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ABSTRACT 

 

 Triple-negative breast cancer patients have an increased likelihood of distant recurrence 

and death when compared with patients with other subtypes of breast cancer. High persistence of 

tumor necrosis factor-alpha (TNFα) in breast tumors is linked with local recurrence and new 

metastasis. TNFα stimulates the RAS-mitogen activated protein kinase and stress kinase pathways; 

both of which activate the mitogen- and stress-activated protein kinases. We hypothesized that 

mitogen- and stress-activated protein kinases have a role in the TNFα-response gene signature in 

triple-negative breast cancer cells. 

 MDA-MB-231 cells were used to determine the TNFα gene signature in triple-nega tive 

breast cancers. RNA-sequencing data revealed that immediate early genes involved in 

carcinogenesis were strongly induced. Validation studies with the mitogen- and stress-activated 

protein kinase inhibitor H89 attenuated the induction of these genes, suggesting these kinases play 

a role in their induction and subsequently may be a potential therapeutic target for triple-nega tive 

breast cancers. 
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CHAPTER ONE 

1.0 INTRODUCTION 

 

1.1 Gene signatures 

 

A gene signature is defined as a single or combined expression pattern specific in terms of 

diagnosis, prognosis or prediction of therapeutic response for a medical condition or biologica l 

phenotype (Chibon, 2013).  

Breast cancer is a heterogeneous disease with highly variable disease outcomes. 

Understanding the heterogeneity provides significant insight needed to answer underlying 

questions, such as prediction of progression and treatments to which the tumors will respond   

(Viale, 2012). Prior to the late 90s, histological and immunohistochemical analysis which failed 

to accurately classify breast tumors according to their clinical behaviours, were the only 

techniques available to answer these questions (McGuire, 1991).  Two methods, which 

transformed our understanding of cancer biology, were birthed in 1995. Firstly, a high-

throughput method for global gene expression analysis that allows for the quantification and 

analysis of many transcripts, described as the Serial Analysis of Gene Expression (SAGE) 

(Hogh and Nielsen, 2008). Secondly, a technique able to quantify the transcriptiona l 

programme of samples by analysing the comparative hybridisation of two cDNAs, now 

described as microarray (Schena, Shalon and Davis, 1995). 

The development of the DNA microarray became the game changer in cancer genetics over 

the last 20 years. In 2002, Veer et al. identified a gene expression signature that could foretell 

distant metastases in breast tumors,  presenting the identification of what was later termed a 
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‘prognostic expression signature’ (Veer et al., 2002). From this point forward, there was a gain 

in momentum in this field of investigation, to the point where predictive signatures which 

identified the likelihood of a patient to respond to a specific drug were developed (Fig. 1). 

 

 

Figure 1. PubMed articles on gene signatures per year 

PubMed articles on gene signatures per year, with number of articles on the Y-axis and the year 

published on the X-axis. Based on (Chibon, 2013). 

1.1.1 Prognostic signatures 

 

The NCBI dictionary of cancer defines a prognostic factor as “a characteristic of a patient, 

that can be used to estimate the chance of recovery from a disease or the chance of the disease 

recurring”. Thus, these factors are useful in selecting patients who are potential candidates for 

systemic treatments. For a factor to be prognostic, it should correlate with outcomes, be accurate 
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and reproducible in an independent group of patients and have a prognostic value different from 

other standard factors in a multivariant analysis (Chibon, 2013). Based on these criteria, several 

prognostic signatures have since been developed for breast cancers (Perou et al., 2000; Sørlie et 

al., 2001; Veer et al., 2002).  

1.1.2 Predictive signature 

 

A predictive factor is defined as “a clinical or biologic characteristic that provides 

information on the likely benefit from treatment, independently of prognosis” (Italiano, 2011). 

Thus, these factors are useful in identifying sub-populations of patients that can benefit from a 

specific therapy. However, predictive signatures are a bit more challenging to develop for several 

reasons. One of such reasons is the dilemma of how a response should be defined; should it be 

clinical, biological or histological? Furthermore, the prediction of response to a drug may be 

specific to that one drug, meaning that more than one signature may exist per drug (Italiano, 2011; 

Chibon, 2013). Despite this, a predictive signature for the response of breast tumors to Tamoxifen 

was developed (Xiao-Jun et al., 2004; Jansen et al., 2007). 

 

1.2 The wound response signature  

 

The analysis of the transcriptional response of fibroblasts to serum led to the discovery that 

many of the serum-induced genes are involved in wound healing and subsequently regulate cell 

cycle progression, hemostasis, inflammation, angiogenesis and epithelial cell migration (Iyer et 

al., 1999). Furthermore, since tumor stroma has been linked to the dysregulation of wound healing 

(Flier, Underhill and Dvorak, 1986), this "wound-response signature" and a subset of these induced 

genes (the "core serum response") were found to predict cancer progression and cancer survival in 
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breast cancer (Chang et al., 2004).  A decision tree algorithm that included the "70-gene poor 

prognosis" and "wound-response" signatures was informative in making clinical decisions (Chang 

et al., 2005). Moreover, this signature gained recognition from the medical community after 

validation, triggering the development of a commercialized prognostic test known as MammaPrint 

(Arranz et al., 2012; Kittaneh and Montero, 2013). Subsequently, other commercially available 

prognostic tools, such as the Oncotype DX and PAM50 were developed (Kittaneh and Montero, 

2013).  

 

1.3 Breast cancer 

 

 Breast cancer is the most frequently diagnosed cancer in women, with an estimated 1.68 

million new cases per year worldwide (Torre et al., 2015).  It is the second leading cause of cancer 

mortality in women in both developed and developing countries. In Canada, it is estimated that 

seventy women will be diagnosed with breast cancer every day and thirteen women will die from 

the disease daily (Canadian Cancer Society 2017). 

Clinically, breast tumors are classified based on their endocrine status; either as estrogen 

receptor positive or negative (ER+/ER-), progesterone receptor positive or negative (PR+/PR-), or 

as human epidermal growth factor receptor 2 positive or negative (HER2+/HER2-) (Kittaneh and 

Montero, 2013). The invention of gene expression profiling led to the discovery that breast cancer 

has at least seven intrinsic biologic subtypes (Sørlie et al., 2001; Kittaneh and Montero, 2013). 

They include luminal A, luminal B, luminal C, HER2-enriched, claudin- low, normal breast-like 

and basal-like (Carey et al., 2006; Kittaneh and Montero, 2013).  
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The basal-like breast tumors are habitually ER-, PR - and HER2- , and are termed ‘triple-

negative’. Nevertheless, triple-negative breast cancers and basal-like breast tumors are not 

identical. In fact, 30% of triple-negative breast tumors are not basal-like. Furthermore, triple-

negative breast tumors represent a more heterogeneous group, than basal-like tumors do (Carey et 

al., 2006; Kittaneh and Montero, 2013). 

 

1.4 Triple-negative breast cancer  

 

Triple-negative breast cancers (TNBC) are aggressive breast tumors that lack the expression 

of ER, PR and amplifications of HER2 (Mayer et al., 2014; Lehmann and Pietenpol, 2015; 

Bianchini et al., 2016). They account for about 10-20% of all breast tumors, but are responsible 

for a disproportionate amount of mortality. TNBCs affect younger patients and are more frequently 

observed in BRCA1 mutant carriers. There is a higher prevalence of TNBC in women from African 

and Hispanic descent, as well as women in lower socioeconomic groups (Bianchini et al., 2016). 

Due to their heterogeneity, there is a lack of recognized molecular targets for therapy and cytotoxic 

agents which are inefficacious remain the standard treatment (Lehmann et al., 2011).  

 

1.4.1 Subtypes of TNBC 

 

Using gene expression analyses, six distinct TNBC subtypes each displaying a unique 

biology were identified (Lehmann et al., 2011). They include: basal like, immunomodulatory, 

mesenchymal, mesenchymal stem like, and a luminal androgen receptor subtype. The basal like 

subtypes are rich in gene ontologies enriched in cell cycle and cell division components and 

pathways. The immunomodulatory subtype is enriched for gene ontologies in immune cell 
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processes, such as B cell receptor pathway and cytokine signaling. Gene ontologies enriched in 

components and pathways involved in cell motility and cell differentiation pathways are 

representative of the mesenchymal and mesenchymal stem like subtype. However, mesenchymal 

stem like subtype expresses low levels of proliferation genes. The luminal androgen receptor  

subtype is composed of androgen receptor (Lehmann et al., 2011; Mayer et al., 2014). These 

classifications demonstrate the heterogeneity of TNBCs and provides further evidence, that it is  

inappropriate to treat all TNBCs in a similar fashion. In addition, TNBC subtyping made it possible 

to predict the best suitable treatment for each subtype. For instance, cell proliferation and DNA 

damage response are highly expressed in the basal like subtypes, suggesting patients with these 

basal-like tumors would benefit from agents that preferentially target highly proliferative tumors 

(Linn and Van ’t Veer, 2009).  

 

1.4.2 Treatment of TNBC 

 

The lack of ER, PR and HER2 make it impossible for patients with TNBC to benefit from 

current viable targeted therapy, such as endocrine or anti-HER2 agents. Consequently, the only 

option available for TNBC patients is chemotherapy with cytotoxic agents. Currently, 

chemotherapy such as taxanes, platinum agents, anthracyclines and ixabepilone, as well as selected 

biologic agents and possibly anti-EGFR drugs are used to treat patients with TNBC (Bianchini et 

al., 2016).  

TNBCs have demonstrated a high response rate to regimens based on anthracyclines or 

taxanes, such as the taxane-fluorouracil-doxorubicin-cyclophosphamide (T-FAC) regimen or 

doxorubicin-cyclophosphamide-taxane (Oakman, Viale and Di, 2010). Platinum salts, such as 

cisplatin, result in DNA intra-strand crosslink and ultimately double strand breaks, replication 
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lesions and apoptosis in cells unable to repair the lesions (Bosch et al., 2010; Oakman, Viale and 

Di, 2010; Rakha and Chan, 2011). Clinical and preclinical studies provide evidence of TNBC 

sensitivity to DNA damage causing agents compared with other subtypes of breast tumors 

(Kennedy et al., 2004; Rakha and Chan, 2011). Nonetheless, data are still limited and randomized 

data comparing platinum compound to standard regimen for breast tumors in terms of efficacy and 

safety are lacking (Bianchini et al., 2016). Seventy-five percent of BRCA1 mutant carriers have 

TNBCs (Jin et al., 2017). Thus, the use of poly(ADP-ribose) polymerases inhibitors, such as 

Olaparib is favorable in such tumors. Olaparib resulted in anti-tumor activity in patients with 

BRCA mutation-associated cancer. Additionally, TNBC patients treated with a new poly(ADP-

ribose) polymerases inhibitor BS-201, had a longer overall survival rate compared with women 

who received chemotherapy alone (Bianchini et al., 2016). Epidermal growth factor receptor 

(EGFR) overexpression has been habitually seen in TNBCs and has been linked to poor prognosis 

(De Laurentiis et al., 2010; Bianchini et al., 2016). However, EGFR expression is not a decisive 

marker of response to EGFR inhibitors, and EGFR status is not yet routinely assayed in breast 

cancer. In addition, phase II trials demonstrated that no statistically significant improvements were 

observed in patient outcomes when EGFR inhibitor cetuximab was administered (Bosch et al., 

2010; De Laurentiis et al., 2010; Bianchini et al., 2016).   

 

1.5 TNFα-induced transcriptional program in breast cancer cells  

 

1.5.1 TNFα and its receptors 

 

 Tumor necrosis factor alpha (TNFα) is a pleiotropic proinflammatory cytokine which is 

essential to immune protection and homeostasis, but is also involved in tumorigenesis, metastasis, 

chemoresistance and radioresistance (Aggarwal, 2003). It can signal as a membrane- integrated 
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protein and as a soluble cytokine released after proteolytic cleavage (Balkwill, 2006). Two TNF 

receptors exist in the mammalian system; TNFRI, found on most cells in the body, and TNFRII, 

primarily expressed on haemopoietic cells. TNFRI is activated by soluble ligand, while TNFRII is 

activated by the membrane-integrated form. The activation of TNF receptors results in the 

recruitment of intracellular adaptor proteins and downstream activation of various signal 

transduction pathways  (Locksley, Killeen and Lenardo, 2001; Hehlgans and Pfeffer, 2005). 

Depending on the cellular context, TNFRI activation can lead to two different outcomes. However, 

the default signaling pathway is in induction of genes involved in inflammation and cell surviva l. 

Ligands that bind TNFR1 induce inflammatory mediators, such as interleukin 6 (IL6) and growth 

factors via activation of the AP-1 transcription factors or IKβ kinases that, in turn, activate NF-κB 

(Balkwill, 2006). 

 

1.5.2 The TNFα link between inflammation and cancer 

 

 Several lines of evidence support the link between inflammation and cancer. Firstly, many 

chronic inflammatory diseases have been linked to increased risk of cancer (Coussens and Werb, 

2002; Dethlefsen, Højfeldt and Hojman, 2013). Secondly, cancers arise at sites of chronic 

inflammation (Viatour et al., 2005; Balkwill, 2006; Simpson and Brown, 2013). Finally, chemical 

mediators of inflammation are found in various cancers and the deletion of these mediators inhib its 

the cancer spreading (Balkwill, 2006). TNFα is a key chemical mediator of inflammation found in 

many cancers. It is true that TNFα administered loco-regionally, as demonstrated by William 

Coley, can cause hemorrhagic necrosis by destroying the tumor vessels (Lejeune, 2002; Aggarwal, 

2003). Nonetheless, when produced by the tumor cells and the tumor niche, it acts as an 

endogenous tumor promoter. In fact, there is substantial evidence that TNFα is involved in 
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promotion and progression of various cancers, with pathways leading to activation of the NF-κB 

and AP-1 transcription factor complexes resulting in the expression of gene linked to the 

phenotypic events of carcinogenesis (Balkwill, 2006; Ndlovu et al., 2009) 

1.5.3 TNFα-induced transcriptional program in breast cancer cells  

 

 As mentioned previously, TNFα binds to TNF receptors and stimulates multiple signaling 

pathways, leading to the expression of pro-cancerous inflammatory and angiogenic chemokines 

and cytokines, growth factors and matrix metalloproteinases, inducing cell survival, remodeling 

(epithelial-to-mesenchymal transition), motility and invasion (Aggarwal, 2003). Specifica lly, 

TNFα activates the mitogen- and stress-activated protein kinases (MSK 1 and 2) via the 

extracellular-signal-regulated kinase (ERK) 1/2 and p38 (stress-activated protein kinase 2) 

mitogen activated protein kinase (MAPK) pathway, resulting in the phosphorylation of the histone 

H3 at serine 10 or 28 (the nucleosomal response) at the regulatory region of MSK targeted genes 

(e.g. IL6) (Fig. 2) (Vermeulen et al., 2003; Ananieva et al., 2008; Ndlovu et al., 2009).   

