cells with the 

CRISPR/Cas9 vector and twelve different sgRNAs individually.  Single cell clones were 

then generated, and there were nine surviving clones that I further analyzed. Of the twelve 

sgRNAs, there were two (SF3B1-9 and SF3B1-10) that led to single clones (Table 8). 

Following the growth of the single clones, I sequenced the DNA at the target regions to 

determine what mutations were generated. Five out of the nine clones had mutations where 

at least one allele had an out-of-frame deletion. I also analyzed SF3B1 levels by western 

blot but found no knockouts or significant decrease in SF3B1 in any of the clones (Fig. 

31A). To investigate the reason for lack of SF3B1 loss in these cells, I examined potential 

alternative splicing of SF3B1 at the target exon 3 (Fig. 31B). I performed PCR to amplify 

exon 3 in each of the single clones. Clones 3, 4, 5, 8, and 9 where there were major deletions 

in at least one allele did have exon 3 skipped (Fig. 31C). These data indicate that cells 
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prevent the permanent loss of SF3B1 by excluding exons affected with deleterious 

alterations.  

 

 

sgRNA Clone Allele 1 Allele 2 

SF3B1-9 Clone 1 21 del 1bp del 

SF3B1-9 Clone 2 18 del ? 

SF3B1-10 Clone 3 41 del  12bp del 

SF3B1-10 Clone 4 21 del no mutation 

SF3B1-10 Clone 5 ? ? 

SF3B1-10 Clone 6 15 del 2 bp deletion 

SF3B1-10 Clone 7 6 del ? 

SF3B1-10 Clone 8 38bp deletion 38bp deletion 

SF3B1-10 Clone 9 56bp deletion 13bp deletion 

 

Table 8: CRISPR single clones and mutations detected from clonal sequencing 

List of surviving single cell clones and the mutations identified per allele of each clone. 

Green highlights signify deletions that led to in-frame shifts in the coding sequence. Red 

highlights are deletions that led to out-of-frame shifts in the coding sequence.  Question 

marks indicate unclear mutation results.  
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Figure 31: SF3B1 expression and alternative splicing after CRISPR in YB5 cells 

A)  Western blot of YB5 cell CRISPR-SF3B1 single clones detecting SF3B1(155 kDa) and 

β-Actin (42 kDa) proteins. B) Diagram of inclusion and exclusion of exon 3 of SF3B1 

targeted by CRISPR sgRNA and band size expected from RT-PCR of that region.  C) 

Agarose gel images following RT-PCR of cDNA from YB5 cell untreated, CRISPR-vector 

and CRISPR-SF3B1 single clones. Top gel shows cDNA samples amplified using primers 

targeting exons 2, 3 and 4 of SF3B1. Bottom gel shows same cDNA samples amplified 

with primers targeting ACTB.  
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Effects on Cell Proliferation and Cell Cycle 

To evaluate the biological effects of SF3B1 loss, I measured YB5 cell proliferation 

during siSF3B1 treatment. siSF3B1 treatment led to decreased cell proliferation when 

combined with DAC (Fig. 32A). PB alone decreased cell proliferation at both 10nM and 

150nM PB (Fig. 32B). Additionally, I analyzed the YB5 cell cycle after PB treatment. I 

observed S-phase arrest with the treatment of 10nM and 150nM PB (Fig. 32C). These 

effects on proliferation suggest that siSF3B1 may be essential to the growth of these cancer 

cells, supporting my observations when I attempted to delete SF3B1 by CRSPR mediated 

gene targeting. 

 

SF3B1 Levels and the Correlation with Gene Expression and DNA 

Methylation in UVM 

 
To determine the potential effects SF3B1 inhibition may have in patient samples of 

cancers where SF3B1 is mutated, I analyzed UVM patient samples from the cancer genome 

atlas (TCGA). I first explored the effect of SF3B1 on gene expression by analyzing RNA-

Seq data from 80 patient samples (Fig. 33). Patients were labeled by SF3B1 expression. 

Patients with the top half highest SF3B1 expression were labeled as high SF3B1 (red bars) 

and patients with the bottom half lowest SF3B1 expression were labeled low SF3B1 (green 

bars). There were 17 patients with SF3B1 mutations (yellow bars) and 63 patients with 

wildtype SF3B1 (blue bars). When I performed hierarchical clustering on all the UVM 

patient samples, there were two major clusters formed. One cluster had majority patients 
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with low SF3B1, and the other cluster had patients with high SF3B1 expression. There 

were 6 patients with SF3B1 mutation in the cluster containing patients with low SF3B1 and 

11 patients with SF3B1 mutations in the high SF3B1 cluster (Fig. 33).  

