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ABSTRACT 

 DNA methylation abnormalities have been strongly implicated in the coordinated 

targeting of various cancer-related signaling pathways involved in the development, 

progression, and metastasis of breast and other common cancers. Integrative transcriptome 

and epigenome-wide association studies have further revealed that the methylation 

abnormalities can be in both directions, i.e., hypermethylation and hypomethylation-

mediated gene expression changes occur in cancer. The dynamic nature of the cancer 

epigenome makes it a suitable anti-cancer target. However, the currently approved 

epigenetic-based therapies mainly focus on targeting DNA hypermethylation, and there are 

still no approved agents to reverse abnormal DNA hypomethylation. Therefore, in the first 

part of this thesis, we have tested the therapeutic plausibility of targeting DNA 

hypomethylation using a naturally occurring methylating agent S-adenosylmethionine 

(SAM) and found a significant reduction in breast cancer growth, invasion, and 

metastasis in vitro and in vivo. Transcriptome analyses revealed that the SAM-mediated 

anti-cancer effects are due to changes in the molecular signatures related to several key 

oncogenic and prometastatic signaling pathways. Next, we tested the hypothesis of 

concurrent targeting of both hyper- and hypomethylation mediated abnormalities by 

treatment with FDA-approved demethylating agent decitabine and SAM in vivo and found 

an enhanced anti-cancer effect in the combination-treated group compared to either of the 

monotherapy arms. Integrative transcriptome and methylome analyses of breast tumor cells 

following a combination of SAM and decitabine treatment revealed significant 

downregulation of clinically relevant metastatic genes compared to vehicle-treated 
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controls. Since decitabine is a highly toxic chemotherapeutic agent and can only be used 

for cancer patients, we next assessed the plausibility of using SAM with other approved 

nutraceutical agents that can be used in a chemopreventive setting. Emerging evidence 

suggests that Vitamin D can increase the expression of tumor suppressor genes via 

demethylation of the promoters, which provided the rationale for its concurrent use with 

SAM to target hyper- and hypomethylation of DNA. We found that the combination 

treatment with SAM and Vitamin D prohormone significantly delayed mammary tumor 

emergence, decreased tumor growth and lung metastasis in transgenic MMTV-PyMT 

animals, and reduced breast cancer cell colonization to the bone in PyMT-R221A intratibial 

model. Finally, towards developing targeted epigenetic therapies, a combination of 

pharmacologic and gene knockout-based molecular genetics approaches was employed to 

assess the role of DNA methylation reader Mbd2, a downstream molecular target of SAM, 

during breast tumor progression. Our results show that depletion of Mbd2 significantly 

reduced tumor volumes and metastasis in the MMTV-PyMT model by impairing the 

oncogenic PI3K/Akt/NF-κB signaling pathway. Collectively, these studies have provided 

compelling evidence for the anti-cancer effects of SAM alone and in combination settings 

and identified Mbd2 as a key gene for targeted epigenetic therapies that will potentially 

lead to the initiation of clinical trials with SAM and Mbd2 inhibitors in cancer patients. 
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RÉSUMÉ  

 Les anomalies de la méthylation de l'ADN ont été fortement impliquées dans le 

ciblage coordonné de diverses voies de signalisation liées au cancer impliquées dans le 

développement, la progression et les métastases du sein et d'autres cancers courants. Des 

études intégratives de transcriptome et d'association à l'échelle de l'épigénome ont en outre 

révélé que les anomalies de méthylation peuvent être dans les deux directions, c'est-à-dire 

que des changements d'expression génique induits par l'hyperméthylation et 

l'hypométhylation se produisent dans le cancer. La nature dynamique de l'épigénome du 

cancer en fait une cible anticancéreuse appropriée. Cependant, les thérapies à base 

épigénétique actuellement approuvées se concentrent principalement sur le ciblage de 

l'hyperméthylation de l'ADN, et il n'y a toujours pas d'agents approuvés pour inverser 

l'hypométhylation anormale de l'ADN. Par conséquent, dans la première partie de cette 

thèse, nous avons testé la plausibilité thérapeutique du ciblage de l'hypométhylation de 

l'ADN à l'aide d'un agent de méthylation naturel S-adénosylméthionine (SAM) et avons 

trouvé une réduction significative de la croissance, de l'invasion et des métastases du cancer 

du sein in vitro et in vivo. Les analyses de transcriptome ont révélé que les effets 

anticancéreux médiés par SAM sont dus à des changements dans les signatures 

moléculaires liées à plusieurs voies de signalisation oncogéniques et prométastatiques clés. 

Ensuite, nous avons testé l'hypothèse d'un ciblage simultané des anomalies médiées par 

l'hyper et l'hypométhylation par un traitement avec un agent déméthylant approuvé par la 

FDA decitabine et SAM in vivo et avons trouvé un effet anticancéreux synergique dans le 

groupe traité en association par rapport à l’un ou l’autre des bras en monothérapie. Les 
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analyses intégratives du transcriptome et du méthylome des cellules tumorales du sein 

après une combinaison de SAM et de traitement à la décitabine ont révélé une régulation 

négative significative des gènes métastatiques cliniquement pertinents par rapport aux 

témoins traités avec le véhicule. Étant donné que la décitabine est un agent 

chimiothérapeutique hautement toxique et ne peut être utilisée que pour les patients 

cancéreux, nous avons ensuite évalué la plausibilité de l'utilisation de la SAM avec d'autres 

agents nutraceutiques approuvés pouvant être utilisés dans un cadre chimiopréventif. De 

nouvelles preuves suggèrent que la vitamine D peut augmenter l'expression des gènes 

suppresseurs de tumeur via la déméthylation des promoteurs, ce qui a fourni la justification 

de son utilisation simultanée avec SAM pour cibler l'hyper- et l'hypométhylation de l'ADN. 

Nos résultats ont démontré que le traitement combinatoire de la SAM et de la prohormone 

de vitamine D retardait significativement l'émergence de la tumeur mammaire, diminuait 

la croissance tumorale et les métastases pulmonaires chez les animaux transgéniques 

MMTV-PyMT et réduisait la colonisation des cellules cancéreuses du sein à l'os dans le 

modèle intratibial PyMT-R221A. Enfin, pour développer des thérapies épigénétiques 

ciblées, une combinaison d'approches de génétique moléculaire pharmacologiques et 

génétiques basées sur le knockout a été utilisée pour évaluer le rôle du lecteur de 

méthylation de l'ADN Mbd2, une cible moléculaire en aval de la SAM, au cours de la 

progression de la tumeur du sein. Nos résultats montrent que l'épuisement de Mbd2 réduit 

significativement les volumes tumoraux et les métastases dans MMTV-PyMT en altérant 

la voie de signalisation médiée par l'axe oncogénique PI3K / Akt / NF-κB. Collectivement, 

ces études ont fourni des preuves convaincantes des effets anticancéreux de la SAM seule 
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et en association et ont identifié Mbd2 comme un gène clé pour des thérapies épigénétiques 

ciblées qui mèneront potentiellement au lancement d'essais cliniques avec des inhibiteurs 

de la SAM et du Mbd2 chez les patients cancéreux. 
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 This thesis is presented in a manuscript-based format in accordance with the thesis 

preparation guidelines from the Faculty of Graduate Studies, McGill University. The entire 

thesis was written by me (Niaz Mahmood) and revised by my supervisor Dr. Shafaat A 

Rabbani.  