The nucleosomal response plays a role in the activation of the earliest induced genes termed 

“immediate early genes”, several of which code for transcription factors. The steady state of these 

transcription factors is elevated in triple-negative breast cancer cells, which contributes to the gene 

expression profile of this breast cancer cell type (Ndlovu et al., 2009). TNFα also stimulates the 

NF-κB pathway, resulting in the MSK-mediated phosphorylation of serine 276 of the p65 subunit 

enabling transcriptional transactivation (Vermeulen et al., 2009). NF-κB is a transcription factor 

which has a crucial role in inflammation, cell proliferation and apoptosis, and is one of the MSK 

recruiters at gene regulatory regions upon TNFα stimulation in MDA-MB-231 breast cancer cell 

line (Vermeulen et al., 2009). 
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Figure 2. MSK 1/2, the nucleosomal response and immediate early gene expression. 

Stimulation of the RAS-MAPK and stress kinase pathways results in the activation of MSK, which 

phosphorylates histone H3 (at serine 10 and/or 28). Following H3 phosphorylation, there is 

recruitment of  chromatin remodelers (SWI/SNF) and lysine acetyltransferases (KATs) (eg., p300) 

to the promoter region, which remodel chromatin in preparation for transcripton. The immed iate 

early genes such as FOS/JUN, as well as TNF responsive gene IL6 are transcribed in response to 

the RAS-MAPK pathway for growth and proliferation. 

 

1.6 Histone post translational modifications 

 

 Genetic information in the nucleus of cells is organized into a high order structure called 

chromatin.  Chromatin can be categorized into heterochromatin which is densely compacted, and 

transcriptionally inactive (Trojer and Reinberg, 2007), and euchromatin which is de-condensed 

Immediate early genes: FOS, JUN, FOSL1, IL6 
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and transcriptionally active (Jenuwein Thomas  and Allis C. David, 2001). Different chromatin 

states dictate biological responses at a cellular level. Thus, variations in chromatin states via the 

remodeling of chromatin and/or histone modifications is crucial in eukaryotic function.   

Histones are a family of evolutionary conserved basic proteins that aid the compaction of 

DNA. They are made up of the core histones (H2A, H2B, H3 and H4) and the linker histone (H1). 

A nucleosome, which is the fundamental unit of chromatin consists of  eukaryotic DNA wrapped 

around a histone octamer (Davie and Spencer, 2001; Healy et al., 2012; Thompson et al., 2013). 

The linker histone H1, ensures the overall stability of the chromatin by binding the linker DNA 

region between nucleosomes, to form higher order structures. Structural analysis revealed that their 

N-terminal tails protrudes outwards from the nucleosome, enabling them to interact with other 

nucleosomes and regulatory factors (Karolin Luger, Armin W. Mader, Robin K. Richmond 1997).   

Histones play vital roles in various biological processes, including gene expression and 

regulation, cell cycle regulation, chromosome segregation and DNA repair (Lee, Smith and 

Shilatifard, 2010). Their ability to regulate chromatin dynamics, stems from the numerous post-

translational modifications (PTM) they undergo, carried out by various modifying enzymes (Fig. 

3). These include: methylation, acetylation, phosphorylation, citrullination, ubiquitinat ion, 

SUMOylation and poly (ADP) ribosylation (Lee, Smith and Shilatifard, 2010; Bannister and 

Kouzarides, 2011).  

The balance of the enzymatic proteins that add (“writers”) or remove (“erasers”) specific 

histone PTMs regulate the distribution of a given histone PTM. Furthermore, the availability of 

substrates and protein complexes that interpret (“readers”) the PTMs to elicit specific outcomes 

also influence the overall abundance of the PTM (Thompson et al., 2013). 

The location and type of the histone PTM may or may not dictate the chromatin state  
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(Jenuwein Thomas  and Allis C. David, 2001).  For instance, a chromatin region enriched with 

acetylated lysine 9 on histone H3 (H3K9ac) can result in decondensation of chromatin and 

transcriptional activation by disrupting the high order chromatin structure (Berger, 2007). 

Alternatively, Histone H3 phosphorylated at serine 10 was shown to have no effect on the 

disruption of the high order chromatin structure, even though it is associated with transcriptiona l 

activation (Fry, Shogren-Knaak and Peterson, 2004). This would suggest that phosphorylated H3 

at serine 10 has an important role in attracting effectors or readers that ultimately allows for 

transcriptional activation. The ‘histone code’ defined by investigators as the different 

combinations of histone PTMs, result in distinct  regulatory responses and an increase in 

complexity of signals (Jenuwein Thomas  and Allis C. David, 2001). Likewise, the modifica t ion 

of one residue can alter the modification of a neighboring residue, thus dictating its function (Lee, 

Smith and Shilatifard, 2010). For example, phosphorylation of serine 10 on histone H3 stimulates 

the ability of the lysine acetyltransferase (Gcn5) to acetylate histone H3 at lysine 14 (Cheung et 

al., 2000) 
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Figure 3. Human core histone amino acid sequences  

Histone H1S-3 is a mouse H1 subtype. The modifications include methylation (M), acetylation 

(Ac), phosphorylation (P), ubiquitination (U). Methylation sites that are uncertain are denoted as 

(m). The figure and text were reproduced with permission from Journal of Cellular Biochemistry. 
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1.6.1 Histone methylation 

 

 Using biochemical analyses, methylation of the N-terminal lysine residues was discovered 

(Woon Ki Paik and Sangduk Kim, 1971). However, the significance of histone methylation in 

transcriptional regulation was not fully understood until recent years. Although histone lysine 

methylation is widely studied, histones can be methylated on lysine and arginine residues (Fig. 3). 

Lysine residues can be mono (me1), di (me2) or tri (me3) methylated, while arginine residues are 

mono- or di-methylated in a symmetrical or asymmetrical conformation (Bannister and 

Kouzarides, 2011; Jahan and Davie, 2015). Lysine methylation occurs on the ε- nitrogen lysine 

residues  by SET (Su(var) 3-9, Enhancer of zeste (E[z]) and trx-G Trithorax) domain and non-SET 

domain containing lysine methyltransferases (KMT) (Schneider and Shilatifard, 2006). Lysine 

methylation marks are recognized by the royal family of domains, consisting of chromodomains 

and tudor domains (Berger, 2007). Histone lysine methylation  is a reversible process, performed 

by two classes of lysine demethylase; LSD1/BHC110, which removes mono and di-methyla t ion 

marks of histone H3 at lysine 4 (H3K4me/H3K4me2) and JmjC (jumonji class), which removes 

di- and tri-methylation marks of histone H3 at lysine 4, 9 and 36 (H3K4me2, H3K4me3, 

H3K9me2, H3K9me3, H3K36me2 and H3K36me3) (Klose and Zhang, 2007). Furthermore, 

methylation of histone H3 at lysine 4, 36 and 79 is correlated with euchromatin and transcriptiona l 

activation, whereas methylation of histone H3 at lysine 9 and 27 and histone H4 at lysine 20, is 

associated with heterochromatin and transcriptional repression (Lee et al., 2005; Schneider and 

Shilatifard, 2006; Berger, 2007).  Studies by Pavri et al. revealed that H3K4 methylation did not 

directly affect transcription, rather it recruited additional components required for downstream 

effects (Pavri et al., 2006). Histone arginine methylation is more complex than lysine methylat ion, 

as it can be methylated symmetrically or asymmetrically. Protein arginine methyltransferases 
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(PRMT) catalyze arginine methylation on histone H2A, H3 and H4. Depending on the symmetry, 

histone arginine methylation can be associated with transcriptional activation or repression (Jahan 

and Davie, 2015). Unlike histone lysine methylation, not all arginine methylation is reversible.  

Peptidyl arginine deaminase 4 and jumonji domain-containing protein 6 catalyze arginine 

demethylation, however various studies have shown that they are not capable of removing 

methylation from all methylated arginine sites (Jahan and Davie, 2015). 

 

1.6.2 Histone acetylation 

 

 Lysine residues on core histones are reversibly acetylated. Lysine acetyltransferases 

(KATs), which catalyze acetylation, and histone deacetylases (HDACs), which deacetylate , 

histones maintain the steady state levels of histone acetylation in the nucleus (Kornberg and Lorch, 

1999). The KATs consist of KAT2A/KAT2B (Gcn5- related N-acetyltransferases (GNAT)), 

KAT3A/KAT3B (cAMP- responsive element binding protein-binding protein (CBP) / E1A-

associated protein of 300 kDa (CBP/p300)), and the KAT5/KAT6A/KAT6B/KAT7/K AT8 

(MYST) protein families (Lee and Workman, 2007). The GNAT superfamily is the largest group 

of KATs, which includes KAT2A (Gcn5), KAT2B (PCAF) and ELP3 (Roth et al., 2001). GCN5 

has been shown to mediate acetylation at lysine 9 and 14 on histone H3 and CBP/p300 has been 

shown to mediate acetylation at lysine 18, 23 and 27 of histone H3 (Jin et al., 2011). Histone H3 

is acetylated at lysine 9, 14, 18, 23 and 27 while histone H4 is acetylated at lysine 5, 8, 12 and 16.  

Histone acetylation disrupts the high order chromatin structure, facilitates the solubility of 

chromatin at physiological strength and maintains the unfolded structure of the transcribed 

nucleosome; by catalyzing the transfer of an acetyl group to the ε-amino group of lysine side 

chains, thereby neutralizing the lysine’s positive charge and subsequently weakening DNA-
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histone interactions (Davie and Spencer, 1999). The levels of histone acetylation have long been 

associated with transcriptional status of many genes. Moreover, it was established over a decade 

ago that a maximal acetylation of 46% of nucleosomes was sufficient to prevent high order 

chromatin compaction and facilitate transcription (Davie and Spencer, 1999). Conversely, 

hypoacetylated histones result in chromatin compaction and gene silencing (Peterson and Laniel, 

2004). 

 

 

1.6.3 Histone phosphorylation 

 

All core histones contain sites that can be phosphorylated by several protein kinases (Fig. 

3) and dephosphorylated by phosphatases. Phosphorylation of serine and threonine histone 

residues play important roles in chromosome condensation/segregation, DNA damage repair, cell 

cycle progression and transcriptional regulation, depending on the histone tail phosphorylated 

(Rossetto, Avvakumov and Côté, 2012). For example, serine 139 phosphorylation on the histone 

variant H2AX plays a major role in DNA damage repair. Furthermore, phosphorylation of H2A 

and H4 are associated with chromosome condensation. Conversely, the phosphorylation of serine 

36 on histone H2B results in the transcriptional activation of AMP-activated protein kinase 

(AMPK) responsive genes. Likewise, the phosphorylation of histone H3 on serine 10, 28 and 

threonine 28 have been associated with transcriptional activation of numerous genes (Taverna et 

al., 2007; Rossetto, Avvakumov and Côté, 2012). Additionally, H3 phosphorylation on serine 10 

and 28 is closely associated with condensation of mitotic chromosomes in mammalian cells (Healy 

et al., 2012).  
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1.6.3.1 Histone H3 phosphorylation 

 

Histone H3 has the most PTMs of all core histones (Espino et al., 2005). It can be 

phosphorylated at threonine 3 and 11, as well as serine 10 and 28 (Dunn et al., 2005; Espino et al., 

2005). However, the two most studied H3 phosphorylation events are the serine 10 and 28 

phospho-modifications, present during mitosis and are minimally present in interphase cells. Since 

the discovery of AMPK, an increasing number of protein kinases have been reported to 

phosphorylate H3 (Fig. 4). The phosphorylation of histone H3 at serine 10 and 28 (H3S10ph and 

H3S28ph) is a unique post translational modification mark, associated with highly condensed 

chromatin in mitosis and de-condensed chromatin during gene activation in interphase cells 

(Pérez-Cadahía et al., 2011; Sawicka and Seiser, 2012). Mitotic H3 phosphorylation is 

fundamental to the  formation of the higher-order chromatin structure during cell division (Prigent 

and Dimitrov, 2003; D’Anello et al., 2010). On the other hand, interphasic phosphorylation is 

crucial for remodeling the chromatin  at the upstream promoter region of a subset of genes, thus 

initiating transcription (Drobic et al., 2010). This gene specific association restricts the genomic 

distribution of interphasic H3 phosphorylation to a small fraction of nucleosomes (Sawicka and 

Seiser, 2012). 
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Figure 4. Kinases and phosphatases responsible for H3 N-terminal tail phosphorylation and 

dephosphorylation during mitosis and interphase.  

The ARKS modification boxes are highlighted by a blue frame. Based on (Pérez-Cadahía, Drobic 

and Davie, 2009; Sawicka and Seiser, 2012). 

 

1.6.3.2 Phosphorylation of histone H3 at serine 10 and 28 during mitosis 

 

 Phosphorylation of histone H3 across the different stages of mitosis is conserved in 

eukaryotes and numerous studies have revealed that this PTM abundantly covers condensed 
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chromosomes (Sawicka and Seiser, 2012). The importance of H3 phosphorylation in chromosome 

condensation have been demonstrated. Prior to mitosis, drugs that induced H3 phosphoryla t ion 

resulted in chromosome condensation (Prigent and Dimitrov, 2003). Likewise, Drosophila studies 

demonstrated the attenuation of H3S10ph which resulted to partially condensed chromosomes 

during mitosis (Giet & Glover, 2001). Additionally, H3S10A mutant strain in Tetrahymena 

thermophile protozoan showed aberrant chromosome segregation and loss during mitosis (Prigent 

and Dimitrov, 2003). H3S10ph and H3S28ph are part of the identical sequence motif-ARKS- (Fig. 

4) and show only slight differences in their modification patterns during mitosis. In late G2 phase, 

H3S10ph occurs in pericentromeric heterochromatin and as mitosis proceeds, H3S10ph is 

completed at anaphase. In contrast, dephosphorylation by protein phosphatase 1 (PP1) begins in 

late anaphase and is completed in early telophase (Hendzel et al., 1997). Likewise, H3S28ph first 

appears during prophase with a similar distribution to H3S10ph. Nevertheless, there is evidence 

of varying levels of the two PTMs on the histone tails. Aurora B kinase is responsible for both 

PTMs and additionally vaccinia-related kinase-1 (VRK1) was discovered to mediate H3S10ph 

(Pérez-Cadahía, Drobic and Davie, 2009).  

 

1.6.3.3 Phosphorylation of histone H3 at serine 10 and 28 during interphase 

 

 A small portion of H3 can also be phosphorylated in interphasic cycling cells on serine 10 

and 28. These phosphorylation events have been linked with gene expression (Davie and Spencer, 

1999; Thomson et al., 1999; Dunn and Davie, 2005; Espino et al., 2005).  Studies in PC12 cells 

were among the first to demonstrate that H3 could be a substrate for signaling kinase (Halegoua 

and Patrick, 1980).  In 1991, Mahadevan et al. showed that the stimulation of quiescent mouse 

fibroblast cells with growth factors and mitogens resulted in the phosphorylation of H3 at mult ip le 
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serine sites, and ultimately the induction of immediate early genes (Mahadevan, Willis and Barratt, 

1991). This phosphorylated H3 was also discovered to be hyperacetylated. The correlation 

between immediate early gene expression and H3 phosphorylation led to a consensus that these 

two events are mechanistically linked and was termed the ‘nucleosomal response’. Furthermore, 

chromatin immunoprecipitation (ChIP) assays revealed the presence of phosphorylated H3 at 

immediate early genes’ genomic regions (Drobic et al., 2010; Khan et al., 2013). Moreover, these 

modifications were observed at the upstream promoter region and not within the coding region of 

the gene, indicating that they strictly play a role in the regulation of transcription activation and/or 

initiation. 