Next, I analyzed the methylation data from these patient samples. Comparing the 

methylation differences between patients with low SF3B1 expression versus patients with 

high SF3B1 expression, there appeared to be no methylation difference between the two 

sets of patients, which supports the SF3B1 knockdown and inhibition experiment findings 

in YB5 cells (Fig. 34A). In comparing methylation in patients with mutant SF3B1 to 

patients with wildtype SF3B1, there were 1,405 sites that had lower methylation in the 

mutants and 1,036 sites that had higher methylation in the mutants. The methylation did 

not appear to be skewed significantly in either direction (Fig. 34B). Together, these data 

show that in patients, SF3B1 may play a role in gene expression and methylation and this 

knowledge is important in the future treatment of these cancers.  
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Figure 32: Biological effects of SF3B1 knockdown and inhibition in YB5 cells 

YB5 cell proliferation measured after A) siSF3B1 and DAC treatment and B) treatment 

with DMSO, 10nM PB, and 150nM PB. C) Cell cycle analysis after treatment with DMSO, 

10nM PB, 150nM PB, and 0.5% FBS.  *,** and ***indicate a significant difference in cell 

number for cell proliferation assay or percent of cells in cell cycle analysis over the 

siControl in siRNA experiments and DMSO in PB experiments in triplicates (p < 0.05, 

0.001, and 0.0001, respectively, as measured by student’s ttest) 
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Figure 33: Correlation of SF3B1 expression and mutation status in uveal melanoma 

Hierarchical clustering and heat map of uveal melanoma patient samples from The Cancer 

Genome Atlas. Yellow bars indicate patients with SF3B1 mutation. SF3B1 mutations 

include R625H/C, K666T, H662R, and T663P. Blue bars are SF3B1 wildtype patients. Red 

bars are the patients with the bottom half low expression of SF3B1 and green bars are the 

patients with the top half highest expression of SF3B1.  
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Figure 34:  Effects of SF3B1 expression and mutation status on DNA methylation in 

UVM 

Volcano plots showing the difference in methylation, comparing of UVM patients with A) 

low versus high SF3B1 expression and patients with B) mutated versus wildtype SF3B1. 

Methylation differences were considered significant with a ∆ β-value < - 0.1, > 0.1 and 

p<0.05 for low versus high SF3B1 and FDR < 0.05 for mutant versus wildtype SF3B1.  
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CHAPTER 4 

DISCUSSION 

These studies have uncovered SF3B1 as an important factor in the transcriptional 

and epigenetic activation of silenced genes and a potential target for epigenetic therapy. I 

initially discovered these effects by SF3B1 through an siRNA screen in a live cell GFP 

reporter assay where siSF3B1 in combination with the DNMT inhibitor DAC 

synergistically upregulated the expression of silenced genes. I aimed to understand the 

mechanism by which SF3B1 loss could induce gene expression activation.  I validated 

these findings in two cell lines, and they were seen with multiple splicing family members. 

Whole genome analysis of gene expression by RNA-Seq showed that SF3B1 knockdown 

and DAC treatment induced many gene expression alterations, and an extended-term 

treatment led to the synergistic changes in gene expression, similar to what was initially 

observed with GFP. Loss of SF3B1 also appeared to have effects on the epigenome; 

particularly when siSF3B1 was combined with DAC treatment, there was a synergistic 

decrease in DNA methylation.  

Given the effects of multiple SF3B family member loss on gene reactivation, I 

tested the effects of the SF3B inhibitor PB. Indeed, PB treatment mimicked the findings 

by siRNA, leading to the activation of GFP and many genes when tested globally. The 

patterns of alternative splicing were similar to siRNA knockdown of SF3B1, including 

alternate splicing of TBP. The effects on DNA methylation by PB were, again, similar to 

the effects with siRNA. While alone, PB did not affect DNA methylation. Combined with 

DAC there was significantly more demethylation than with DAC treatment alone.  
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Mechanistically, one of the key questions was whether SF3B1 affects transcription 

directly or indirectly through alternate splicing. My analysis indeed showed changes in 

splicing after siSF3B1 treatment alone, with exon skipping occurring most frequently, 

supporting results in previous studies (110). There were also alternate splicing events that 

occurred with DAC treatment alone, which also has been previously observed (111). When 