           The thesis includes three original research articles that are published (Chapters 2,3, 

and 4) and one research article prepared for publication and to be submitted soon (Chapter 

5). Each of these chapters (Chapters 2,3,4, and 5) have their own abstract, introduction, 

materials and methods, results, discussion, references, and supplementary sections. The 

references for the published research articles presented in chapters 2,3, and 4 were 

consistent with the format of the journals where they are published. A separate preface 

section is added at the beginning of each of these chapters to provide the rationale and 

context of the study as well as to connect the chapters logically. The manuscripts related 

to chapters 2,3, and 4 were published in Oncotarget, Bone Research, and Journal of cellular 

and molecular medicine, respectively. 

 A general introduction and literature review are provided in Chapter 1, which 

contains excerpts and figures from two review articles and one book chapter that the author 

has published as the first author during his Ph.D. tenure. To be consistent in the referencing 

style between the three excerpts used in Chapter 1, a uniform referencing style was used 

for the 'Introduction and Literature review' section.  
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 A general discussion with future directions is provided in Chapter 6. The references 

for Chapters 1 and 6 can be found together after the end of Chapter 6. The copyright 

permissions are attached to the end of the thesis as Appendices. 
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CONTRIBUTION TO ORIGINAL KNOWLEDGE 

1. It has been shown for the first time that SAM-treatment via gavage causes a dose-

dependent decrease in primary tumor volumes and metastases to different organs (lung, 

liver, and spleen) in highly aggressive triple-negative MDA-MB-231 xenograft model 

of breast cancer. 

 

2. SAM-treatment via gavage significantly delays mammary tumor emergence in 

transgenic MMTV-PyMT animals compared to the vehicle-treated control arm.  

 

3. SAM also reduces mammary tumor volumes and lung metastases in transgenic 

MMTV-PyMT animals belonging to the luminal B subtype of breast cancer. 

 

4. Skeleton is one of the major sites where breast cancer cells migrate in clinical settings. 

This study has shown that SAM-treatment reduces tumor incidence and tumor growth 

within the bone in a well-established intratibial model of breast cancer. 

 

5. This is the first study demonstrating the transcriptome-wide changes in gene-

expression signatures of triple-negative and luminal B breast cancer cells upon SAM-

treatment. Furthermore, pathway enrichment analyses of the differentially expressed 

genes following SAM-treatment revealed the downregulation of molecular signatures 

related to cancer metastasis, EMT, and angiogenesis.  

 

6. SAM-treatment does not downregulate the expression of known tumor suppressor 

genes. Several tumor suppressor genes like CST6, TFPI2, PAI-2 were upregulated upon 

SAM-treatment. 

 

7. Concurrent treatment of SAM and FDA-approved demethylating agent decitabine 

shows an enhanced anti-cancer effect in reducing tumor growth and metastasis 

compared to the monotherapy arms in vivo.  

 

8. Integrative analyses of MDA-MB-231 transcriptome and methylome following 

combination of SAM and decitabine treatment revealed significant downregulation of 

clinically relevant metastatic genes compared to vehicle-treated controls.  
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9. Combined treatment of SAM and 25-hydroxyvitamin D shows an enhanced anti-cancer 

effect compared to monotherapy arms when tested on a panel of breast cancer cells in 

vitro. 

 

10. The SAM+25-hydroxyvitamin D combination delays mammary tumor emergence, 

showed an enhanced chemopreventive effect in reducing tumor volume and metastasis 

compared to the monotherapy treatments in transgenic MMTV-PyMT animals.  

 

11. In comparison with the control and monotherapy arms, SAM and 25-hydroxyvitamin 

D combination treatment significantly reduces breast cancer cell colonization to the 

bone in an intratibial model.  

 

12. The SAM+25-hydroxyvitamin D combination causes an upregulation of several key 

genes from interferon signaling pathways that are otherwise repressed during bone 

metastasis. 

 

13. The SAM+25-hydroxyvitamin D combination causes a downregulation of several key 

genes from the HIF-1 signaling pathway. 

 

14. Generation of transgenic MMTV-PyMT mice with homozygous and heterozygous 

deletion of the Mbd2 gene using a crossbreeding strategy.  

 

15. Mbd2 knockout shows a gene-dose dependent decrease in primary tumor burden in 

MMTV-PyMT mice. 

 

16. The MMTV-PyMT mice with homozygous depletion of Mbd2 survive significantly 

longer than wild and heterozygous knockouts. Moreover, the homozygous knockouts 

show a significant reduction in lung metastasis. 

 

17. Mbd2 depletion affects the ability of the PyMT oncoprotein to stimulate the oncogenic 

PI3K/Akt/NF-κB axis and thereby interferes with the transcription of crucial 

prometastatic genes like Plau/uPA, Mmp2, Mmp9, and others. 
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18. Transcriptome and proteome analyses revealed the role of Mbd2 protein in modulating 

several key molecular determinants of epithelial-mesenchymal transition (EMT) in 

transgenic MMTV-PyMT model. 