 The functional role of these PTMs at the upstream promoter region, involves a family 

chromatin binding proteins, known as the 14-3-3 family (Macdonald et al., 2005; Winter et al., 

2008; Drobic et al., 2010). This family consists of seven members and specific isoforms have been 

shown to bind H3S10ph and H3S28ph (Winter et al., 2008). The 14-3-3ε/ξ protein isoforms have 

a binding affinity for H3S28ph above H3S10ph, and the binding affinity for H3S10ph is increased 

if lysine 14 or 9 is acetylated (Macdonald et al., 2005; Winter et al., 2008). Thus, the binding 

affinity for 14-3-3ε/ξ to phosphorylated H3 is, H3S28ph > H3S10ph/K14ac > H3S10ph/K9ac > 

H3S10ph. The 14-3-3ε/ξ are recruited to promoters of Jun and Fos with an increase in 

H3S10ph/K14ac (Macdonald et al., 2005). Subsequently, 14-3-3ε/ξ have been identified as 

‘readers’ of H3S10ph and H3S28ph, that are crucial to the transcriptional activation of immed iate 

early genes. However, the mode of action of these proteins are still being investigated (Rosetto, 

Avvakumov and Côté, 2012).  
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1.7 H3S10ph and H3S28ph localization and correlation with H3 acetylation 

 

H3S10ph and H3S28ph in interphasic cells regulate gene expression. However, it was 

unknown if H3S10ph and H3S28ph differentially affect transcriptional regulation. The differentia l 

levels of H3S10ph and H3S28ph in various cell lines, suggests that these phosphorylation marks 

may have separate roles in chromatin regulation (Steven Z. Josefowicz et al., 2016). H3S28ph but 

not H3S10ph was shown to make chromatin more permissive to the rate-limiting steps in 

CBP/p300-dependent transcription (Steven Z. Josefowicz et al., 2016). Conversely, 12-

Otetradecanoylphorbol-13-acetate (TPA)-stimulation of MCF 7 cells resulted in the induction of 

H3S10ph and not H3S28ph. In BxPC-3, Hs766T and Panc-1 pancreatic cells only H3S10ph was 

induced, while both H3S10ph and H3S28ph were induced in 10T1/2, CCD-1070Sk and Hela cells 

(Espino et al. 2009). In contrast, in HEK 293T cells, H3S28ph but not H3S10ph is associated with 

the activation of the polycomb-silenced genes (Lau and Cheung, 2011). It is possible that the 

inducer used in these experiments determines what phosphorylation events will occur. 

Additionally, factors other than MSK may be responsible for the observed results 

Immunocytochemistry studies examining the localization H3S10ph and H3S28ph within 

the nuclei uncovered that these phosphorylation events are independent and have distinct sub 

nuclear sites (Fig. 5) (Dunn and Davie, 2005; Dyson et al., 2005; Khan et al., 2017). Most recently, 

analysis of the nucleosomal response at a single cell level in human primary fibroblast by our 

group, shows that mitogen-induced H3S10ph and H3S28ph occur in separate pools (Khan et al., 

2017). This study, using DNA immuno-FISH, demonstrated that MSK 1/2 phosphorylates H3S10 

on one allele and H3S28 on another allele in mouse and human fibroblast cells, thus accounting 

for the observed absence of H3S10ph and H3S28ph co-localization (Khan et al., 2017). Dyson et 
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al. showed that H3S10 and S28ph phospho-epitopes appeared at the same time on H3 tails in 

anisomycin induced 10T1/2 cells, suggesting that they occur on the same H3 tail. By testing 

immunodepleted crosslinked chromatin fragments of one phospho-epitope and asking whether the 

second phospho-epitope was also co-depleted, they demonstrated that the two phospho-epitopes 

are not located on the same H3 tail in vivo (Dyson et al., 2005). Furthermore, H3S10ph and 

H3S28ph did not co-localize following TPA stimulation in Ciras-3 cells, suggesting that these 

PTMs do not occur on the same H3 tail (Dunn and Davie, 2005).  
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Figure 5. Relative intranuclear localization of H3S10ph and H3S28ph in TPA-treated human 

primary fibroblasts.  

Serum-starved CCD-1070Sk human fibroblast cells treated with 100 nM TPA for 60 min were 

subjected to immunofluorescent staining using anti-H3S10ph (green) and anti-H3S28ph (red) 

antibodies, co-stained with DAPI (blue). Cells were digitally imaged. Boxed areas of merged 

image are shown enlarged in insets. The figure and text were reproduced with permission from 

Molecular and Cell Biology Journal. 
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Acetylation of H3 at lysine 9 or lysine 14 (H3K9ac/H3K14ac) was shown to be present on 

the same H3 tail as H3S10ph and enriched at active immediate early gene promoters (Clayton et 

al., 2000). However, H3S10ph does not appear to depend on H3K9ac (Khan et al., 2017). This 

H3K9/K14 acetylation is mediated by the transcription co-activator GCN5/PCAF (Jin et al., 2011). 

Likewise, co-immunoprecipitation studies revealed the co-occurrence of  H3S28ph with 

acetylation of H3 at lysine 27 (H3K27ac), and this acetylation is mediated by CBP/p300 (Jin et 

al., 2011; Khan et al., 2017).   

 

 1.8 MSK-induced nucleosomal response. 

 

1.8.1 MSK: Discovery, structure, function and activation 

 

 MSK 1 and 2 are ubiquitously expressed enzymes, first described in 1998 as proteins with 

similar homology to the ribosomal S6 kinase (RSK) isoforms (Deak et al., 1998; Duda, 2012). 

Encoded by two genes (RPS6KA5 and RPS6KA4), MSK 1 and 2 have two functional kinase 

domains separated by a conserved linker region, both of which possess serine/threonine kinase 

activity (Dunn and Davie, 2005). The N‑terminal kinase (NTK) domain belongs to the AGC kinase 

group and the C‑terminal kinase (CTK) domain belongs to the CaMK group, named after its 

calcium‑calmodulin‑dependent protein kinase family members (Deak et al., 1998). The CTK 

domain contains the nuclear localization sequence and the MAPK docking and autoinhibition sites, 

thus it plays a crucial role in MSK regulation (Fig. 6). Inactivating mutations in the CTK terminates 

MSK function (Deak et al., 1998; Tomás-Zuber et al., 2001). Due to their nuclear localiza t ion 

sequence, MSKs are predominantly located in the nucleus; nevertheless MSK 1 translocates to the 

cytoplasm in response to glucocorticoids which contributes to the anti-inflammatory action 

mechanism of glucocorticoids (Beck et al., 2008). Furthermore, MSK 2 was shown to regulate the 
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localization of ERK1 and p38 MAPK pathways, indicating that MSK enzymes may control the 

cellular localization of their upstream kinases (Pierrat et al., 1998).  

 

Figure 6. The kinase domains of MSK 1 and MSK 2, with their downstream substrates.  

H89 is a potent MSK inhibitor. 

 

Mammalian MSK 1 and MSK 2 share approximately 65% identity in amino acid sequence. 

Studies in MSK 1/2 double knockout cells, resulted in a consensus that MSK 1 and 2 are 

functionally redundant  (Wiggin et al., 2002; Reyskens and Arthur, 2016). However, there is 

evidence that they are not functionally redundant. H3 phosphorylation levels upon anisomycin and 

TPA stimulation was significantly diminished in fibroblasts from MSK 1 and 2 deficient mice. 

However, 32P-labelling of these fibroblasts revealed that H3 phosphorylation was completely 

impaired in MSK 2 and MSK 1/2 double-knockout cells, while phosphorylation was slightly 

reduced in MSK 1 deficient cells (Sawicka and Seiser, 2012).  In contrast, MSK 1 deficient 

neurons, eliminated brain derived growth factor-induced CREB phosphorylation while no change 
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was observed in MSK 2 knockdown neurons (Arthur and Cohen, 2000). Data from knockout 

studies suggest that the individual levels of MSKs plays a crucial role in determining which 

homolog phosphorylates a given substrate in a particular cell type (Soloaga et al., 2003; Sawicka 

and Seiser, 2012).  

MAPKs are intracellular signal transducers that respond to a plethora of environmenta l 

stimuli. Subsequently, they regulate physiological processes by controlling functions of cellular 

proteins via phosphorylation. MSK 1/2 are activated in vivo downstream of the ERK1/2 and p38 

MAPK pathways, indicating that they can integrate both mitogenic and stress signals, such as 

growth factors, neurotransmitters, UV irradiation, oxidative stress and cytokines (Deak et al., 

1998; Dunn and Davie, 2005; McCoy et al., 2005). Indeed, the ERK1/2 and p38 inhibitors, 

PD98059 and SB203580 respectively, blocked MSK 1/2 activation depending on the stimuli used 

(Dunn and Davie, 2005; Espino et al., 2006). MSKs are regulated by multiple phosphoryla t ion 

sites. Active ERK1/2 or p38 phosphorylates MSK 1 on two sites, S360 in the linker region, T581 

in the activation loop of the CTK and T700 in the autoinhibition site of the CTK  (McCoy et al., 

2005; Duda, 2012). Phosphorylation of T581 and T700, leads to the autophosphorylation of S376 

and -381 in the linker region, as well as S212 in the activation loop of the NTK. Phospho S360, -

376, -381 and 212, collectively activates the NTK, which can then phosphorylate exogenous 

substrates (McCoy et al., 2005; Vermeulen et al., 2009). Upon activation, MSKs efficient ly 

phosphorylate multiple transcription factors and nuclear proteins, thus indicating that MSKs 

regulates gene expression at multiple levels (Arthur, 2004). The most prominent substrates of 

MSKs include; p65 subunit of NF- κB, CREB, ATF1, HMGN1 and histone H3 (Davie, 2003; 

Arthur, 2004; Dunn and Davie, 2005).   
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1.8.2 MSK-mediated H3 phosphorylation and immediate early gene expression. 

 

The impact of H3 phosphorylation on gene expression could be explained by the 

recruitment of factors necessary for transcription, such as chromatin remodelers, co-activators and 

RNA polymerase II. Sequential co-immunoprecipitation assays and sequential chromatin 

immunoprecipitation assays on mouse fibroblast 10T1/2 and MSK 1 knockdown 10T1/2 cells 

showed that H3S10ph/H3S28ph leads to promoter remodeling by recruiting transcription factors, 

chromatin-remodeling enzymes (BRG1) and RNA polymerase II  to target genes (Vicent et al., 

2006; Drobic et al., 2010).  

The RAS-MAPK signal transduction pathway regulates cellular responses to growth 

signals and its deregulation by oncogenes (KRAS and BRAF) is predominant in many cancers 

(Dunn and Davie, 2005). Stimulation by TPA, epidermal growth factor (EGF), serum, and TNFα 

of mammalian cells results in MSK-mediated phosphorylation of H3 and its variants, at serine 10 

and 28 (H3S10ph/H3S28ph), or HMGN1 at serine 6, a phenomenon termed ‘the nucleosomal 

response’ (Strelkov and Davie, 2002; Soloaga et al., 2003; Dunn and Davie, 2005; Drobic et al., 

2010). MSK-mediated H3 phosphorylation elicits rapid expression of immediate-early genes  

many of which code for transcription factors with major roles in oncogenesis (Drobic et al., 2010). 

Chromatin immunoprecipitation assays have revealed that the regulatory regions of immed iate 

early genes are associated with H3S10ph and H3S28ph (Drobic et al., 2010; Steven Z. Josefowicz 

et al., 2016). Studies with MSK 1/2 knockout cells abolish H3S10ph and H3S28ph in response to 

TPA (Soloaga et al., 2003). While MSK knockout mice are viable, these rodents were observed to 

have enhanced inflammation and impairments in stress-related learning and memory processes 

(Chandramohan et al., 2008; Naqvi et al., 2012). Remarkably, a deficiency in MSK 1 expression 

was used to mimic Huntington’s chorea in a mouse model, due to the lack of induced H3S10ph 
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and a down regulation of Fos transcription in the striatum (Roze et al., 2008). The stimulation of 

wild-type mouse fibroblasts with anisomycin resulted in a transient increase of c-fos and c-jun 

mRNA (Soloaga et al., 2003). Steady state levels of immediate early genes were higher in Ciras-

3 cells than in parental 10T1/2 (Strelkov and Davie, 2002). Inhibition and knockdown of MSK 1 

in Ciras-3 cells attenuated the levels of immediate early genes, suggesting that MSKs may be 

involved in their induction (Pérez-Cadahía et al., 2011). Promoter regions of induced TFF1 in 

MCF 7 cells and IL6 gene promoter regions in MDA-MB-231 cells were with H3S10ph and MSK 

1 (Espino et al., 2006; Ndlovu et al., 2009). MSK inhibitor H89 prevented TPA-induced 

expression of TFF1 and neoplastic transformation in MCF 7 cells (Espino et al., 2006). HER2 

overexpression in breast cancer development results in an upregulation of the RAS-MAPK 

signaling cascade. Steady state levels of H3S10ph were significantly increased in breast cancer 

cell lines overexpressing ERBB2 (Khan et al., 2013). Dominant-negative MSK 1 knockdown, 

demonstrated that TPA and EGF induced cell transformation in JB6 C141 cells was via the 

nucleosomal response (Kim et al., 2008). Furthermore, it was shown that blocking MSK 1 

attenuated anchorage-independent transformation of JB6 cells through the inhibition of both 

phosphorylation of histone H3 and Fos and Jun activation (Kim et al., 2008).  In human gastric 

cancers, immunohistochemical analysis revealed a distance-dependent relation of H3S10ph with 

the margin of resection of these tumors, which correlated with prognosis (Khan et al., 2016).  MSK 

1 is overexpressed in more than 40% of colorectal cancer patients and a positive correlation 

between MSK 1 and H3 phosphorylation exists. Colorectal cancer patients with high MSK 1 

expression had shorter overall survival than those with low MSK 1 expression (Xinhui et al., 

2017). Altogether, these studies demonstrate that the MSK-mediated nucleosomal response is 

involved with the phenotypic events of carcinogenesis. 
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It is important to note that MSK is not the only kinase responsible for the regulation of 

H3S10ph (Fig. 4), and various studies have shown that the involvement of more than one kinase 

helps to achieve proper transcriptional gene activation (Duncan et al., 2006). However, MSK is 

the only interphase kinase shown so far, to be responsible for H3S28ph (Sawicka and Seiser, 2012). 

 

1.9 MSK as a therapeutic target 

 

MSK 1/2 play crucial roles in the induction of several immediate early genes involved in 

oncogenesis, such as the AP-1 family members FOS and JUN (Strelkov and Davie, 2002; Dunn 

and Davie, 2005; Healy, Khan and Davie, 2012). Thus, targeting MSK 1/2 in cancer may attenuate 

immediate early gene expression, resulting in a reduction in tumor formation and cell 

transformation. Commercially available inhibitors such as H89, Ro 318220, SB-747651A are used 

to study the effects of MSK in vitro. 