I overlapped the genes regulated and the genes aberrantly spliced in the different 

treatments, there was no significant overlap of these genes, suggesting a mechanism for 

gene expression change that is distinct from alternative splicing. Some of the top pathways 

for genes regulated or alternatively spliced after siSF3B1 and PB treatment were 

transcriptional regulation pathways. Further analysis of the genes upregulated indicated 

enrichment of TATA-boxes at their promoters. TBP was among the transcription factors 

alternatively spliced upon SF3B1 knockdown and inhibition. The core domain where exon 

7 is skipped on TBP is necessary for binding with p53 and this interaction leads to 

transcriptional repression (7). Loss of SF3B1 may therefore induce alternative splicing and 

truncation of the core domain of TBP, potentially disrupting the interaction with p53 and 

allowing for gene expression activation. Because there was reduced TBP protein levels 

upon SF3B1 knockdown as observed by western blot, SF3B1 loss may also lead to loss of 

TBP and activation of TBP repressed genes as it has been shown that TBP knockdown can 

lead to both upregulation and downregulation of gene expression (112). 

Of note, there was enrichment for pathways containing p53 targets in my analyses, 

and it has been shown that SF3B1 inhibition can activate the p53 pathway (113, 114). When 

I analyzed the biological effects of SF3B1 knockdown and inhibition, I observed reduced 
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cell proliferation with siSF3B1 plus DAC treatment and with PB treatment alone. Cell 

cycle analyses indicated that PB treatment can also lead to an arrest in S-phase (Fig. 32C). 

Together, these findings suggest SF3B1 may be playing a role in gene transcription via 

alternative splicing of TBP and SF3B1 loss can elicit a p53 dependent cell stress response 

leading to inhibited cell proliferation and cell cycle arrest.  

Our CRISPR/Cas9 studies further provide evidence for the importance of SF3B1 

for cell survival. I was unable to achieve complete and permanent loss of SF3B1 in cells. 

Out of the many single clones generated with the twelve separate sgRNAs, only a few 

clones from two sgRNAs survived. Intriguingly, to avoid loss in the cell following Cas9 

mediated mutagenesis, SF3B1 became alternatively spliced, removing the exon targeted by 

the sgRNAs. This demonstrates the importance of SF3B1 and how the cell has mechanisms 

put in place to keep a functional SF3B1 and maintain cell viability. These data on the 

importance of SF3B1 are consistent with studies showing homozygous deletion of SF3B1 

is embryonic lethal (70).   

Another possible mechanism explored was direct transcriptional regulation by 

SF3B1. It has previously been reported that SF3B1 binds to nucleosomes (115, 116). We 

tried to determine if the effects of SF3B1 on gene expression could be due to direct 

interaction of target gene promoters by performing ChIP-Seq but found inconsistent results 

for SF3B1 binding particularly at promoter regions across multiple experiments and cells 

lines. The exact reason for this remains unclear, however one consideration is that SF3B1 

binding to chromatin may not be directly related to its role in gene expression regulation, 

and that the changes seen in gene expression upon inhibition were due solely to indirect 
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effects through splicing of known direct regulators of gene expression. Another potential 

reason for these results is that the ChIP-Seq data, as analyzed, may not be completely 

reliable. A recent study suggests that variability between whole genome 

immunoprecipitation experiments such as ChIP-Seq may show varying binding profiles 

across a genome due to off-target binding of  IgG in that specific experiment (117). In these 

studies, mostly the input was used as a control and for normalization of SF3B1 binding. 

Lentini et al suggest, however both IgG and input are required to achieve accurate 

depictions of enrichment across the genome (117). Indeed, when I compared the binding 

profile of SF3B1 when normalized to the input versus when normalized to the IgG control, 

there was a difference in the binding pattern. Moving forward, it will be beneficial to have 

both IgG and input as controls to get a better indication of how SF3B1 may be binding to 

these regions. Furthermore, for all the ChIP-Seq experiments, the same antibody for SF3B1 

was used. It is possible that this antibody is not optimal for ChIP-Seq, therefore performing 

these experiments with a different antibody may be necessary.  

One of the intriguing findings from these studies was the synergy of SF3B1 

inhibition with DAC in inducing hypomethylation. This was shown by both siRNA and PB 

treatment and by two different methods of methylation analysis, RRBS and DREAM. This 

effect is unlikely to be direct as SF3B inhibition alone showed little effect on DNA 

methylation, and there were no members of the methylase/demethylase protein family 

among the genes differentially expressed or differentially spliced. It has been reported that 

transcription factor binding can affect DNA methylation (25, 118), particularly at non-CpG 

island regions. TATA boxes are characteristic of promoters that lack CpG islands. Since a 
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transcriptional response is seen when SF3B1 is knocked down or inhibited, the 

demethylation observed with the combination treatment could be explained by synergy 

between passive demethylation induced by DAC and active demethylation induced by 

transcription factor binding. 