 

19. Mbd2 regulates the oncogenic Pvt1-Myc axis. 

 

20. A small-molecule inhibitor of the Mbd2 pathway (KCC-07) significantly represses 

breast tumor cell proliferation in vitro and in vivo. 
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FDA Food and Drug Administration 
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GSTP1 Glutathione S-Transferase Pi 1 

HAS2 Hyaluronan Synthase 2 

HAS3 Hyaluronan Synthase 3 

HBEC Human breast epithelial cells 

HDAC  Histone deacetylase 

HIF-1 Hypoxia-inducible factor 1 

IKK IκB kinase 

KEGG Kyoto Encyclopedia of Genes and Genomes 

KLF4 Kruppel-like factor 4 
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lncRNA Long non-coding RNAs            

MBPs  Methyl-binding proteins 

MCL-1 Myeloid cell leukemia 1 

MMP Matrix metalloproteinase 

MMTV-PyMT Mouse mammary tumor virus-polyoma middle T oncoprotein 

MUC1 Mucin 1 

NEAT1 Nuclear Enriched Abundant Transcript 1 

NF-κB Nuclear factor kappa B 

OPN Osteopontin 

PAI-2 Plasminogen activator inhibitor 2 

PI3K Phosphoinositide 3-kinase 

PID Pathway Interaction Database 

PPI Protein-protein interaction 

PVT1 Plasmacytoma variant translocation 1    

SAH S-adenosylhomocysteine 

SAM S-adenosylmethionine 

SOX4 SRY-Box Transcription Factor 4 

SPP1 Secreted phosphoprotein 1 

STAT Signal transducer and activator of transcription 

TET Ten-eleven translocation 

TFPI2 Tissue factor pathway inhibitor 2 

TFs Transcription factors 

TGF-β Transforming growth factor beta 

TNBC Triple-negative breast cancer 
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VEGF   Vascular endothelial growth factor 
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Epigenetics and cancer  

 The identity of a cell is determined by its genetic makeup along with the epigenetic 

marks which dictate how the genetic information will eventually be read and interpreted 

(Klutstein et al., 2016). In tumor cells, these genetic and epigenetic codes are often altered 

in such a way that the information within the genome is read in a completely different 

manner than the normal cells so as to develop and promote various characteristics 

associated with cancer. Some of the most common forms of genetic alterations seen in 

cancer include mutation, amplification, and deletion within the genome while changes in 

DNA methylation, histone modifications, and microRNAs constitute the three main types 

of epigenetic alterations found in the cancer genome (Figure 1). 

 Despite its first identification in the early 1980s (Feinberg and Vogelstein, 1983a), 

the epigenetics of human cancer has greatly been over-shadowed by human cancer 

genetics. With the passage of time, as our understanding of the epigenetic mechanisms and 

their role in regulating gene expression patterns during the development and progression 

of cancer became clear, the idea of targeting the epigenome as an anti-cancer strategy 

became apparent. In this regard, targeting the epigenome gained a great deal of attention 

over the last two decades. A plethora of epigenetic drugs (Epi-drugs) has been shown to be 

effective as anti-cancer agents in preclinical and clinical settings with a number of them 

being already approved for treatment of several types of liquid tumors  
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(Ganesan, 2016). Notwithstanding the fact that all three types of epigenetic alterations are 

important, this chapter, however, is mainly focused on various aspects of DNA methylation 

abnormalities seen in cancer and how they are targeted by some of the well-known anti-

cancer agents to treat solid tumors like breast cancer.  

 

 Figure 1: Common genetic and epigenetic aberrations in cancer.   

Genetic alterations including mutation, amplification, and deletion within the genome as 

well as epigenetic alterations in DNA methylation, histone modifications and microRNAs 

change the identity of the cells and a normal cell can become cancerous during the process. 

Adapted from Mahmood and Rabbani, Trends in Cancer Research (Mahmood and Rabbani, 

2017). 
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DNA methylation 

DNA methylation is a type of covalent modification in which methyl (-CH3) groups 

are added to specific nucleotides of the genomic DNA (gDNA). In living systems, this 

reaction is catalyzed by DNA methyltransferase (DNMT) enzymes where universal methyl 

group donor S-adenosylmethionine (SAM) acts as a cofactor (Jeltsch, 2002; Zhang and 

Zheng, 2015). The presence of DNA methylation was first reported by Rollin Hotchkiss in 

1948 shortly after the famous trio of Avery–MacLeod–McCarty identified DNA as the 

genetic material (Avery et al., 1944; Hotchkiss, 1948). However, it was during the late 

1970s to early 1980s, almost three decades after its initial discovery, several groups 

reported that DNA methylation is involved in cell differentiation and gene regulation 

(Compere and Palmiter, 1981; Holliday and Pugh, 1975). Since then, a plethora of studies 

on its role in gene regulation followed and at present DNA methylation is regarded as one 

of the major mechanisms of gene regulation. 

 

DNA methylation is evolutionarily primitive 

Although DNA methylation is a widespread modification found in bacteria, plants, and 

mammalian species, there is a high degree of phylogenetic variability in the patterns of 

methylation across species (Bird, 2002). In prokaryotes, methylation can take place on 

adenine and cytosine residues of the DNA and play roles in processes like the initiation of 

DNA replication, DNA repair, cell cycle-coupled transcription and protection against 

foreign DNA (Sánchez-Romero et al., 2015). In mammals, methylation predominantly 

occurs on the carbon present at the 5th position of cytosine residues (5-mC) within the 
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cytosine-phosphate-guanine (CpG) dinucleotides (Suzuki and Bird, 2008). In plant and 

fungal genomes, methylation commonly occurs at the CpH and CpHpH (‘H’ stands for 

bases other than ‘G’) regions (Suzuki and Bird, 2008). In eukaryotes, DNA methylation 

plays a role during development, silencing of retroviral elements, maintenance of genome 

integrity, imprinting, lyonization/X-inactivation and gene expression regulation (Jeltsch, 

2002; Moore et al., 2013). Recent evidence suggests that the genome of the nematode 

worm Caenorhabditis elegans, which was previously considered to be devoid of 

methylation, is actually methylated on the exocyclic -NH2 groups at the 6th position of the 

purine ring in adenines (6-mA) (Greer et al., 2015). Taken together, this suggests that DNA 

methylation is indeed an evolutionarily ancient regulatory mechanism (Soojin, 2012).  

 

DNA methylation writers, readers, and erasers: Role in gene regulation 

In mammals, there is a specific distribution pattern of the CpG islands in the context of 

the whole genome where a higher propensity of CpG rich regions are found near the 

promoters of up to 70 % of the genes (Gardiner-Garden and Frommer, 1987; Saxonov et 

al., 2006). Non-CpG methylation is almost rare in mammals and is mainly found in the 

embryonic stem cells (Lister et al., 2009). Methylation at the CpG islands has been causally 

linked to transcription regulation, where the promoters of transcriptionally repressed genes 

are CpG methylated and the promoters of transcriptionally activated genes are 

unmethylated at the CpG islands (Figure 2) (Berger, 2016).  