H89 (N-[2-bromocinnamylamino)ethyl]-5-isoquinoline sulfonamide) is a potent MSK 

inhibitor originally marketed as ‘a selective PKA inhibitor’ (Davies et al., 2000; Lochner and 

Moolman, 2006). However, it was found to inhibit MSK 1/2 with a potency similar to that of PKA 

inhibition (Table 1) (Davies et al., 2000). H89 inhibits PKA activity competitively with ATP. At 

a concentration of 10 μM, H89 has been shown to selectively inhibit the nucleosomal response 

(Thomson et al., 1999), and studies in TPA-treated MCF 7 cells demonstrated that H89 attenuated 

TPA-induced recruitment of MSK 1 and MSK 2 at the upstream promoter region of regulatory 

regions of TFF1 gene which encodes proteins involved in pro-invasive and angiogenic effects 

(Khan et al., 2013). The levels of H3S10ph and H3S28ph were also significantly reduced. 

Similarly, H89 attenuated EGF and TPA-induced c-fos in 10T1/2 and Ciras-3 cells (Strelkov and 

Davie, 2002). Due to the off-target effects of H89, there is a need to control for other kinases. 
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Ro 318220 due to its low IC50 (Table 2) was believed to be a preferential MSK inhib itor 

over H89. However, like H89, Ro 318220 inhibits MAPKAPK1, SGK1, GSK3 and RSK protein 

kinases. Moreover, 1 μM of Ro 318220 inhibited 23 proteins other than MSK1/2 by 90%, thus 

demonstrating a very low selectivity for MSK (Davies et al., 2000).  

SB-747651A is an improved MSK inhibitor that replicates many of the effects of MSK 1/2 

knockout cells. Studies have shown that SB-747651A has fewer off targets effects than H89 (Naqvi 

et al., 2012). However, the Davie group has demonstrated that both SB-747651A and H89 have 

the same effects on the nucleosomal response (unpublished data). Moreover, SB-747651A inhib its 

other kinases with a similar potency to MSK 1/2 (PKA, PRK2, RSK1, p70S6K and ROCK-II)  

(Naqvi et al., 2012). 

The NTK domain of MSK 1/2 belongs to the AGC kinase family comprised of more than 

50 family members. Due to their shared sequence homology, selectively targeting AGC proteins 

is challenging, as targeting one family member can lead to off target effects (Duda, 2012).  The 

development of small molecule inhibitors that are specific to MSK 1/2 will be a critical tool 

necessary to deduce further roles of MSK in the cell transformation as well as for future 

applications in the clinic. 
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 Table 1. Inhibition of protein kinases by H89.  

    Adapted from (Bain et al., 2007) 

 

 

Protein Kinase Activity % of control 

MKK1 90 ± 4 

JNKα1 97 ± 1 

GSK3β 107 ± 2 

MSK1 3 ± 1 

PKA 2 ± 1 

 

Table 2. MSK1/2 specific inhibitors.  

    Adapted from (Healy, Khan and Davie, 2012) 

 

MSK inhibitor IC50 values % MSK activity 

remaining using 1μM 

inhibitor 

Number of known off 

target effects at simila r 

potency 

H89 120 nM 25 8 

Ro 318220 8 nM 1 23 

SB-747651A 11 nM 5 4 

 

 

 

H89 (10 μM) 
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CHAPTER TWO 

2.0 RATIONALE, HYPOTHESIS, RESEARCH AIMS AND SIGNIFICANCE 

 

2.1 Rationale 

 

Although multigene profiling has made a major impact in breast cancer treatment, it is 

important to explore the molecular mechanisms that induce and shut down these genes involved 

in the cancer cell proliferation and/or metastasis (Chang et al., 2005). Such knowledge will 

produce the framework for a rational approach to a therapeutic intervention.  

The high persistence of TNFα in breast tumors is linked with local recurrence and 

appearance of new metastasis (Ben-Baruch, 2012; Leibovich-Rivkin et al., 2013). Furthermore, 

the key role that MSKs play in tumor development was demonstrated in studies showing that MSK 

1/2 knockout mice developed significantly fewer skin tumors than wild-type mice when treated 

with organ specific laboratory carcinogens (Chang et al., 2011). Additionally, a  loss of malignant 

phenotype, demonstrated in the loss of anchorage-independent growth in HCT 116, SKBR3, 

MDA-MB-231 and Ciras-3 cells was observed with the use of MSK inhibitors  (D’Anello et al., 

2010; Pérez-Cadahía et al., 2011; Healy, Khan and Davie, 2012; Xinhui et al., 2017).  

The characteristic gene expression profile of TNBCs despite their heterogeneity may 

require continuous active transcription of certain genes, thus they may be more sensitive to drugs 

that target the transcription of these genes, hence allowing for high selectivity (Hoadley et al., 

2014). This was indeed demonstrated in a study that determined the dependency and addiction of 

TNBCs to CDK7. It was observed that TNBCs were more dependent for proliferation on genes 

such as FOS, and treatment of cells with CDK7 inhibitor THZ1 led to apoptotic cell death in TNBC 

cell lines, but no cell death was observed in ER+ breast cancer cells (Wang et al., 2015). In MDA-
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MB-231 cells, IL6 transcription is strongly induced by TNFα and this expression coincides with 

an increased level of JUN, FOS and MSK 1 in MDA-MB-231 cells, which are associated with the 

regulatory region of IL6 and  is required to elicit selective chromatin relaxation at the IL6 upstream 

promoter region (Ndlovu et al., 2009). The increase in MSK 1 activity and immediate early gene 

products in TNBC cells suggests that these cells may be dependent on the ERK1/2 and p38 MAPK 

pathways (Vermeulen et al., 2009).  

The Davie lab had previously shown that treatment of cells with the MSK inhibitor H89, 

as well as MSK knockdown prevented the EGF- and TPA-induced recruitment of MSK 1/2 and 

the induction of immediate early genes in 10T1/2 cells (Drobic et al., 2010; Pérez-Cadahía et al., 

2011). Furthermore, they showed that blocking constitutively active MSK reduces oncogenic and 

metastatic phenotypes, such as anchorage independent growth (Pérez-Cadahía et al., 2011). Thus, 

MSK inhibition may provide an effective therapeutic option for patients with this aggressive form 

of disease. However, MSK target genes in TNBC have not been extensively explored. This project 

aims to determine the role of MSKs in mediating the response to TNFα signaling, that is in 

maintaining the oncogenic and metastatic phenotypes of TNBC, thereby demonstrating MSKs as 

viable targets for therapeutic development. 

2.2 Hypothesis 

 

 MSK-mediated nucleosomal response pathway plays a key role in the transcriptiona l 

program induced by TNFα in TNBC cells. 

2.3 Specific Aims  

 



34 
 

2.3.1 Aim 1: To determine the transcriptional response of MDA-MB-231 cells in response to 

TNFα and the role of MSK 

 

The transcriptional program of TNBC induced by TNFα has not been investigated. Thus, 

the expression levels of immediate early genes (FOS, JUN and IL6) following TNFα treatment in 

MDA-MB-231 cells will be monitored. Serum starved cells will be incubated with TNFα 

(20ng/mL) for 0, 0.25, 0.5, 1 and 2 hours, as induction of the immediate early genes were observed 

at this concentration. This is a modification in the concentration described by (Ndlovu et al., 2009), 

where 50 ng/mL of TNFα was used. Expression levels by RT-qPCR of serum starved cells treated 

with TNFα with or without MSK inhibitor at the above stated time points will be monitored. The 

addition of MSK inhibitors will provide evidence for which immediate early genes require MSK 

activity to be induced (Pérez-Cadahía et al., 2011). Although H89 is a potent MSK inhibitor (IC50 

of 120 nM), it also inhibits PKA (IC50 of 130 nM). Thus, to control for PKA inhibition, cells will 

be treated with Rp-cAMPs, which does not inhibit MSK (Pérez-Cadahía et al., 2011; Khan et al., 

2013).  The TNFα induced transcriptional program in MDA-MB-231 cells will be determined by 

RNA-Seq and the data analyses (mapping and mining) will be performed by the bioinformatic ian 

Dr. Wayne Xu. 

 

2.3.2 Aim 2: Determination of the levels of phosphorylated H3 and acetylated K27 at 

upstream promoter and enhancer regions of immediate early genes 

 

2.3.2.1 To determine the levels of MSK-induced phosphorylated H3 and enhancers 
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MSK 1 and H3S10ph are associated with the upstream promoter region of immediate early 

genes (Drobic et al., 2010). Specifically, Ndlovu et al. showed that the MSK 1 and H3S10ph are 

associated with IL6 upstream promoter region in MDA-MB-231 cells following IL6 induction with 

TNFα (Ndlovu et al., 2009). Also, MSK 1/2 and the nucleosomal response play a pivotal role in 

the chromatin remodeling of enhancers and upstream promoter region of immediate early genes 

(Khan et al., 2013; Steven Z. Josefowicz et al., 2016).  ChIP assays will be used to determine the 

levels of MSK-induced phosphorylated H3 and the location of active enhancers at the upstream 

promoter region of immediate early genes.   

 

2.3.2.2 To determine the dynamic levels of H3K27ac and the role of MSK  

 

In addition to phosphorylation, histone H3 can be acetylated. This acetylation correlates 

with the transcription status of many genes, including immediate early genes. H3K27ac is present 

at active upstream promoter regions and at active enhancers (Heintzman et al., 2009). Acetylation 

of H3K27 is mediated by the transcription co- activator CBP/p300, and studies have demonstrated 

that MSK is in a multiprotein complex with the lysine acetyltransferase p300 (Drobic et al., 2010; 

Steven Z. Josefowicz et al., 2016). Additionally, co-immunoprecipitation studies have 

demonstrated that CBP/p300-mediated H3K27ac is required for MSK 1/2 to phosphorylate S28 

on H3 (Khan et al., 2017). ChIP assays will be done for H3K27ac in MDA-MB-231 cells with or 

without H89 at 0, 0.25, 0.5, 1 and 2 hours, to determine the levels of H3K27ac at the upstream 

promoter region of genes induced via TNFα stimulation (e.g. IL6). These results would reveal the 

dynamics of H3K27ac and demonstrate if H3K27ac is MSK inhibitor sensitive in MDA-MB-231 

cells. 
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CHAPTER THREE 

3.0 MATERIALS AND METHODS 

 

3.1 Cell Culture 

 

3.1.1 Cell culture conditions 

 

The mesenchymal stem-like subtype triple-negative breast cancer cell line MDA-MB-231 

was obtained from American Type Culture Collection. MDA-MB-231 cells were grown at 37°C 

in a CO2 free incubator in L-15 medium (Thermo Fisher Scientific) supplemented with 10% (v/v) 

fetal bovine serum (FBS) and 1% (v/v) antibiotic-antimycotic (Thermo Fisher Scientific).  

 

3.1.2 Cell passaging 

 

The cells were passaged in a biological safety cabinet when they were 80-90% confluent 

in the cell culture flask and placed at 37°C in a CO2 free incubator. First, the medium was aspirated 

from the cell culture flask and the cell monolayer was washed with 1X sterile PBS. Subsequently, 

1-4 mL of TrypLE Express (Thermo Fisher Scientific) was added to the cell culture flask and 

incubated for 3 minutes. The detached cells were collected in the L-15 medium and then transferred 

into 15 mL centrifuge tube (FraggaBio). The cells were centrifuged at 360 x g for 3 minutes. The 

supernatant was aspirated and the cell pellet was resuspended in 4-7 mL of L-15 medium. The 

resuspended cells were then seeded to new cultures flasks. 

3.1.3 Cell storage and recovery 

 

To store the cells, 80-90% confluent cells were washed with 1X sterile PBS followed by 

the addition of 1-4 mL of TrypLE Express in a biological safety cabinet. The detached cells were 
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collected in appropriate media and the cells were counted using an automated cell counter (BIO-

RAD) and trypan blue (Sigma) to determine their viability. Once cells were over 75% viable, they 

were centrifuged at 360 x g for 3 minutes, and the supernatant was aspirated. The cell pellet was 

resuspended in the cryomedia, which consists of 95% (v/v) L-15 medium and 5% (v/v) DMSO 

(Sigma).  One mL of the resuspended cells was then aliquoted to labelled cryovials (Fisher 

Scientific), which were placed into a -80°C freezer. For long-term storage, the cryovials were 

transferred into liquid nitrogen. 

To revive cells, the cryovials containing the frozen cells were placed into a 37°C water 

bath. Once thawed, the cryovials were sprayed with 70% ethanol, and cells were transferred 

dropwise into a 15 mL centrifuge tube (VWR) which contained 6 mL of prewarmed L-15 medium. 

The cells were centrifuged at 360 x g for 3 minutes. The supernatant (media, FBS and DMSO) 

was aspirated without disturbing the pellet, and the cells were resuspended in 5 mL of media. Cells 

were then transferred to T-25 cell culture flask. The media was changed after 24 hours. 

3.1.4 Serum starvation and treatment conditions 

 

Cells were grown in complete L-15 medium (10% FBS and 1% antibiotic-antimycotic). 

Once cells reached 90% confluency, the cells were washed three times with 1X sterile PBS to 

remove all traces of the old media. Subsequently, 12 mL of L-15 medium containing 10% (v/v) 

charcoal-stripped FBS and 1% (v/v) antibiotic-antimycotic was dispensed to the culture flasks and 

incubated for two days. After two days, the cells were washed three times with 1X sterile PBS to 

remove all traces of the old media and the 12 mL of L-15 medium containing 3% (v/v) charcoal-

stripped FBS and 1% (v/v) antibiotic-antimycotic was added to the culture flask and incubated for 

three days. Altogether, the cells were serum starved for five days. Following serum starvation, 

cells were incubated with TNFα (20 ng/mL) (R&D systems) for 0, 0.5, 1 and 2 hours with/without 
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MSK inhibitor H89 (10 μM) (Sigma) or PKA inhibitor, Rp-cAMPs (100 nM) (Sigma). H89 was 

added 30 minutes prior to TNFα treatment, and Rp-cAMPS was added 1 hour prior to TNFα 

treatment. 

3.2 Ethidium bromide/Acridine orange double staining 

 

Cells were detached by the addition of 1-4 mL of TrypLE Express and the detached cells 

together with the old media were placed in a 15 mL centrifuge tube.  The cells were centrifuged at 

360 x g for 5 minutes, and the supernatant was aspirated, leaving behind 100 μL in the tube. The 

staining solution was prepared by mixing together 100 μg/mL of acridine orange (Sigma) and 100 

ug/mL of ethidium bromide (Sigma) in 1X PBS in a chemical hood. Two microliters of the staining 

solution were added to the 15 mL tube, the cells were then mixed with the solution by flicking the 

tube, and the tube was placed on ice. Subsequently, 10 μL of the stained cells was placed on a 

microscope slide with a cover slip and viewed under the fluorescence microscope. Cells that appear 

orange represent dead cells and cells that appear green indicate viable cells (Fig. 7). Viable cells 

were counted, while avoiding large clusters of cells. 