In addition to the experiments in our lab’s colon cancer cell lines, I wanted to 

examine the effects of SF3B1 in cancers where SF3B1 is mutated. In my analyses of UVM 

patient samples, the preliminary findings suggest patients with high SF3B1 expression have 

a distinct transcriptome profile from patients with low SF3B1 expression. While there was 

no separate clustering of patients with SF3B1 mutations, within both the SF3B1 high and 

low clusters, patients with mutations did cluster together. The observations on DNA 

methylation in these patients suggests little relationship with SF3B1 expression and DNA 

methylation, supporting the findings in my SF3B1 knockdown and inhibition experiments. 

When I looked at mutation status, there were many CpG sites differentially methylated 

between SF3B1 mutants and wildtypes, albeit there was not a significant bias towards 

higher or lower methylation between the groups. Together these findings suggest that both 

the level of SF3B1 and mutation status, may be important in determining patient outcomes 

and potential therapies. 

In conclusion, I determined that SF3B1 loss or inhibition leads to alternative 

splicing of transcriptional regulators such as TBP. This then activates gene expression. 

Additionally, due to potential cell stress induced by loss of SF3B1, p53 pathways are 

activated leading to antitumor effects. When SF3B1 loss is combined with a DNMT 

inhibitor such as DAC, further demethylation may occur due to the involvement of 
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alternatively spliced transcription factors capable of inducing hypomethylation. This, 

added to the activation by TBP, can cause a synergistic effect on gene expression activation 

(Fig. 35).  

 

 

 

Figure 35: Model of gene expression activation upon SF3B1 loss  

Schematic showing SF3B1 knockdown or inhibition leading to the potential activation of 

p53 for antitumor effects and alternative splicing of transcription factors such as TBP and 

transcription factors that can alter DNA methylation. Combination with DAC leads to a 

synergistic decrease in DNA methylation and gene expression activation.  
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CHAPTER 5 
 

FUTURE DIRECTIONS 
 

These studies provide new insight on the mechanism of gene expression regulation 

by SF3B1 not formerly explored. Despite these new findings, there is still much to learn 

about SF3B1 and the other members of the U2 snRNP. My studies focused on the loss and 

inhibition of SF3B1 to understand its role in transcriptional and epigenetic regulation. The 

effects of SF3B1 overexpression have yet to be fully explored in our system. A recent study 

has shown that overexpression of wildtype SF3B1 induces splicing changes different from 

knockdown or mutated SF3B1 in UVM  (77). It would be interesting to see besides 

splicing; what impact SF3B1 overexpression has and if it would rescue the phenotype of 

SF3B1 knockdown or inhibition.  

In addition to coding genes, I found differential expression of repetitive elements 

following DAC and siSF3B1 treatment. DAC and SF3B1 had differential effects on 

repetitive elements depending on the category of repeat. DAC leads to the induction of 

ERVs, which has also been reported by other studies (116). However, SF3B1 knockdown 

appeared to have more of an effect on SINEs. Future studies will be needed to further 

investigate these findings. 

It would be interesting to further examine the role of SF3B1 hotspot mutations in 

our cell lines. According to the UVM patient data, there may not be much of an effect of 

the mutation on gene expression, but in the context of DAC treatment these effects may be 

revealed. In addition to cell lines, more patient data would need to be examined, 

particularly CLL or MDS where 15% and 20% percent of the patients have SF3B1 
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mutations, respectively (71, 106). Moreover, in CLL, SF3B1 mutations lead to poorer 

patient outcomes (73). However, in UVM and MDS, SF3B1 mutations are associated with 

better survival (119, 120). Further studying the mechanism of the mutation in our systems 

and patient datasets could help us understand why in different cancers these hotspot 

mutations are correlated with different prognoses.  

PB has previously been shown to have substantial anti-cancer activity in-vitro and 

my data suggest one possible mechanism for this (86). SF3B inhibitors such as H3B-8800  

have entered clinical trials for SF3B1 mutant cancers (87). To potentially improve the 

efficacy of treatment in these cancers or in cancers treated with DNMT inhibitors, it may 

be worth considering combinations of SF3B inhibitors and DNMT inhibitors in the future. 

In summary, SF3B1 is important for regulation of gene silencing and suggest that it may 

be a novel target for epigenetic therapy in cancer. 
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