There are three major DNMTs that catalyze the transfer of -CH3 groups in humans 

which include DNMT1, DNMT3a and DNMT3b (Bestor, 2000; Li et al., 1992; Okano et 
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al., 1999; Okano et al., 1998). S-adenosylmethionine (SAM) acts as the -CH3 group donor 

for all three enzymes (Zhang and Zheng, 2015). DNMT1 is called ‘maintenance 

methyltransferase’ due to its preference for hemimethylated (newly synthesized) DNA in 

vitro and it mainly plays role in the methylation of the newly synthesized strand of DNA 

during cell division (Hermann et al., 2004). On the other hand, DNMT3a and DNMT3b 

are able to transfer the methyl moiety to both unmethylated and methylated DNA at an 

equal rate and are therefore called ‘de novo methyltransferases’ (Okano et al., 1998).  
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(5-hydroxymethylcytosine)

DNMT

TET

SAM SAH

Figure 2: DNA methylation and its role in gene expression.  

The chemical reaction in the left panel shows the process of methylation and demethylation of 

cytosine residues.  At the molecular level, when cytosine is converted to 5-methylcytosine (5mC) 

by DNA methyltransferase (DNMT) two things may happen: (i) it may directly inhibit 

transcription factors (TFs) binding to the CpG islands to repress transcription, or (ii) it may attract 

the binding of a methyl CpG-binding protein to methylated CpG islands which recruits other 

repressive proteins at the site to prevent the access of TFs and thereby suppress transcription. 

When the methylation mark is removed by TET family of proteins, demethylation takes place. 

This likely allows the TFs to bind to the CpG sequences and cause activation of gene expression. 

Here, TET, Ten-eleven translocation (TET) family of proteins; SAM, S-adenosylmethionine; and 

SAH, S-adenosylhomocysteine. Adapted from Mahmood and Rabbani, Trends in Cancer 

Research (Mahmood and Rabbani, 2017). 
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 The DNMTs are called ‘writers’ of methylation as they are the ones that copy the -

CH3 group on the cytosine residues of a CpG dinucleotide. In general, methylation at the 

CpG island may either directly interfere with the binding of transcription factors at the 

regulatory site to cause gene repression (Tate and Bird, 1993), or attract the binding of 

structural proteins called methyl-binding proteins (MBPs) which subsequently recruits 

different types of histone deacetylase (HDAC) complexes and chromatin remodeling 

factors that causes chromatin compaction and ultimately leading to transcriptional 

repression (Figure 2) (Nan et al., 1998). These proteins can sense or read the methylation 

at the CpG site and therefore they are known as the ‘readers’ of methylation. The first 

reported proteins with methyl binding activities in mammals were methyl-CpG binding 

protein 1 (MeCP1) and MeCP2 (Lewis et al., 1992; Meehan et al., 1989). However, later 

studies have demonstrated that MeCP1 is, in fact, a complex containing multiple 

proteins involved in chromatin remodeling (Feng et al., 2002; Feng and Zhang, 2001; 

Ng et al., 1999). Therefore, MeCP2 is regarded as the first ever single MBP to be 

identified (Meehan et al., 1989). At the structural level, MeCP2 contains a MBD domain 

comprising 70-85 amino acids that can recognize and bind to methylated CpGs (Nan et al., 

1993). The MBD domain was later used to identify other proteins with methyl-binding 

potentials (Hendrich and Bird, 1998). At present, there are 11 known proteins with MBD 

domains which are classified as the family of “MBD-containing proteins”. More than a 

decade after the discovery of MeCP2, a second family of MBPs were identified that 

recognizes the methylated DNA using the Zinc finger motifs. Hence, they are called the 

‘Methyl-CpG binding zinc fingers’ (Prokhortchouk et al., 2001). This particular family has 
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seen the most rapid expansion over the last few years, and, at present, there are at least 8 

members in this family (Hudson and Buck-Koehntop, 2018). The third family of MBPs 

was identified based on their ability to bind methylated DNA using the Set and RING-

associated (SRA) domain and hence called the ‘SRA domain-containing proteins’. A 

schematic classification of the three main families of MBPs is shown in Figure 3.  

 There are some enzymes like Ten-eleven translocation (TET) methylcytosine 

dioxygenase family, activation-induced cytidine deaminase (AID) and thymine DNA 

glycosylase (TDG) that have been shown to be involved in passive and active 

demethylation of DNA (Cheishvili et al., 2015; Cortázar et al., 2011; Cortellino et al., 2011; 

Kohli and Zhang, 2013; Tahiliani et al., 2009). Since these enzymes can remove the -CH3 

group from the cytosine residues of a CpG dinucleotide, they are called the ‘erasers’ of 

methylation. When the -CH3 groups are removed, it likely allows the transcription factors 

to bind to the CpG island and cause activation of gene expression (Figure 2) (Mariani et 

al., 2013).  
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Figure 3: Classification of methyl-binding proteins (MBPs). 

The proteins with methyl-CpG binding abilities are broadly classified into three families based on 

the functional domains used for binding to methylated DNA. The ‘MBD-containing proteins’ were 

the first group of MBPs to be identified and are further classified into three subfamilies (MeCP2-

MBD, HMT-MBD, and HAT-MBD) based on the presence of functional domains other than 

MBD. The members of the HMT-MBD and HAT-MBD subfamilies have protein 

methyltransferase and acetylase activities respectively. The ‘Methyl-CpG binding Zinc finger 

proteins’ have at least 8 members (Kaiso, ZBTB4, ZBTB38, ZFP57, KLF4, EGR1, WT1, CTCF) 

that can bind to methylated region using the Zinc finger motifs while the third family of MBPs 

consisting of UHRF1 and UHRF2 proteins uses their Set and RING-associated (SRA) domain to 

bind methylated DNA. methyl-binding proteins (MBPs). From Mahmood and Rabbani, Frontiers 

in Oncology (Mahmood and Rabbani, 2019a) 
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Breast cancer heterogeneity: A challenge for therapeutic interventions 

 Breast cancer is a leading cause of mortality in women worldwide (DeSantis et al., 

2016). Although a great deal of effort has been made over the years to understand the 

biology of breast cancer progression and metastasis, its etiology is still not fully 

understood. One of the main hurdles in breast cancer therapeutics is the high degree of 

heterogeneity of the breast tumors. For better prognosis and therapeutic regimens, more 

specific characterization of the breast tumor is warranted. Hence the idea of using specific 

biomarkers to classify different subtypes of breast cancer came to being (Weigel and 

Dowsett, 2010). The most commonly used breast cancer biomarkers are estrogen receptor 

(ER), progesterone receptor (PR) and epidermal growth factor 2 (HER2) which are 

routinely determined by immunohistochemistry (IHC) (Cornejo et al., 2014). In addition, 

expression of cell proliferation marker Ki-67 is combined with ER, PR and HER2 scores 

to form a better prognostic test called the ‘IHC4’ (Cuzick et al., 2011). These tests have 

been proven to be more effective for the prognosis of hormone receptor-positive breast 

cancers that express either ER, PR or both. Patients belonging to this group have a better 

prognosis in clinical settings, and hormone therapy drugs like tamoxifen and aromatase 

inhibitors showed considerable effectiveness in these patients. A relatively more 

aggressive subtype of breast cancer is the one that is hormone receptor negative but HER2 

positive, for which targeted therapy using Herceptin showed a promising therapeutic 

response in patients.  However, the most aggressive form of breast cancer does not express 

any of the known hormone receptor markers, and we are yet to identify any potential 

biomarker for these patients who are more commonly classified as the triple negative breast 
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cancer subtype. Chemotherapy is still the standard-of-care therapy for these patients, even 

though combination therapy with immunotherapy is showing promising therapeutic 

efficacy for TNBC patients. In addition to the protein biomarkers, assays using mRNA-

based biomarkers have been developed and used for breast cancer subtyping (Cronin et al., 

2007; Filipits et al., 2011; Toussaint et al., 2009).   