 

 

 

 

 

Figure 7. Fluorescence microscope images of MDA-MB-231 cells stained with ethidium 

bromide/acridine orange double staining. 
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3.3 Flow cytometric analysis of cells 

 

To determine the stage of the cell cycle serum starved MDA-MB-231 cells were in, 

propidium iodide staining solution was prepared freshly by adding, 2 mg of DNase-free RNase 

and 200 ug of 1 mg/mL propidium iodide in water, to 10 mL of 0.1% TritonX-100 in PBS. Seventy 

% ethanol was prepared freshly and placed in -20°C freezer for 3 hours. Ice-cold ethanol (4.5 mL) 

was placed in a 15 mL tube and placed on ice always. Cells were detached from the culture flask 

by the addition of 1-4 mL of TrypLE Express in a biological safety cabinet. The detached cells 

were collected in appropriate media in a 15 mL centrifuge tube, and the cells were counted using 

an automated cell counter. After counting and adequately sectioning the cells into 1.5 x 10^6 cells 

per 15 mL tube, the cells were centrifuged at 360 x g for 3 minutes.  Thereafter, the cells were 

washed with 1X sterile PBS, followed by a resuspension in 5 mL 1X sterile PBS. The resuspended 

cells were centrifuged at 360 x g for 3 minutes, and the supernatant was aspirated. The cell pellets 

were broken by gently flicking the tube and 0.5 mL of 1X PBS was added to completely resuspend 

the cells. The cell suspension was added to one tube containing 4.5 mL of cold ethanol and was 

mixed thoroughly. Cells were kept in ice-cold ethanol for at least 2 hours, followed by 

centrifugation and complete decantation of the ethanol, by touching the edge of the centrifuge tube 

to a paper towel. The use of a Pasteur pipette to remove the ethanol was avoided. Cells were again 

suspended in 5 mL 1X of PBS and centrifuged at 360 x g for 3 minutes. The cell pellet was broken 

up and then resuspended in 1 mL of the staining solution. The cells resuspended in the staining 

solution, were placed in a 37°C water bath for 15 minutes or at room temperature for 30 minutes. 

After incubation, the tubes containing the stained cells were covered with foil, placed on ice and 

sent for cell cycle analysis on a flow cytometer. Flow cytometric analyses were performed by 

Monroe Chan of the Regen Flow Laboratory.  
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3.4 Protein-Based Techniques 

 

3.4.1 Preparation of total cellular lysate 

 

 Cells (90-95% confluent) were washed two times with cold 1X PBS and harvested in 1X 

PBS from cell culture flasks, using a cell scarper into 15 mL tubes. The cell pellet was obtained 

by centrifugation for 3 minutes at 360 x g. The supernatant (1X PBS) was aspirated and the cell 

pellet was resuspended in cold lysis buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 mM EDTA 

and 0.5% (v/v) NP-40), containing protease and phosphatase inhibitors (Roche), followed by an 

incubation on ice for 10 minutes and sonication at a power of 2, three times for 10 seconds each 

time, with 30-second intervals on ice between sonication cycles (Khan, 2013). Protease and 

phosphatase inhibitors were used only when ready to lyse the cells. The components of these 

inhibitors are listed in Table 3.  The cell lysate was centrifuged at 13,000 x g at 4°C, and the 

supernatant was kept while the pellet was discarded. The protein concentration of the total cellular 

lysate (supernatant) was quantified as per the manufacturer’s instructions using the Pierce BCA 

Protein Assay Kit (Thermo Scientific) and BSA as a standard. Once quantified, the total cellular 

lysates were stored at -20°C. 
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Table 3. Components of protease and phosphatase inhibitors from Roche. 

Inhibitor Components 

Protease inhibitor 1.4-(2-Aminoethyl) benzenesulfonyl Fluoride 

Hydrochloride. 2. 2-Pyrrolidinone, 1-etenyl-, 

homopolymer. 3.  N-Acetyl-L-leucyl-L-

leucyl-L-arginial hemisulfate salt, and 4. 

Aprotinin Trypsin inhibitor 

Phosphatase inhibitor  1. 2-Pyrrolidinone, 1-etenyl-, homopolymer. 2. 

1-O-n-Dodecyl-beta-D-glucopyranosyl(1-4)-

alpha-D-glucopyranosid. 3. Okadaic acid. 4. 

4,7-Epoxyisobenzofuran-1,3-dione, 

hexahydro-3a,7a-dimethyl-, (3ar,4S,7R,7as)  

 

3.4.2 Histone extraction 

 

Serum starved MDA-MB-231 cells were treated with or without TNFα at 0, 30, 60 and 120 

min. Cells were harvested and stored at -80°C or resuspended in 1-5 mL of NP-40 buffer (10 mM 

Tris-HCl, pH 7.6, 150 mM NaCl, 1.5 mM MgCl2 and 0.1% (v/v) NP-40) supplemented with 

protease and phosphatase inhibitors. Resuspended cells were homogenized 10 times, with a Teflon 

homogenizer. The homogenized sample was transferred into a 15 mL tube. The cell suspension 

was passed through a syringe with a 22-gauge needle 5 times, cells were then centrifuged at 4000 
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x g for 4 minutes. The supernatant was discarded, and the pellet containing the nuclei was 

resuspended in 1 mL of RSB buffer (10 mM Tris-HCl, pH 7.4, 3 mM MgCl2 and 10 mM NaCl) 

supplemented with protease and phosphatase inhibitors. Four normal (4N) H2SO4 was added to 

the solution, to a final concentration of 0.4 N. Samples were left on ice for 1 hour, after which they 

were spun down at 20,000 x g for 20 minutes at 4°C. The pellet was kept and washed 1 time with 

1 mL of acetone/HCl (5 mL HCl for every 1 mL acetone). The pellet was then washed again in 1 

mL of acetone for 5 times. Samples were spun down, and the pellet was air dried overnight. The 

next day, the air-dried pellet (histones) was resuspended in 40 uL of ddH2O. Histones were the 

quantified using the Pierce BCA Protein Assay Kit and BSA as a standard, as per the 

manufacturer’s instructions. 

3.4.3 SDS-PAGE and western blotting 

 

Protein samples were reduced and denatured by the addition of the reducing sodium 

dodecyl sulfate (SDS) loading buffer (62.5 mM Tris-HCl pH 6.8, 25% glycerol, 2% SDS (w/v), 

0.01% bromophenol blue (w/v) and 5% β-mercapthoethanol). Once SDS loading buffer was added, 

samples were boiled for approximately 5-10 minutes prior to loading onto a polyacrylamide gel. 

The polyacrylamide gel percentage (10%, 12% or 15%) was chosen depending on the size of the 

target protein. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was run 

at 150V for 1-1.5 hour. Using the Trans-Blot Turbo Transfer System (Bio-Rad), as per 

manufacturer’s instructions, the proteins were transferred from the polyacrylamide gel to a 0.45 

µm nitrocellulose membrane (Bio-Rad). To test the efficacy of the transfer, the membrane was 

stained with Ponceau S (0.5% Ponceau S and 5% acetic acid) for 5 minutes. The stained membrane 

was washed with ddH2O for 2 minutes and then baked at 65°C for 15 minutes. Antibody 

manufacturers sometimes specify the blocking buffer to be used. Therefore, depending on the 
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antibody manufacturer’s instructions, the baked membrane was blocked with 5% (w/v) skim milk 

powder or 5% (w/v) BSA in 0.1% (v/v) TBST (50 mM Tris-HCl pH 7.6, 150 mM NaCl and 0.1% 

Tween-20) at room temperature for 1 hour on a rocking platform (VWR, Model 200). After 

blocking, the membrane was incubated with a primary antibody at an optimized dilution in 5% 

skim milk or 5% (w/v) BSA in 0.1% (v/v) TBST. The primary antibody incubatio n was usually 

done overnight at 4°C on a rotator (Boekel Scientific, Model 260200). Alternatively, the primary 

antibody incubation can also be performed for 3 hours at room temperature. The membrane was 

then washed three times (10 minutes per wash) at room temperature with 0.1% TBST on a rocking 

platform. The membrane was then incubated for 1 hour at room temperature with the appropriate 

horseradish peroxidase-conjugated anti-IgG secondary antibody diluted in 5% (w/v) skim milk or 

BSA. After secondary antibody incubation, the membrane was washed three times (10 minutes per 

wash) at room temperature with 0.1% TBST on the rocking platform. Lastly, the target protein on 

the membrane was visualized with Western Lighting Plus-ECL (Perkin Elmer) on Hyperfilm ECL 

(Amersham) or on a ChemiDoc (Bio-Rad) as per the manufacturers’ instructions. 

3.4.4 Quantitative western blotting to determine optimal protein concentration 

 

 Optimizing protein and antibody concentration reduces background noise due to non-

specific binding and significantly reduces cost. Subsequently, an antibody saturation curve helps 

to produce interpretable western and dot blots. An antibody saturation curve was done for all 

antibodies used in the experiment. In brief, varying concentrations (ug) of protein were loaded in 

a 12% or 15% polyacrylamide gel, depending on the size of the target protein. The SDS-PAGE 

was then run and transferred to a nitrocellulose membrane, as described in section 3.4.3. The target 

protein on the membrane was visualized with Western Lighting Plus-ECL on the FluorChem HD2 

(Alpha Innotech) or Image Lab Software (ChemiDoc, Bio-Rad) and the optical intensity of each 
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band was measured.  A graph of the protein concentration (x axis) against the optical density (y 

axis) was plotted (Fig. 8).  Sample concentrations should not exceed the saturation point, which is 

observed on the plotted graph. It is important not to visualize the target proteins on a Hyperfilm 

ECL, as a film’s linear dynamic range is very limited.  

 

 

Figure 8. Protein concentration standard curve using Santa Cruz H3S10ph (8656-X) 

antibody. 

 

3.5 RNA isolation and real time RT-qPCR analysis 

 

3.5.1 RNA Isolation and Reverse Transcription Polymerase Chain Reaction (RT-PCR) 

 

Total RNA was extracted from MDA-MB-231 cells treated with or without TNFα, with or 

without H89 or Rp-cAMPs using the RNeasy Plus Mini Kit (Qiagen) as per the manufacture r’s 

instructions. Briefly, once cells were 90% confluent, they were harvested and disrupted in the 

supplied RLT buffer. Followed by a quick spin through a QIA shredder for 2 minutes at the 
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maximum speed of the microcentrifuge (42,000 x g). The supernatant fluid was then mixed with 

70% ethanol and further taken to run through a RNeasy spin mini-column, supplied in the kit. This 

step was repeated until all the solution was run through the column. Then the supplied binding 

buffer was added to the mini column followed by twice washing with supplied washing buffer. At 

the last step, the RNA was eluted with RNase-free H2O and stored in -80°C. The RNA 

concentration and purity based on the A260/A280 and A260/A230 ratio was measured by Nanodrop 

2000 (Thermo Fisher Scientific). Once RNA was isolated and purified, a DNase 1 treatment to 

remove any genomic DNA present in the sample was carried out using the Ambion Invitrogen 

DNA-free kit per manufacturer’s instructions. The cDNA synthesis was performed with iScript 

Reverse Transcription Supermix for RT-qPCR (Bio-Rad) as per the manufacturer’s instructions.  

 

3.5.2 cDNA Real Time Polymerase Chain Reaction (RT-qPCR) 

 

cDNA from RT-PCR was diluted 5X and RT-qPCR analyses were performed using the 

Bio-Rad CFX96 Real-Time PCR Detection System. The qPCR reactions were prepared in 96-well 

plates on ice. The reactions were prepared to a total volume of 20 µL by adding 10ul of the SYBR 

green master mix (Bio-Rad), 5 uL of RNase free water (Fisher Scientific), 1 uL of the forward 

primer, 1 uL of the reverse primer and 3ul of the 5X diluted cDNA. The primers used for cDNA 

RT-qPCR analyses are shown in Table 4. 

 

 

 

 



46 
 

Table 4  List of primers used for cDNA RT-qPCR analyses  

 

 

 

3.6 Chromatin Immunoprecipitation (ChIP) Assays 

 

3.6.1 Formaldehyde Crosslinking 

 

 TNFα treated or untreated MDA-MB-231 cells, with or without H89 were grown in a T-

75 cell culture flask to 90-100% confluency. Cells were harvested and resuspended in 1-5 mL of 

1X PBS with 1% (v/v) formaldehyde and incubated at room temperature for 10 minutes. Glycine 

(125 mM) was added and incubated at room temperature for 5 minutes to stop the cross-linking. 

The cross-linked cells were washed with 1xPBS and centrifuged at 6200 x g for 5 minutes. The 

cell pellets were either stored at -80°C or used immediately for ChIP. 

3.6.2 Chromatin immunoprecipitation 

 

 Following formaldehyde crosslinking, the cell pellet was resuspended in cell lysis buffer/ 

nuclei isolation buffer (10 mM PIPES pH 7.9 at 4°C, 2 mM MgCl2, 10 mM KCl and 0.5% (v/v) 

NP-40) supplemented with protease and phosphatase inhibitors. The cells were incubated for 20 

minutes at 4°C with rotation followed by centrifugation at 2000 x g for 5 minutes. The cell lysis 

Name Sequences 

36B4 (Forward) 5’-GATTGGCTACCCAACTGTTG-3’ 

36B4 (Reverse) 5’-CAGGGGCAGCAGCCACAAA-3’ 

FOS (Forward) 5’-ACTACCACTCACCCGCAAGAC-3’ 

FOS (Reverse) 5’-GTGGGAATGAAGTTGGACT-3’ 

JUN (Forward) 5’-CAGGTGGCACAGCTTAAACA-3’ 

JUN (Reverse) 5’-CCGACGGTCTCTCTTCAAAA-3’ 

IL6 (Forward) 5’-CCCTGACCCAACCACAAA-3’ 

IL6 (Reverse) 5’-GGACTGCAGGAACTCCTTAAA-3’ 

PTGS2 (Forward) 5’-ATCATCAGGCACAGGAGGAA-3’ 

PTGS2 (Reverse) 5’-TCCACCAACTTACAATGCTGA-3’ 
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step and centrifugation was repeated one more time for 10 minutes to obtain nuclei. A black dot 

surrounded by a minute bright circle when viewed under a microscope, is indicative of isolated 

nuclei (Fig. 9). The nuclear pellet was resuspended in 1-2 mL of MNase digestion buffer (10 mM 

Tris-HCl pH 7.5, 0.25 M sucrose and 75 mM NaCl) supplemented with protease and phosphatase 

inhibitors. The A260 reading of the resuspended nuclei was measured and the total A260 in solution 

was calculated, as mentioned in section 3.4.5. CaCl2 to a final concentration of 3 mM was added. 

The sample was warmed in a water bath at 37°C for 10 minutes. Then, MNase enzyme was added 

at a concentration of 2.5 U per 1 A260 and incubated at 37°C for 30 minutes. The reaction was 

stopped with the addition of EDTA pH 8.0 to a final concentration of 5 mM. The nuclei were then 

lysed by the addition of SDS to a final concentration of 0.5% and incubated with rotation for 1 

hour at room temperature. This was followed by centrifugation at 2000 x g for 5 minutes, and the 

supernatant was diluted 5-fold with RIPA buffer (10mM Tris-HCl pH 8.0, 1% (v/v) Triton-X-100, 

0.1% (w/v) SDS, 0.1% (w/v) SDC) supplemented with protease and phosphatase inhibitors. After 

DNA fragmentation, the nuclear lysate was pre-cleared with the addition of 60 µL Protein A/G 

Plus agarose beads (Santa Cruz) per 1 mL of lysate and incubated for 1 hour at 4°C with rotation. 