 Since DNA methylation regulates many gene expression programs, it has a 

profound impact on the prognosis of breast cancer which is dependent on molecular 

subtypes (Gyorffy et al., 2016). A specific pattern of methylation has been correlated with 

different subtypes of breast cancer (Kamalakaran et al., 2011; Stefansson et al., 2015). 

Notably, a higher frequency of DNA methylation is observed in luminal vs. non-luminal 

subtypes (Kamalakaran et al., 2011; Stefansson et al., 2015). These studies suggest that 

DNA methylation is crucial in the development and progression of distinct breast cancer 

subtypes (Gyorffy et al., 2016), and as such, the development of DNA methylation-based 

biomarkers is gaining interest in the recent years. 

 

Aberrant DNA methylation in cancer 

Accumulating evidence indicate that promoters of genes implicated in critical signaling 

pathways (for example, cell cycle, apoptosis, DNA repair, cell invasion etc.) are aberrantly 

methylated in breast cancer. This abnormal gene expression, in turn, dictates the gradual 

progression of breast cancer cells from less aggressive hormone-responsive phenotype into 

the more aggressive hormone-independent phenotype (Ferguson et al., 1995). With the 

advent of high-throughput technologies, there has been an exponential increase in studies 
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related to cancer epigenetics and as a result hundreds of abnormally methylated genes have 

been identified (Huang et al., 2011). Both hypermethylation of tumor suppressor genes and 

hypomethylation of oncogenes and prometastatic genes are seen in breast and other 

common cancers (Szyf et al., 2004). A selected list of some of the important genes 

frequently hyper or hypomethylated in breast cancer is shown in Table 1.   

Table 1: Selected list of genes with aberrant methylation in breast cancer 

Biological 

Function 

List of Genes Methylatio

n Status 

Reference 

Hyper Hypo 

Invasion, metastasis  

(positive 

modulators) 

BCSG1, CDH3, 

NAT1, uPA 

- + (Gupta et al., 2003; Kim et al., 

2008; Pakneshan et al., 2004a; 

Pakneshan et al., 2004b; Paredes 

et al., 2005) 

Invasion, metastasis  

(negative 

modulators) 

CDH1, CDH13, 

CST6, SYK, 

TIMP3 

+ - (Esteller et al., 2001; Rivenbark et 

al., 2006; Toyooka et al., 2001; 

Yuan et al., 2001) 

DNA repair  ATM, BRCA1, 

MGMT, MLH1 

+ - (Esteller et al., 2000; Lotsari et 

al., 2012; Tserga et al., 2012; Vo 

et al., 2004) 

Cell cycle AK5, CCND2, 

CDH1, FOXA2, 

RAD9, SFN (14-

3-3 σ; HME1) 

+ - (Cheng et al., 2005; Fackler et al., 

2003; Miyamoto et al., 2005; 

Parrella et al., 2004) 

Apoptosis APC, BCL-2, 

DAPK, DCC, 

HIC1, HOXA5, 

TMS1, TWIST 

+ - (Conway et al., 2000; Esteller et 

al., 2001; Fackler et al., 2003; 

Fujii et al., 1998; Jin et al., 2001; 

Miyamoto et al., 2005; Raman et 

al., 2000; Stone et al., 2013) 

Cell homeostasis, 

detoxification 

GSTP1, 

HOXD11 

+ - (Lin and Nelson, 2003; Miyamoto 

et al., 2005) 

Angiogenesis 

inhibitors 

SFRP5, THBS1 + - (Li et al., 1999; Suzuki et al., 

2008) 

Hormone & 

receptor mediated 

signaling  

ER, HIN-1, PR, 

RAR-β2, 

RASSF1A, 

+ - (Dammann et al., 2003; 

Dammann et al., 2001; Fackler et 

al., 2003; Lapidus et al., 1996; 

Ottaviano et al., 1994; 

Widschwendter et al., 2000) 
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DNA hypomethylation and cancer 

 DNA hypomethylation refers to the loss of CpG methylation at a specific site on 

the DNA that is otherwise methylated in a normal state (Peinado, 2011). In the context of 

the whole genome, the term DNA hypomethylation is used to describe a decrease in the 

percentage of methylated cytosines compared to the unmethylated ones (Peinado, 2011). 

There are two types of DNA hypomethylation abnormalities seen in cancer: (i) global 

hypomethylation, (ii) site-specific focal hypomethylation.  

 Loss of methylation of DNA was the first described epigenetic abnormality in 

cancer that was reported by two different laboratories in 1983. Feinberg and Vogelstein 

showed hypomethylation of specific regions on the genome of cancer cells (Feinberg and 

Vogelstein, 1983a, b). They used DNA from normal and cancer cells that were digested by 

methylation-sensitive restriction enzymes for Southern blotting and found a significant 

decrease in methylation in case of the cancer cells compared to their normal counterpart 

(Feinberg and Vogelstein, 1983a). Around the same time, by high-performance liquid 

chromatography (HPLC), the Ehrlich lab showed that the overall level of DNA methylation 

was considerably decreased in various types of cancer compared to normal tissues (Gama-

Sosa et al., 1983). They also showed that the level of CpG methylation was significantly 

lower in the metastatic neoplasms compared to primary tumors suggesting the possible 

association between loss of methylation and tumor metastasis. 

 Even though DNA hypomethylation was identified before any other epigenetic 

alterations, it remained the least explored for decades and was often overshadowed by 

DNA hypermethylation. One of the reasons behind the preference of targeting 
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hypermethylation over hypomethylation of DNA has been a previous bias during the 

design of an experiment which focused on the sites that are normally unmethylated but 

becomes methylated in cancer (Feinberg and Tycko, 2004). In that case, there is no chance 

to observe any decrease in methylation because the sites are already unmethylated. 