This pre-clearing step is optional and can be omitted if using magnetic Dynabeads for 

immunoprecipitation.  The beads were pelleted by centrifugation at 1000 x g for 3 minutes and the 

A260 of the lysate was measured, as described in section 3.4.5. The lysate was aliquoted to several 

1.5 mL microcentrifuge tubes (Eppendorf) containing 12 A260 per tube. Additionally, 1-2 A260 of 

lysate was also saved as input. H3S10ph (rabbit polyclonal antibody from Santa Cruz, sc-8656-X) 

or H3K27ac (rabbit monoclonal antibody from Abcam, ab177178) antibody was added to the 

lysate at 1:1 ratio (µg antibody: A260 of lysate). As a negative control, normal mouse IgG 

polyclonal antibody was added to the lysate at 1:1 ratio. Also, anti-H3 (rabbit polyclonal antibody 
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from Abcam, ab1791) was added to the lysate at 1:1 ratio, to assay for nucleosome density.  The 

antibody incubation was carried out overnight at 4°C with rotation. The following day, 7 µL of 

Dynabeads Protein G (Invitrogen) were added to each A260 of the lysate and incubated for 3 hours 

at 4°C with rotation. The beads were then washed twice with rotation at room temperature for 6 

minutes with 1 mL of each of the following buffers: Low Salt wash buffer (0.1% (w/v)  SDS, 1% 

(v/v) Triton-X-100, 2 mM EDTA, 20 mM Tris-pH 8.1 and 150 mM NaCl), High Salt wash buffer 

(0.1% (w/v) SDS, 1% (v/v) Triton-X- 100, 2 mM EDTA, 20 mM Tris-pH 8.1 and 500 mM NaCl), 

LiCl wash buffer (250 mM LiCl, 1% (v/v) NP-40, 1% (w/v) deoxycholate, 1 mM EDTA and 10 

mM Tris-HCl pH 8.1) and 1xTE buffer (10 mM Tris-HCl pH 7.5 and 1 mM EDTA). After washes, 

the antibody-chromatin complexes were eluted with the addition of 200 µL of elution buffer (1% 

(w/v) SDS and 100 mM NaHCO3) and incubated at room temperature for 30 minutes with rotation. 

The beads in elution buffer and the input sample were incubated overnight at 65°C to reverse the 

DNA-protein cross-links. The following day, the samples were treated with RNase A (0.02 µg/mL 

final concentration for 30 minutes at 37°C) and Proteinase K (0.5 µg/mL final concentration for 1 

hour at 55°C). The ChIP and input DNA were purified. 
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Figure 9. Nuclei isolated from MDA-MB-231 cells.  

A black dot surrounded by a minute bright circle is indicate of the nuclei. 

 

3.6.2.1 DNA Purification 

 

ChIP DNA was purified by using the QIAquick PCR Purification Kit as per the 

manufacturer’s instructions (Qiagen). The DNA was eluted with 50 µL of nuclease free water 

(Fisher Scientific). The DNA was then used for qPCR, agarose gel or bioanalyzer analyses. 

3.6.3 ChIP qPCR 

 

The qPCR analyses were performed using the Bio-Rad CFX96 Real-Time PCR Detection 

System. The qPCR reactions were prepared in 96-well plates on ice. The reactions were prepared 

to a total volume of 20 μL by adding 10 μL of the SYBR green master mix, 7 μL of RNase free 

water, 1 μL of the forward primer, 1 μL of the reverse primer and 1 μL of 0.5-1.0 ng of ChIP DNA. 

Nuclei 
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The primers used for qPCR analyses are shown in Table 2. Figure 10 and 11, show the amplicon 

location of -80 upstream promoter region of JUN upstream promoter region and IL6 enhancer 

region used in the ChIP qPCR. 

Table 5. List of primers used for ChIP-qPCR analyses 

 

Name Sequences Amplicon 

size (bp) 

-80 upstream promoter region of JUN (Forward) 5’-AATGGGAAGGCCTTGGG-3’ 75bp 

-80 upstream promoter region of JUN (Reverse) 5’-CCCGAGCTCAACACTTATCT-3’  

IL6 upstream promoter region (Forward) 5’-
GCCAAAGTGCTGAGTCACTAATA-

3’ 

96bp 

IL6 upstream promoter region (Reverse) 5’-GTGCAGCTTAGGTCGTCATT-3’  

IL6 Enhancer Region (Forward) 5’-
TCCTTCGCACAAGAAAGATAGAG-
3’ 

103bp 

IL6 Enhancer Region (Reverse) 5’-
CACATGGTAGAGTCCCAGTAAAC-

3’ 

 

FOS Enhancer Region(Forward) 5’-CACAACCCTTCACCACTAGA-3’ 101bp 

FOS Enhancer Region (Reverse) 5’-GTCTGTACCGCCTACGTAAATG-
3’ 

 

IER3 Enhancer Region 5’-GGGAGGAGGAGTTAGAAGGA-
3’ 

89bp 

IER3 Enhancer Region 5’-GGAGTGTAAGGCCAAGTGAG-3’  
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JUN gene 

Figure 10. Primer location of -80 JUN upstream promoter region.  

Primer location of -80 JUN upstream promoter region, showing amplicon in region enriched for FOSL2 and 

JUN, members of the AP-1 factor known to recruit MSK. The red box shows the exact location of the amplicon 

in ENCODE. 
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Figure 11. Primer location of IL6 enhancer region 

Location of putative IL6 enhancer identified by Dr. Wayne Xu based on ChIP-Seq data from GEO 

on MBA-MB-231 cells (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM1204474).  

 

 

3.6.4 ChIP Optimization Steps 

 

 The success of any ChIP assay is dependent, on the quality of the antibody used, as well as 

proper optimization of conditions. An antibody of good quality should be specific and efficient in 

the immunoprecipitation of a specific protein (Spencer and Davie, 2002). 

 

3.6.4.1 Determining the specificity of an antibody for its target antigen 

 

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM1204474
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Antibody specificity is very crucial, as many commercially available antibodies can bind 

to non-target protein substrates more efficiently than target proteins. To test for antibody 

specificity, a dot blot and western blot assay were carried out. In brief for dot blot assay, 0.01-0.4 

ug of commercially available peptides (H3 unmodified, H3S10ph, H3K27ac, H3S28ph etc.) were 

spotted on a nitrocellulose membrane and baked in a 65°C incubator for 15 minutes. The 

membrane was then blocked in 5% (w/v) skim milk powder or 5% (w/v) BSA in 0.1% (v/v) TBST 

(50 mM Tris-HCl pH 7.6, 150 mM NaCl and 0.1% (v/v) Tween-20) at room temperature for 1 

hour on a rocking platform (VWR, Model 200), depending on the antibody used, followed by 

incubation with the appropriate primary and secondary antibodies. Ultimately, the target protein 

on the membrane was visualized with Western Lighting Plus-ECL on Hyperfilm ECL in 

accordance with manufacturers’ instructions. A specific antibody will bind only its target protein.  

Antibody occlusion is a phenomenon defined as the failure of an antibody to recognize its 

epitope resulting from a negative impact of densely distributed multiple modifications (Sawicka 

and Seiser 2012). Using an antibody that is epitope occluded does not give a full representation of 

the true events happening in the nucleus. For instance, H3K27ac and H3S28ph have been shown 

to occur together in 10T1/2 cells (D.H Khan et al. 20117), if an H3S28ph ab that was occluded for 

the dual mark H3S28ph/H3K27ac is used, we only get results for the single PTM and not the dual 

PTMs.  Antibody occlusion was tested for all antibodies used with a dot blot assay (Fig. 12). Once 

an antibody showed specificity and no occlusion from dot and western blot assays, it can then be 

tested under ChIP conditions. 
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Figure 12. Dot blot assay.  

Test for H3S10ph antibody specificity and epitope occlusion. The antibody identified all its 

epitope, hence had no epitope occlusion. 

 

3.6.4.2 Determining the efficiency of an antibody to immunoprecipitate its target antigen (IP 

under ChIP conditions) 

 

Following 5-fold dilution with RIPA of the ChIP lysate and A260 quantification (as 

described in section 3.6.2), 12 A260 of total ChIP lysate was aliquoted into 1.5 mL microcentrifuge 

tubes. Also, 0.6 A260 of ChIP lysate was kept as input. Twelve µg of antibody was then added to 

an aliquot of the ChIP lysate. As described in section 3.6.2, antibody incubation was performed 

Santa Cruz: H3S10ph. 8656-X   
PEPTIDES: 0.4ug 

1. H3 unmodified 
2. H3K9ac 
3. H3K9ac/S10ph 

4. H3K14ac/S10ph 
5. H3K9me3/S10ph 

6. H3S10ph 
7. H3K14/K9ac/S10ph 
8. H3K14ac 
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overnight and magnetic beads were added the following day. After the 3-hour incubation with 

magnetic beads, an aliquot of the immunodepleted (ID) fractions was kept (equal in volume to the 

input that was kept earlier in the protocol). Followed by washes with Low Salt wash buffer, High 

Salt wash buffer, LiCl wash buffer and 1xTE buffer, SDS-PAGE loading buffer was added to the 

washed magnetic Dynabeads-antibody complex and to the input and ID fractions. Samples were 

boiled for 10 minutes and loaded onto a polyacrylamide gel. After western blotting, the intens ity 

of the immunoprecipitated and immunodepleted bands were compared to the input band. A 50% 

enrichment in immunoprecipitated sample, by comparing the intensity of the input versus the 

immunodepleted, indicated that the antibody was suitable for ChIP. If no enrichment of H3S10ph 

or H3K27ac was detected compared to the input lane or if the immunoprecipitated lanes were 

clear, this was an indication that the antibody was not suitable for ChIP and such antibody was not 

used (Fig. 13). 
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Figure 13. Immunoprecipitation efficiency. 

A. Immunoprecipitation with H3K27ac ab showing enrichment for H3K27ac. The red box 

indicates H3K27ac mark observed at approximately 17kDa. An 80% enrichment in 

immunoprecipitated was observed by calculating the optical intensity of input versus the 

immunodepleted (ID) on a Bio-Rad Chemidoc. This antibody is suitable for ChIP. B. 

Immunoprecipitation of H3S10ph ab showing no enrichment for H3S10ph. The red box indicates 

H3S10ph mark observed at approximately 17kDa. IP represents immunoprecipitated sample, 

while ID represents immunodepleted samples 

 

3.6.4.3. MNase Digestion 

 

  After cellular lysing and pelleting of the nuclei, the nuclear pellet was resuspended in the 

MNase digestion buffer and the A260 absorbance was measured, see section 3.4.5. By quantifying 

the total A260, it was possible to calculate the amount of MNase enzyme required at a concentration 

of 2.5 U/A260.  MNase (2.5 U) per A260 of nuclear suspension was added to the sample, and equal 

aliquots were taken for 10, 20, 30, 40 and 50-minute time points. The tubes were then incubated 

at 37°C. At each time point, the reaction was stopped with the addition of EDTA (5 mM final 
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concentration) followed by the addition of SDS (0.5% final concentration). Nuclear lysis by SDS 

was performed at room temperature for 1-2 hours with rotation. This was followed by overnight 

65°C incubation to reverse the DNA to protein cross-links followed by RNase A (30 minutes at 

37°C) and Proteinase K (1 hour at 55°C) treatments the following day. The DNA for each time 

point was purified using the PCR purification kit (Qiagen) and analyzed on an agarose gel or the 

bioanalyzer (Fig. 15). It is important to choose a specific MNase digestion time point that yields 

the highest amount of mononucleosomes compared to polynucleosomes. The use of a bioanalyzer 

provides fragment sizing, quantitation and purity assessment of the DNA by capillary 

electrophoresis. 
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Figure 14. MNase optimisation 

 A. DNA of MNase digested MDA-MB-231 cells run on an agarose gel. B. Bioanalysis of DNA 

of MNase digested MDA-MB-231 on a bioanalyzer, showing the amount of mononucleosome, 

dinucleosome and trinucleosome fragments. 
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3.6.4.3.1 Agarose gels 

 

One % agarose gel was prepared by dissolving 0.5 g of agarose (Invitrogen) in 50 mL of 

1X TBE buffer (100 mM Tris base, 100 mM boric acid and 2 mM EDTA pH 8.0) and heated in 

the microwave for 1-2 minutes. The heated agarose was left to cool and 1xGelStar nucleic acid 

stain (Lonza) was added to the liquid agarose. The agarose gel was cast and left to solidify. The 

1xTBE buffer was used as a running buffer for the agarose gel electrophoresis. A DNA loading 

buffer was added to each sample before loading them on the gel. The gel was run at 150V. Once 

the samples had reached three quarters of the GEL, the voltage was turned off and the gel was 

viewed using the FluorChem HD2 software (Alpha-Innotech). 
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CHAPTER FOUR 

4.0 Results 

 

4.1 Synchronization of MDA-MB-231 cells to G0/G1 cell cycle phase 

 

 Cell synchronization is the process of bringing cells at different stages of the cell cycle in 

a culture medium to the same phase. As previously mentioned in section 1.6, H3S10ph and 

H3S28ph occur minimally in interphasic cells, while majority of these phosphorylated PTMs are 

in mitotic cells. This study is interested in interphasic H3 serine phosphorylation responsible for 

immediate early gene expression (Barratt et al., 1994). It is therefore crucial to ensure that cells 

are arrested at the G0/G1 phase of the cell cycle to eliminate any misreads of results. 

 MDA-MB-231 cells were grown to 90-100% confluency in a cell culture flask and a flow 

cytometric analysis was performed. Various serum starvation conditions were assayed for (Fig. 

15A); however, a five-day serum starvation was the optimal condition as 80% of cells were at G1 

phase of the cell cycle (Fig. 15B). 
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Figure 15. Flow cytometric analysis of serum starved MDA-MB-231 cells 

A. (Left to right) Flow cytometric analyses were carried out on MDA-MB-231 cycling cells, 24 

hours on cultured cells in L-15 medium without FBS and 72 hours on cultured cells in L-15 

medium without FBS. B. (Left to right) Flow cytometric analyses were carried out on MDA-MB-

231 cycling cells, and 5 days after serum starving cells in 10% charcoal stripped FBS for 2days 

and 3% charcoal stripped FBS for 3days.  Flow cytometric analyses were carried out by Monroe 

Chan of the ReGen Flow Laboratory. 

Debris 
Aggregate 

G0/G1 
G2/M 
S 

 

MDA -MB-231 Cycling cells 
G0/G1: 53.10 % at 50.44  

G2/M: 16.99 % at 94.08 
S: 29.91 % G2/G1: 1.87 

MDA -MB-231 0% FBS 24h 

G0/G1: 45.18 % at 49.07 

G2/M: 12.65 % at 86.04 
S: 42.16 % G2/G1: 1.75 

MDA-MB-231 0% FBS 7hrs 
G0/G1: 57.86 % at 50.26 

G2/M: 11.49 % at 95.25 
S: 30.66 % G2/G1: 1.89 

MDA-MB-231 Cycling cells 
G0/G1: 51.31 % at 49.98 

G2/M: 16.08 % at 90.70 
S: 32.61 %   G2/G1: 1.81  

MDA-231, 3days 10% CS-FBS+ 2days 3% CS-FBS 
G0/G1: 81.47 % at 50.58 

G2/M: 1.02 % at 96.11 

S: 17.51 %   G2/G1: 1.90 

A. 