However, with the advancements in high-throughput technologies, it has become apparent 

that hypomethylation is also a major player in cancer (Adorján et al., 2002; Iacobuzio-

Donahue et al., 2003; Stefanska et al., 2011).   

 

Factors contributing to DNA hypomethylation 

 DNA methylation is a tightly regulated process, and loss of methylation may be 

contributed by different factors. Some of the most prominent ones are described in the 

following section. 

 

Methyl group metabolism and dietary insufficiency  

 The major component that may act as a limiting factor for methylation of DNA is 

the universal methyl group donor S-adenosylmethionine (SAM) (Hoffmann and Schulz, 

2005). The availability of SAM is dependent on dietary methionine as well as recycled 

methionine obtained from one-carbon metabolism (Hoffmann and Schulz, 2005). It has 

been known for decades that dietary deficiencies of the methyl group donor may have 

implication in the development of cancer (Giovannucci, 2004). Prolonged dietary methyl 

deficiency in rats have shown to induce global hypomethylation which ultimately 

contributed to the initiation of hepatocarcinogenesis (Pogribny et al., 2006). The recycling 
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of methionine to produce SAM also requires several vitamins like B6, B12, and folic acid 

and it is important to maintain the level of these vitamins to avoid any abnormal alteration 

in DNA methylation (James et al., 2003). Imbalance in any one of these Vitamins may 

cause SAM deficiency. Several polymorphisms found within the genes 

(methylenetetrahydrofolate reductase, MTHFR; methionine synthase, MTR; methionine 

synthase reductase, MTRR and cystathionine β-synthase, CBS) encoding enzymes involved 

in the recycling of methionine also showed association with increased risk of cancer (Kim, 

2000). Moreover, the rapidly proliferating cancer cells need more methionine to keep up 

with the needs of the cells which gets exhausted as cancer progresses (Hoffman, 1984). As 

a result, there is a decrease in the level of SAM which might cause hypomethylation in the 

cancer genome.  

 

Alteration in DNA methylation writers and erasers 

 Even though DNA methylation is a stable epigenetic modification, however, the 

process can be reversible. There are specific enzymes that can mediate the addition and 

removal of the methyl groups. The DNMT enzymes are involved in the addition and 

maintenance of methyl group and as such known as the ‘writers’ of methylation (Mahmood 

and Rabbani, 2017). There are three major DNMTs found in mammalian organisms: 

DNMT1, DNMT3A, and DNMT3B (Smith and Meissner, 2013). In recent years, several 

enzymes have been identified that can directly or indirectly cause demethylation of DNA, 

and hence they are called the ‘erasers’ of methylation (Cheishvili et al., 2015; Cortázar et 

al., 2011; Cortellino et al., 2011; Kohli and Zhang, 2013; Tahiliani et al., 2009). Changes 
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in the level and activity of the DNA methylation writers and erasers also contribute to the 

induction of DNA hypomethylation. In vitro studies have demonstrated that loss of a single 

or combination of DNMTs can cause hypomethylation as well as chromosomal instability 

(Karpf and Matsui, 2005). Similarly, the Dnmt-deficient mice showed global 

hypomethylation which increased the incidence of oncogenesis in vivo (Gaudet et al., 2003; 

Yamada et al., 2005). Alteration in the activity of the DNMT enzymes has also been shown 

to cause hypomethylation of the repetitive sequences in mice (Eden et al., 2003; Li, 2002). 

Such loss of methylation of the repetitive elements may have detrimental consequences 

which is discussed in the next section of the chapter. In patients with instability-facial 

anomalies (ICF) syndrome, mutations in DNMT3B gene alter the enzymatic activity of its 

encoded protein which in turn cause hypomethylation at satellite repeats on chromosomes 

1, 9 and 16, ultimately leading to chromosomal rearrangements (Ehrlich, 2003; Xie et al., 

2006). Increased expression of methyl-CpG-binding domain protein 2 (MBD2), which also 

possess DNA demethylation/eraser activity (Bhattacharya et al., 1999), showed correlation 

with DNA hypomethylation (Liu et al., 2011; Sheng et al., 2013). 

 

Contribution of other epigenetic factors and modifiers 

 Since there is crosstalk between DNA methylation and other epigenetic 

mechanisms like chromatin remodeling and histone modification, the roles of these factors 

in mediating DNA hypomethylation cannot be overruled. Loss of histone 4 

monoacetylation at lysine 16 (H4K16ac) and trimethylation of histone 4 at lysine 20 

(H4K20me3) showed association with the hypomethylation at the repetitive sequences 
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of DNA (Fraga et al., 2005). Histone modifications may also have an indirect effect on 

DNA hypomethylation through the alteration of chromatin architecture (Wilson et al., 

2007). It has been shown that loss of methylation at H3K9, a modification which is 

typically associated with heterochromatin establishment and maintenance (Bannister and 

Kouzarides, 2005), caused genomic instability (Peters et al., 2001). Such disruption of 

chromatin architecture may have implications in changing the methylation pattern of the 

DNA. 

 

External insults 

 DNA hypomethylation can be mediated by different environmental stressors like 

exposure to exogenous chemicals and radiation as well as pathogen infection. Koturbash 

et al. have shown an association between radiation-induced DNA hypomethylation and 

cancer (Koturbash et al., 2005).  They found that majority of the radiation-induced lesions 

in mice were repaired a month after the insult, but the level of DNA hypomethylation 

remained the same which was speculated to cause tumorigenesis through the induction of 

genomic instability. It has been demonstrated that exposure to carcinogens such as 

benzopyrene and arsenic can cause the induction of DNA hypomethylation (Chen et al., 

2004; Sadikovic and Rodenhiser, 2006). Moreover, viral as well as bacterial infection may 

also induce hypomethylation of DNA (Goldberg et al., 2000; Macnab et al., 1988). 

 

Impact of DNA hypomethylation 

Some of the important consequences of DNA hypomethylation is summarized below. 
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Activation of repetitive elements 

 DNA hypomethylation may induce the activation of transposable elements 

(Jackson-Grusby et al., 2001) which may induce insertional mutagenesis (Wilson et al., 

2007). Recent studies have demonstrated that promotor hypomethylation activates LINE1 

expression in cancer (Tubio et al., 2014), which enables their subsequent retrotransposition. 

For example, somatic insertion of LINE1 element within the APC gene in one allele along 

with a point mutation in the other allele has been implicated in colorectal tumorigenesis 

through the two-hit pathway (Scott et al., 2016). Once activated, the repetitive elements 

can also facilitate the expression of other oncogenes and thereby promote tumorigenesis. 