B. 
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4.2 TNFα induced the nucleosomal response via the ERK1/2 and p38 MAPK pathways in 

MDA-MB-231 cells 

 

 To show that the nucleosomal response is activated, serum starved MDA-MB-231 

cells were stimulated with TNFα for various lengths of time. Histone extracts were then prepared. 

The histones were resolved on a 15% SDS-PAGE, followed by western blot analysis with anti-

H3S10ph and anti-H3S28ph antibodies, using anti-H3 as control. Results demonstrate that 

H3S10ph and H3S28ph are rapidly and transiently phosphorylated, although it appears that 

H3S10ph levels are greater than H3S28ph (Fig. 16).  

 A rapid increase in the phosphorylation of H3S10 would show activation of the 

nucleosome response pathway. To demonstrate that TNFα induction activates the ERK1/2 and/or 

p38 MAPK pathways, total cell lysates from serum starved MDA-MB-231 cells stimulated with 

TNFα for various lengths of time were prepared. The lysates were resolved by 10% SDS-PAGE, 

followed by western blot analysis with anti-pERK1/2 and anti-pp38 antibodies, with anti-ERK1/2 

and anti-p38 as controls. Results demonstrate that ERK1/2 and p38 pathways are activated 

following TNFα stimulation (Fig. 16). 
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Figure 16.  TNFα stimulation correlates with the induction of the nucleosomal response 

Serum starved MDA-MB-231 cells were stimulated with TNFα for the indicated lengths of time. 

Top four panels: Western blots of total cellular proteins showing the relative protein levels of 

phosphorylated MAP kinases (ERK1/2 and p38). Bottom three panels: Western blots of histone 

extracts showing the relative protein levels of phosphorylated H3. Last panel: core histones of the 

same samples stained by Ponceau. 
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4.3 TNFα induced transcriptional response in MDA-MB-231 cells 

 

4.3.1 Immediate early genes are amongst the strongest induced genes following TNF 

inductions 

 To our knowledge, the transcriptional program of TNBC induced by TNFα has not 

been investigated. Thus, serum starved MDA-MB-231 cells were treated with 20 ng/ml TNFα at 

0, 30, 60, 120 minutes, and total RNA from these samples were isolated using the RNeasy Plus 

Mini Kit (Qiagen) as per the manufacturer’s instructions. Ribosomal RNA was then removed from 

the isolated RNA using the RiboMinus™ Eukaryote Kit v2. By using this protocol, we capture 

nuclear and cytoplasmic, coding and non-coding RNA. The resulting RNA was then processed for 

RNA-Seq with the Illumina TruSeq Stranded mRNA Library Prep Kit. During the cDNA library 

construction, the Ambion ERCC Spike-In control mix 1 was added to standardize the RNA 

preparations. Library preparation was done by Aleksander Ilic of the Next Generation Sequencing 

Platform and bioinformatics analyses were done by Dr. Wayne Xu.  

 TNFα induced 905 genes out of the 28,375 genes found in the human genome and the 

top induced genes were genes involved in innate immunity and inflammation, followed by 

immediate early genes (Table. 6).  
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Table 6. Top genes induced by TNFα with a fold change greater than 2.0 at 30 minutes. 

 

 

        

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Inflammation and Innate immunity Immediate early genes 

EDN2 FOSB 

SLP1 FOS 

TNFAIP3 JUNB 

PTGS2 JUN 

TNFRSF11B EGR1 

IL6 EGR2 

CXCL3 EGR3 

CXCL8 EGR4 

CXCL1 IER1 

CSF2 IER2 

NFKIB IER3 



66 
 

4.3.2 Validation of immediate early genes identified from RNA-Seq data 

 

 From RNA-Seq data, TNFα induced genes that had the greatest level of induction at 

30 and 60 minutes, with roles in tumorigenesis and metastasis were prioritized. The genes selected 

were: FOS, JUN, immediate early response 3 (IER3) and IL6 (Fig. 17). Subsequently, these genes 

were validated by real time RT-qPCR in TNFα-induced MDA-MB-231 cells.  As expected, the 

mRNA expression for these genes followed the same trend as those observed by RNA-Seq track 

maps (Fig. 18). 

 

Figure 17. Heat map of TNFα induced MDA-MB-231. 

MDA-MB-231 cells were rendered quiescent by serum starvation for five days and then stimulated 

with TNFα for 30, 60 and 120 minutes. Results from the RNA-seq analyses are presented as a heat 

IER3 
JUN 

TNF-120         TNF-60             TNF-30             0 (min) 

FOS 
Il6 
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map diagram illustrating average log2 ratios for genes that were induced greater than 1.5-fold by 

TNFα. Indicated on the heat map is the location of FOS, JUN, IER3 and IL6. This figure was 

provided by Dr. Wayne Xu. 
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Figure 18. Track maps for selected immediate early genes and RNA-Seq validation. 

A1, B1, C1 and D1. Quantitative real-time RT-PCR analyses of serum starved MDA-MB-231 

cells stimulated with TNFα, showing the mRNA expression levels of FOS, IL6, IER3 and JUN at 
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various lengths of time. Fold change values, normalized to 36B4 levels in untreated and treated 

samples and to time 0 values. A2, B2, C2 and D2. FOS, IL6, IER3 and JUN track maps generated 

from RNA-Seq of serum starved MDA-MB-231 cells stimulated with TNFα, showing the temporal 

expression of transcripts at various lengths of time. The track maps were provided by Dr. Wayne 

Xu. The peak reads were normalized manually and calculated as follows: 

 
𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑟𝑒𝑎𝑑

𝑡𝑜𝑡𝑎𝑙  𝑟𝑒𝑎𝑑𝑠
 = Factor 

Normalized reads = Factor x specific read 

  

4.4 MSK mediated TNF induction of immediate early genes 

 

4.4.1 MSK inhibitor H89 attenuated TNF induced genes 

 

 In mouse fibroblast cells, treatment of cells with MSK inhibitor H89 prevented the 

EGF- or TPA-induced recruitment of MSK 1 and 2, 14-3-3 proteins and SWI/SNF to the upstream 

promoter region  and enhancer of immediate early genes, preventing their initiation (Drobic et al., 

2010; Pérez-Cadahía et al., 2011). Thus, the role of MSK in the TNFα-induced gene program was 

examined using the MSK inhibitor H89.  Cells were serum starved and treated with or without 

H89 30 minutes prior to TNFα treatment. Quantitative real-time RT-PCR analyses of these cells 

were then performed and bar charts of the mRNA expression levels of FOS, JUN, IL6 and IER3 

were plotted.  Results demonstrated that H89 attenuated mRNA levels of FOS, JUN and IL6 but 

not IER3 (Fig. 19).  
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Figure 19. mRNA expression of FOS, JUN, IL6 and IER3 genes with or without H89 

Serum-starved MDA-MB-231 cells were pre-treated or not with H89 prior to TNFα stimula t ion 

for 0, 15, 30, 60 or 120min. Total RNA was isolated and quantified by real time RT-PCR. Fold 

change values, normalized to 36B4 levels in untreated and treated samples and to time 0 values 

are the mean of three independent experiments, and the error bars represent the standard error of 

mean. ** = P<0.01, * = P<0.05. 
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4.4.2 PKA inhibitor Rp-cAMPs does not attenuate TNF induced genes 

 

 Although H89 is a potent MSK inhibitor, it was originally marketed as a PKA inhib itor 

(Lochner and Moolman, 2006). Thus, to control for PKA, the PKA inhibitor Rp-cAMPs, which 

does not inhibit MSK, was used (Thomson et al., 1999). Cells were treated or not treated with 100 

nM of Rp-cAMPs 1 hour prior to TNFα treatment as described by (Drobic et al., 2010),  and 

quantitative real-time RT-PCR analyses of these cells were performed. Subsequently bar charts of 

the mRNA expression levels of JUN and IL6 were plotted.  Results demonstrated that Rp-cAMPs 

does not attenuate IL6 and JUN, except at 120 minutes. 

 

       

Figure 20. mRNA expression of IL6 and JUN genes with or without PKA inhibitor Rp-

cAMPs 

Serum-starved MDA-MB-231 cells were pre-treated or not with Rp-cAMPs prior to TNFα 

stimulation for 0, 15, 30, 60 or 120 min. Total RNA was isolated and quantified by real time RT-

PCR. Fold change values, normalized to 36B4 levels in untreated and treated samples and to time 
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0 values are the mean of two independent experiments and the error bars represent the standard 

deviation. 

 

4.5 TNFα induced H3S10ph at the upstream promoter regulatory of TNFα induced genes 

 

 High-resolution ChIP assay was used to determine the levels of H3S10ph at the upstream 

promoter region of selected TNFα induced genes. Following stimulation of serum starved MDA-

MB-231 cells with TNFα for 0 and 30 minutes, nuclei from formaldehyde crosslinked cells were 

isolated, and the chromatin was processed to mononucleosome length with micrococcal nuclease 

Antibodies against H3S10ph were used to immunoprecipitate the crosslinked mononucleosomes, 

ChIP DNA was then isolated and purified after a series of washes, and ChIP qPCR was performed 

(see section 3.6). Amplicons were selected on ENCODE based on regions enriched for 

transcription factors such as AP-1 (FOS and JUN families), which are known to recruit MSK (Fig. 

21).  H3S10ph is present at the upstream promoter region of the JUN and IL6 genes, and are 

enriched only in TNFα stimulated cells (Fig. 21 and 22). 
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Figure 21. Levels of H3S10ph at the upstream promoter region of JUN. 

A.  Amplicon location, showing regions enriched for FOSL1 and JUND. The red box shows the 

exact location of the amplicon in ENCODE. B. H3S10ph ChIP assays in uninduced and induced 

MDA-MB-231 cells at the upstream promoter region (UPR) of JUN gene. Serum-starved MDA-

MB-231 cells were treated or not treated with TNFα for 30 min. Formaldehyde crosslinked 

mononucleosomes were prepared and used in ChIP assays with antibodies against H3S10ph. Equal 
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amounts of input and immunoprecipitated DNAs were quantified by real-time quantitative PCR. 

Fold change values, normalized to input level, and then two to the power of the calculated value 

was used (2n). Exon represents the negative control region were H3S10ph is not enriched. Bar 

charts are the mean of two independent experiments with the values 2.07 and 2.68 respectively. 

The error bars represent the standard deviation. 

 

          

   

 

         

Figure 22. Levels of H3S10ph at the upstream promoter region of IL6 

A: Schematic representation of the highly conserved IL-6 promoter region with indication of the 

various embedded transcription factor and restriction enzyme motifs reproduced with permission 

from (Ndlovu et al., 2009). B: H3S10ph ChIP assays in uninduced and induced MDA-MB-231 

cells at the upstream promoter region (UPR) of IL6 gene. Serum-starved MDA-MB-231 cells were 
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treated or not treated with TNFα for 30 min. Formaldehyde crosslinked mononucleosomes were 

prepared and used in ChIP assays with antibodies against H3S10ph. Equal amounts of input and 

immunoprecipitated DNAs were quantified by real-time quantitative PCR. Fold change values, 

normalized to input level, and then two to the power of the calculated value was used (2n). Exon 

4 represents the negative control region were H3S10ph is not enriched. Bar charts are the mean of 

two independent experiments with the values 5.4 and 4.82 respectively. The error bars represent 

the standard deviation. 

 

4.6 TNFα induced H3K27ac at the upstream promoter and enhancer region of IL6 

 

 As previously stated, H3K27ac is present at active upstream promoter regions and at active 

enhancers (Heintzman et al., 2009). Thus, to determine the levels of H3K27ac at the upstream 

promoter region and putative enhancers of immediate early genes, a candidate approach, using 

high-resolution ChIP assays was performed. IL6, a known pro-tumorigenic cytokine involved in 

metastasis of a variety of cancers including TNBCs (Ndlovu et al., 2009; Erez et al., 2013), was 

selected as a candidate gene.  Following stimulation of serum starved MDA-MB-231 cells with 

TNFα for 0 and 30 minutes, nuclei from formaldehyde crosslinked cells were isolated, and the 

chromatin was processed to mononucleosome length with micrococcal nuclease Antibodies 

against H3K27ac were used to immunoprecipitate the crosslinked mononucleosomes, ChIP DNA 

was then isolated and purified after series of washes and a ChIP qPCR was performed (see section 

3.6).  Amplicon was selected based on H3K27ac ChIP-Seq data from GEO on MBA-MB-231 cells 

(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM1204474). Interestingly H3K27ac was 

not enriched at the upstream promoter region of IL6 but was enriched at a putative enhancer region 

of the gene (Fig 23 and 24).  

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM1204474
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Figure 23. Levels of H3K27ac at the upstream promoter region of IL6 

A: Amplicon location, showing regions enriched for H3K27ac on ENCODE. The red box shows 

the exact location of the amplicon. B: H3K27ac ChIP assays in uninduced and induced MDA-MB-

231 cells at the upstream promoter region (UPR) of IL6 gene. Serum-starved MDA-MB-231 cells 

were treated or not treated with TNFα for 30 min. Formaldehyde crosslinked mononucleosomes 
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were prepared and used in ChIP assays with antibodies against H3K27ac. Equal amounts of input 

and immunoprecipitated DNAs were quantified by real-time quantitative PCR. Fold change 

values, normalized to input level, and then two to the power of the calculated value was used (2n). 

IgG represents the negative control pull down using normal rabbit IgG and not H3S10ph antibody. 

Bar charts are the mean of two independent experiments and the error bars represent the standard 

deviation. 
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Figure 24. Levels of H3K27ac at a putative enhancer region of IL6 gene 

A: Amplicon location, showing regions enriched with H3K27ac mark on ENCODE. B:  H3K27ac 

ChIP assays in uninduced and induced MDA-MB-231 cells at IL6 gene. Serum-starved MDA-

MB-231 cells were treated or not treated with TNFα for 30 min. Formaldehyde crosslinked 
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mononucleosomes were prepared and used in ChIP assays with antibodies against H3K27ac. Equal 

amounts of input and immunoprecipitated DNAs were quantified by real-time quantitative PCR. 

Fold change values, normalized to input level, and then two to the power of the calculated value 

(2n), are the mean of two independent experiments (5.84 and 4.89). The error bars represent the 

standard deviation. 