For example, DNA hypomethylation-induced expression of the LINE-1 transcripts in 

chronic myeloid leukaemia (CML) showed association with the upregulation of the c-MET 

oncogene (Roman-Gomez et al., 2005).   

 

Transcriptional activation of cancer-related genes 

 Pioneering studies have shown that the promoter of urokinase plasminogen 

activator (PLAU, also called uPA) is hypomethylated in cancer which is responsible for its 

increased gene expression in relatively more aggressive, hormone-insensitive breast cancer 

cell lines (Pakneshan et al., 2004b). This was one of the initial studies that provided the 

proof-of-concept that site-specific focal hypomethylation contributes to cancer progression 

and metastasis. Other cancer-related genes that showed hypomethylation-mediated 

activation of gene transcription include heparanase (HPSE), cadherin 3 (CDH3), breast 

cancer-specific gene 1 (BCSG1), S100 calcium binding protein P (S100P), maspin (also 
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known as SERPINB5), N-Acetyltransferase 1 (NAT1), pro-opiomelanocortin (POMC), 

related RAS viral oncogene homolog (R-RAS), claudin 4 (CLDN4), Ubiquitin C-Terminal 

Hydrolase L1 (UCHL1, also known as PGP9.5), mesothelin (MSLN), Trefoil factor 

2 (TFF2) (Ehrlich, 2009; Lee et al., 2006; Liu et al., 2005; Nishigaki et al., 2005; Ogishima 

et al., 2005; Paredes et al., 2005; Sato et al., 2004; Ye et al., 2005). Recent epigenome-

wide association studies (EWAS) by our group have revealed the presence of 

hypomethylated sites at the promoters of several oncogenes and prometastatic genes 

(Parashar et al., 2015; Shukeir et al., 2015). We have also shown that treatment with the 

FDA-approved demethylating agent decitabine (5-Aza-2´-deoxycytidine) caused 

hypomethylation-induced expression of PLAU and several other prometastatic genes and 

transformed less aggressive breast cancer cells (MCF-7, ZR-75-1) into more aggressive 

ones (Ateeq et al., 2008). This further verified the notion that hypomethylation is involved 

in metastasis and careful considerations should be taken while using demethylating agents 

to treat cancer. 

 

Genomic instability 

 Genomic instability is a common characteristic of cancer cells which includes 

structural variations in the genome like increased tendencies of base pair mutation, 

microsatellite instability, and variability in the structure and number of chromosome 

(chromosome instability) (Yao and Dai, 2014). In the late 1990s, Chen et al. have shown 

that murine embryonic stem cells devoid of Dnmt1 gene predominantly increased the rates 

of deletion mutations which ultimately led to chromosomal instability (Chen et al., 1998). 
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This demonstrated the importance of DNA methylation in the maintenance of genomic 

stability in mammals. Later on, by generating a mouse model with hypomorphic Dnmt1 

allele that caused global hypomethylation, Gaudet et al. have shown that the mutant mice 

had increased susceptibility to develop T-cell lymphomas associated with increased 

chromosomal instability (Gaudet et al., 2003).  

 The first link between DNA hypomethylation and genomic instability in human 

was reported in human lymphoblastoid cell lines (Almeida et al., 1993). Further studies 

have demonstrated that demethylation of classical satellite 2 (Sat2) heterochromatic 

regions of chromosomes 1 and 16 caused non-clonal rearrangements in lymphoblastoid 

cells (Vilain et al., 2000). Since then many studies have demonstrated the association 

between hypomethylation and genome instability in human cancer. For example, in 

hepatocellular carcinoma (HCC), hypomethylation of Sat2 sequences showed association 

with chromosome 1 copy number gain (Wong et al., 2001). In urothelial cancer, 

hypomethylation of Sat2 and Sat3 repeats is associated with loss of heterozygosity (LOH) 

at chromosome 9 (Nakagawa et al., 2005). Cadieux et al. have shown that Sat2 

hypomethylation in primary human glioblastomas caused alterations of copy number at the 

adjacent euchromatin regions (Cadieux et al., 2006). In prostate cancer, hypomethylation 

is associated with the alterations in chromosome 8 (Schulz et al., 2002). 

 

DNA hypomethylation in diagnosis and prognosis of cancer 

 There is a growing interest in the identification of epigenetic signatures as 

biomarkers for the early diagnosis and prognosis of cancer. One of the advantages of this 
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strategy is that both DNA and its methylation signatures are quite stable, and they can also 

be extracted from the formalin-fixed, paraffin-embedded samples (Mahmood et al., 

2018b). Therefore, the limitations related to sample quantity and quality for diagnosis can 

be mitigated.  

 Since there is focal hypomethylation of oncogenes in cancer, we and others have 

reasoned that these specific regions can be exploited as clinical biomarkers for diagnosis 

and prognosis of different stages of the disease. One of the classic examples in this regard 

is hypomethylation at the promoter of PLAU. Our group was the first to report that there is 

a reciprocal correlation between aggressiveness of breast cancer and the level of 

methylation at the PLAU promoter (Pakneshan et al., 2004b). We found that the percentage 

of methylation decreased with the advancement of breast cancer to a higher histological 

grade. This suggested that PLAU promoter hypomethylation can be used as a biomarker 

for early detection and aggressiveness of breast cancer (Pakneshan et al., 2004b). A similar 

pattern of PLAU promoter hypomethylation was also observed between benign prostate 

hyperplasia and prostate cancer where the methylation level decreased with the 

advancement of the disease (Pulukuri et al., 2007). Hypomethylation-mediated activation 

of DDX43 (also known as HAGE) gene that encodes Cancer testis antigens (CTA) protein 

showed significant association with disease progression and poor patient outcome in CML 

patients (Roman-Gomez et al., 2007). Furthermore, DDX43 promoter hypomethylation 

also correlated with poorer response to imatinib or interferon treatment in CML patients. 

This indicates that DNA hypomethylation can also be used for patient stratification before 

deciding a therapeutic intervention. 
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 It has been demonstrated that hypomethylation of Sat2 repeats in the 

juxtacentromeric region showed strong association with ovarian cancer progression and 

mortality and therefore can be used as a marker of poor prognosis (Widschwendter et al., 

2004). In urothelial carcinoma, Sat2 and Sat3 hypomethylation showed significant 

correlation with tumor grade and invasiveness of cancer (Nakagawa et al., 2005). 

Hypomethylation of LINE-1 showed association with better prognostic outcome in 

urothelial carcinoma patients (Neuhausen et al., 2006). Using the combined bisulfite 

restriction analysis (COBRA) PCR assay, Tangkijvanich et al. have shown that serum 

LINE-1 hypomethylation may serve as a prognostic factor for decreased overall survival 

in HCC (Tangkijvanich et al., 2007).  