 

 

 

4.7 Dynamic levels of H3K27ac at a putative enhancer region of IL6 

 

 Khan et al. 2017 concluded that H3K27ac directs MSK1/2 to phosphorylate H3S28. Thus, 

to determine if the TNFα induced H3K27ac is MSK sensitive in MDA-MB-231 cells, a ChIP assay 

on serum starved cells treated with TNFα, with or without the MSK inhibitor H89 at various 

lengths of time, at the putative enhancer region of IL6 was performed. Figure 27 demonstrated that 

the levels of H3K27ac varied at different time points with the greatest induction observed at 60-

minute time point. Furthermore, H89 attenuated the induction of H3K27ac. 
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Figure 25. TNFα-induced H3K27ac at a putative enhancer region of IL6 

A. Schematic representation of IL6 gene showing the region amplified in the ChIP assay. B. 

ChIP experiments were performed using antibodies against H3K27ac on formaldehyde -

crosslinked mononucleosomes prepared from serum starved MDA-MB-231 cells treated 

or not with H89 prior to induction with TNFα for 0, 15, 30, 60 and 120 minutes. Equal 

amounts of input and immunoprecipitated DNA were quantified by real-time quantitat ive 

PCR. The bar chart represents the mean of two independent experiments and the error bar 

represents standard deviation. 
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CHAPTER FIVE 

 

 DISCUSSION 

 

The TNFα induced transcriptional program in MDA-MB-231 cells resulted in the induction 

several genes involved in innate immunity and inflammation, as well as several immediate early 

genes with known roles in tumorigenesis and metastasis. Subsequently, the induction of these 

genes was attenuated by the MSK inhibitor H89. Furthermore, the regulatory regions of selected 

immediate early genes showed an increase in the levels of H3S10ph and H3K27ac following TNFα 

stimulation of cells. Together, these results suggest that the MSK-mediated nucleosomal response 

pathway, plays a role in the transcriptional program induced by TNFα in MDA-MB-231 cells. 

5.1 TNFα induced transcriptional response in MDA-MB-231 cells 

The RNA-seq data revealed that of the 28,375 genes in the human genome, 905 genes were 

induced by TNFα with a fold change greater than 2.0 at 30 minutes in MDA-MB-231 cells. The 

strongest induced genes involved genes with roles in epithelial to mesenchymal transition, such 

as: IGFB4, SOX10, MMP15, IL6 and SNAI1 and immediate early genes such as, FOSB, FOS, 

JUNB, JUN, IER1-3, EGR1-4 and. This TNFα induced transcriptional response, suggests that 

patients with mesenchymal stem like subtype of TNBC may benefit from agents that preferentia l ly 

target immediate early genes, as well as pathways involved in epithelial to mesenchymal transition. 

However, further validations will need to be done to determine if this signature is ‘prognostic’ or 

‘predictive’.  

A gene signature should be specific in terms of diagnosis, prognosis or prediction and this 

specificity should be validated in independent groups of tumors. Subsequently, the signature must 

be clinically validated to test for correlation with event free survival of patients (Chibon, 2013) 
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(Fig. 26). Studies with TNBC patient tumors (clinical samples) as well as other TNBC cell lines 

would be conclusive in demonstrating whether this signature is ‘prognostic’ or ‘predictive’ for 

patients.  

The TNF-induced genes FOS, JUN, IER3 and IL6 were prioritized from RNA-Seq data. 

Furthermore, validation studies by RT-qPCR of these selected genes correlated with RNA-Seq 

data, as the same pattern of induction of genes was observed in both data (Fig. 18). FOS is not 

functional as an independent transcription factor and must heterodimerize with members of the 

JUN family to form the transcription factor AP-1. FOS promotes tumor initiation through the 

down-regulation of tumor suppressor genes through the induction of DNA methylation and it  

directly regulates several genes involved in tumor invasion such as MMP1, 3 and 9 (Healy, Khan 

and Davie, 2012). In SKBR3 (HER2 positive breast cancer cell line) cells, JUN was shown to 

upregulate vascular endothelial growth factor and CD44 involved in metastasis (Zhang et al., 

2007).  IL6  has been shown to promote repression of E-Cadherin and overexpression of vimentin, 

N-cadherin and Snail, which are phenotypes of epithelial to mesenchymal transition (Dethlefsen, 

Højfeldt and Hojman, 2013). IER3 promoted colony formation of NIH 3T3 cells in soft agar assays 

and it was shown to have higher expression levels in invasive ductal carcinoma compared with 

normal samples (Yang, 2006). 
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Figure 26. Approaches leading to clinical validation. 

The workflow to clinical validation demonstrating the three steps required. These include : 

signature identification (training set), signature validation (validation set) and finally the clinica l 

validation. Based on (Chibon, 2013). 
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5.2 TNFα induced nucleosomal response and MSK-mediated induction of immediate early 

genes in MDA-MB-231 cells. 

 

 TNFα stimulation induced a rapid yet transient increase in the levels of H3S10ph and 

H3S28ph, although the levels of H3S28ph appeared lower than H3S10ph.  Espino et al.  and others 

have shown that the mitogenic stimulation of human cells (MCF 7, Hela and pancreatic cells) 

resulted in the induction of H3S10ph and not H3S28ph (Espino et al., 2006, 2009). Western blot 

analyses suggest that the predominant H3 phosphorylation present in MDA-MB-231 cells is 

H3S10ph. The H3S28ph antibody was tested for epitope specificity under dot blot conditions, and 

it recognized the H3S28ph peptide at a concentration of 0.4 μg, suggesting that the antibody had 

no issues binding its target epitope. However, different antibodies have different binding affinit ies 

for their epitope. Therefore, it could be that the H3S10ph antibody has a greater binding affinity 

than the H3S28ph antibody. Mass spectrometric analysis could be used to quantify the levels of 

phosphorylated H3 in MDA-MB-231 cells. Nevertheless, the in-source fragmentations that occur 

with phosphorylation make phosphorylation very difficult to detect using this technique.  

 This TNFα induced nucleosomal response may be mediated by the ERK1/2 and p38 

MAPK pathways, as TNF stimulation resulted in the activation of phospho-ERK and -p38. 

Interestingly, H89 does not affect the levels of activated ERK (Appendix, Fig 1). This suggests 

that H89 may act directly on activated MSK by blocking its ability to phosphorylate histone H3. 

These data support the results observed in mouse 10T1/2 fibroblast cells published by Thomson et 

al., 1999. At 10 μM the H89 inhibits  MSK, PKA, S6K1, ROCK II and PKBα with differing IC50 

(Davies et al., 2000). However, ligand binding of  TNFα to its receptor leads to activation of NF-

κB, JNK, p38 MAPK, ERK and PI3K pathways (Balkwill, 2006) and studies using several kinase 
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inhibitors have shown that the nucleosomal response is via the ERK and p38 MAPK pathways and 

not JNK or PI3K ( Hazzalin et al., 1996; Deak et al., 1998; Thomson et al., 1999). Furthermore, 

MSK has been shown to directly activate transcription factors such as NF-κB (Thomson et al., 

1999; Soloaga et al., 2003; Ndlovu et al., 2009; Healy et al., 2012). Altogether, the use of H89 as 

a selective MSK inhibitor in a TNF-induced system is justifiable.  

 The effector kinase mediating the nucleosomal response was controversial. MSK 1/2 and 

RSK1/2 were the two kinases found to be activated by the MAPK pathways, although RSK1/2 are 

only activated by ERK and not p38 pathways (Deak et al., 1998). However, using MSK 1/2 

knockout strategy, it was demonstrated that MSK and not RSK was responsible for 

phosphorylating H3, as RSK1/2 knockouts failed to block the induction of H3S10ph (Soloaga et 

al., 2003). Furthermore, the use of H89 as a MSK inhibitor, was debatable. This is because H89 is 

also a PKA inhibitor. Moreover, PKA has been shown to phosphorylate H3S10 (Lochner and 

Moolman, 2006). Therefore, its inhibitory effects cannot be ascribed to MSK alone.  Mahadevan 

and colleagues demonstrated with the use of the PKA inhibitor Rp-cAMPs that the inhibitory 

effects of H89 on H3 phosphorylation is not due to the inhibition of cAMP-dependent kinase by 

H89, as Rp-cAMPs failed to inhibit the nucleosomal response even at concentrations as high as 

1mM (Thomson, Louis and Clayton, 1999). Furthermore, I have demonstrated that Rp-cAMPs did 

not attenuate the TNFα induced immediate early genes in MDA-MB-231 cells whereas H89 did. 

This observation suggests that MSK and not PKA is involved in immediate early gene induction. 

Nonetheless, MSK can directly activate transcription factors that induce these genes without 

resulting in the nucleosomal response. Thus, to show the involvement of the nucleosomal response, 

ChIP assays for H3S10ph at the upstream promoter regions of select genes were performed and 

results demonstrated the presence and induction of H3S10ph at the upstream promoter region of 
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immediate early genes following TNFα stimulation in MDA-MB-231 cells, further providing 

evidence of MSK involvement. These results corroborate those reported by Ndlovu et al. 2009, 

which showed that the proximal IL6 promoter in MDA-MB-231 cells were enriched with H3S10ph 

and MSK 1.  By ChIP assays in MDA-MB231 cells, they found strongly elevated levels of 

H3S10K14 phosphoacetylation concomitantly with the recruitment of the histone lysine 

acetyltransferases CBP and p300, as well as MSK 1, and the chromatin-remodeling factor Brg1 at 

the IL6 promoter region during IL6 gene transcription. In contrast, in MCF7 cells, the levels of 

MSK1 and H3S10K14 phosphoacetylation were lower.  

 

5.3 TNFα induced H3K27ac at the upstream promoter region and enhancer region of IL6 

 

 The Davie group had previously characterised MSK as a multiprotein complex containing 

p300 and PCAF, which is recruited to the regulatory regions of immediate early genes . 

Furthermore, performing inhibition and co-immunoprecipitation assays, they showed  the 

acetylation state of H3K27 dictates the serine residue MSK phosphorylates (Drobic et al., 2010; 

Khan et al., 2017). That is, if H3K27 is acetylated, MSK phosphorylates H3S28 whereas if H3K27 

is not acetylated, MSK phosphorylates H3S10.  

H3K27ac is indicative of an active enhancer and promoter and to date most studies have 

focused on the MSK-mediated nucleosomal response at upstream promoter region, but not 

enhancers of genes induced by serum or other agents. Nonetheless, it has been shown that 

immediate early gene activation involves enhancers that regulates their gene expression (Bahrami 

and Drabløs 2016, and Khan and Davie 2013). Hence, ChIP assays for H3K27ac at the regulatory 

regions of IL6 were performed. IL6 acts as a growth factor for many tumor cells and it has been 
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associated with poor prognosis in breast cancer patients (van’t Veer et al., 2002). Additiona lly 

TNFα induced IL6 expression requires activation of  MSK 1 to elicit selective chromatin relaxation 

at the IL6 promoter, upon H3S10ph (Vermeulen et al., 2003). I have shown that TNF stimula t ion 

of MDA-MB-231 cells did not result in an increase in H3K27ac at the upstream promoter region 

of IL6. In contrast, there was an increase in H3K27ac at the putative enhancer region, consistent 

with studies that demonstrate immediate early gene activation involves enhancers and I have 

shown for the first time in a triple-negative breast cancer inducible system that this H3k27ac 

dynamics (change in levels of H3K27ac from serum starvation to when induction happens) was 

H89 responsive, suggesting MSK sensitivity.  

One possible mechanism to why H3S10ph appears to be more than H3S28ph in TNFα 

stimulated MDA-MB-231 cells, could be the levels of CBP/p300 or PCAF associated with the 

MSK complex (Fig. 26). As previously mentioned (see section 1.6.2), CBP/p300 acetylates H3K27 

while PCAF (GCN5/p300/CBP-associated factor) acetylates H3K9 and co-immunoprecipita t ion 

studies in human fibroblast cells have demonstrated that H3K9ac goes together with H3S10ph 

while H3K27ac goes with H3S28ph (Khan et al., 2017). Furthermore, it was shown that H3K27ac 

is required for MSK to phosphorylate H3S28. The lack of increase in H3K27ac at the upstream 

promoter region of induced IL6 gene suggest that the levels of PCAF in the MSK complex might 

be higher than the levels of CBP/p300 within the complex. Nevertheless, ChIP assays with 

CBP/p300 and PCAF with their inhibitors would provide more insight and be conclusive. 
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Figure 27. Mechanism of MSK-mediated nucleosomal response and induction of immediate  

early genes. 

MSK (shown as orange oval) is in a multiprotein complex with PCAF or CBP/p300, 14-3-3 

proteins and the chromatin remodeler SWI/SNF. The grey ovals along the DNA represent 

nucleosomes, the NF-kB transcription factor (p65/p50 dimer) is shown as a purple/green pair of 

ovals binding to the NF-kB binding site (blue oval). In response to the activation of the ERK and 

p38 MAPK pathways, the MSK1 multiprotein complex is recruited to the regulatory regions of 

immediate early genes by transcription factors such as Elk1, NF-kB or C/EBPb. MSK1 

phosphorylates either H3 S10 or H3 S28, with H3S10ph being shown (yellow circles) depending 

on lysine acetyltransferase in the complex. H3S10ph and H3S28ph recruit 14-3-3 proteins, which 

mediate the recruitment of the chromatin remodeler SWI/SNF, with BRG1 being the ATPase 

subunit. The ensuing remodeling of promoter nucleosomes allows the access of transcript ion 

factors such as AP-1 to the promoter target sequences. The pre-initiation complex is recruited at 

the TATA box (yellow triangle), and initiation of transcription. 
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5.4 Significance 

 

 MSK enzymes play a role in the induction of several inflammatory and immediate early 

genes relevant to oncogenic processes. Thus, targeting MSK enzymes may lead to a reduction 

in the expression levels of these genes and thereby reducing tumor formation. Knowledge from 

this project explores the molecular mechanisms that induce the genes involved in cancer 

proliferation and metastasis. This studies also suggests that MSK plays a role in the TNF-

induced transcriptional program in TNBC, suggesting that MSK could be pursued as a 

therapeutic target in TNBC. 

 

5.5 Future Directions 

 

 To further investigate the MSK-mediated nucleosomal response in the transcriptiona l 

program induced by TNFα in TNBC, several experiments are proposed. Firstly, RNA-Seq of MSK 

knockdown MDA-MB-231 cells treated with TNFα, together with RNA-Seq with/without MSK 

inhibitor H89, will provide a better understanding on the role of MSK. Secondly, it is vital to assay 

for the levels for the levels of MSK in different TNBC, as studies show that MSK 1 is 

overexpressed in more than 40% of colorectal cancer patients and is associated with poor prognosis 

(Xinhui et al., 2017). Thirdly, there is a need to investigate by co-immunoprecipitation if H3K27ac 

goes together with H3S28ph or H3S10ph in MDA-MB-231 cells, as previous studies were done 

in fibroblast cells. A ChIP-Seq will also provide a global distribution of H3K27ac, as the lack of 

increase in H3K27ac at the upstream promoter region of IL6 may be as a result of the amplicon 

location. 
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Moreover, there is a need to further investigate clinical samples and other triple-nega tive 

breast cancer cell lines such as, MDA-MB-468, HCC70, HCC187, BT-549, and MDA-MB-453 

which represent all subtypes of triple-negative breast cancers, as this will give a complete 

understanding of the role of MSK in these tumors.  
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Figure 1. H89 does not affect ERK1/2. Total cell lysates from serum starved MDA-MB-231 cells 

stimulated with H89 30 minutes prior to TNFα for various lengths of time were prepared. The 

lysates were resolved on a 10% SDS-PAGE, followed by western blot analysis with anti-pERK1/2 

(upper panel) using anti-ERK1/2 as control (lower panel). 
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