 Another attractive method for early diagnosis of cancer that has been recently 

demonstrated by us and others is the use of DNA methylation signatures found in blood 

(Parashar et al., 2018; Zhang et al., 2018). During the progression of cancer, the DNA 

methylation profiles of the host immune cells are altered (Teschendorff et al., 2009). 

Taking advantage of this phenomena, we have identified and validated six hypomethylated 

CpG sites [cg27182070 (RPA2), cg19761014 (LRRC37B2), cg16624210 (TPPP), 

cg00481259 (DECR2), cg01252526 (WDR9), cg07271186 (TRY2P)] from the peripheral 

T-cells of breast cancer patients that can be used as an early detection biomarker (Parashar 

et al., 2018).  
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Hypermethylation in cancer:  

Hypermethylation of hundreds of genes have been reported in case of breast cancer 

(Hinshelwood and Clark, 2008). Many of these hypermethylated genes are involved in 

important pathways like DNA damage repair, cell-cycle regulation, apoptosis, cell invasion 

and metastasis, angiogenesis and hormone signaling (Table 1-1).  

Hypermethylation of estrogen receptor (ER) and progesterone receptor (PR) has 

been observed in breast cancer and has been proposed to be a mechanism for the 

development of ER-negative (ER-) breast tumor (Jovanovic et al., 2010; Weigel, 1993). 

Most of the breast carcinomas are ER positive (ER+) in the beginning and subsequently 

lose the ER to become more aggressive ER- breast cancer. Even though the link between 

ER (also called ESR1, estrogen receptor 1) promoter hypermethylation and subsequent 

decrease in ER expression is clear in the case of breast cancer cell lines (Ferguson et al., 

1995), similar correlation is not always found in the clinical sample (Hori et al., 1999; 

Lapidus et al., 1996) Hori et al. found no association between promoter hypermethylation 

and expression of ER protein in human breast tumors (Hori et al., 1999). On the other hand, 

Lapidus et al. found correlation between promoter methylation and reduced expression of 

ER and PR in breast tumors (Gaudet et al., 2009; Lapidus et al., 1996). Another steroid 

receptor called retinoic acid beta 2 (RAR-β2) is hypermethylated in breast cancer 

(Widschwendter et al., 2000). Binding of RAR-β2 with retinoic acid may trigger anti-

proliferative signals which can be skipped by the hypermethylation-mediated inactivation 

of the RAR-β2 gene (Szyf et al., 2004). Hypermethylation has also been shown to inhibit 
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tumor suppressors like Ras association domain family 1 isoform A (RASSF1A) (Dammann 

et al., 2001).  

Several genes involved in DNA repair mechanisms are hypermethylated in breast 

cancer. The loss of DNA repair genes results in genomic instability in the breast cancer 

genome. Methylation of the CpG islands at the promoter of MGMT gene is unique for the 

tumor tissues and is a predictor of overall survival in cancer (Esteller et al., 1999; Esteller 

and Herman, 2004). Tserga and colleagues found that aberrant methylation of the promoter 

of MGMT gene has an association with advanced breast tumor grade (Tserga et al., 2012). 

Spitzwieser et al. found more frequent MGMT promoter methylation in patients with breast 

tumor grade 3 compared to those having tumor grade 2 (Spitzwieser et al., 2015). 

MLH1 promoter methylation results in the production of a non-functional protein which 

impairs the ability of the cells to repair the mismatches occurring during proliferation 

(Wajed et al., 2001). Interestingly, pharmacological reversal of methylation using 5-aza-

2′deoxycytidine (5-azadC) has been shown to restore the expression of the protein as well 

as the DNA mismatch repair capacity of the cells in colorectal cancer (Herman et al., 1998). 

Other important DNA-repair genes that are hypermethylated in breast cancer include 

BRCA1 (Esteller et al., 2001) and Ataxia Telangiectasia Mutated (ATM) gene (Vo et al., 

2004).  

One of the typical characteristics of tumor cells is to manipulate the cell cycle genes 

to aid rapid cell growth, proliferation as well to evade cell death. Inactivation of several 

critical cell cycle regulators and genes involved in apoptosis through hypermethylation is 

common for the breast cancer cells. In addition, hypermethylation is seen at the promoters 
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of several genes like CDH1, CDH13, CST6, SYK and TIMP3 that directly or indirectly 

inhibit tumor cell invasion and metastasis (Esteller et al., 2001; Rivenbark et al., 2006; 

Toyooka et al., 2001; Yuan et al., 2001). Inactivation of these genes promotes invasion and 

metastasis of tumor cells. 

 

Targeting abnormal DNA methylation as an anti-cancer strategy 

In contrast to the genetic changes, DNA methylation changes are potentially 

reversible by either therapeutic strategies or dietary interventions (Szyf, 2009). This makes 

DNA methylation an excellent target for anti-cancer therapeutics (Szyf, 1994).  

 

Targeting hypomethylation 

 It is obvious that DNA hypomethylation is a crucial player involved in upregulating 

the expression of many prometastatic genes as well as in the induction of genomic 

instability in cancer. Since DNA methylation-mediated changes are reversible 

(Ramchandani et al., 1999), targeting hypomethylation may serve as a suitable anti-cancer 

therapeutic strategy. Despite the identification of the role of DNA hypomethylation over 

three decades ago, there is still no approved agent targeting DNA hypomethylation. On the 

other hand, many drugs have been developed to target DNA hypermethylation and two of 

them are already approved by the FDA. This further emphasizes the fact how DNA 

hypomethylation remained neglected over the years. Our group has been exclusively 

focused on targeting DNA hypomethylation as an anti-cancer therapeutic strategy by using 

SAM. In the following section we will discuss on the effect of SAM-treatment in cancer.  
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S-Adenosylmethionine as a blocker of DNA hypomethylation in cancer 

 SAM is a naturally occurring sulfonium compound available in all living cells 

where it plays role in biochemical processes like transmethylation, transsulfuration, and 

aminopropylation (Bottiglieri, 2002). Italian biochemist Giulio Leonardo Cantoni initially 

discovered it in the early 1950s (Cantoni, 1951).  

 SAM has a unique chemical structure with a high energy sulfonium moiety attached 

to three carbon atoms that are susceptible to nucleophilic substitution (Lu, 2000) (Figure 

4). This renders SAM the ability to donate methyl (-CH3), adenosyl, and aminopropyl 

groups in different cellular processes. Because of its highly reactive nature, SAM can 

meditate cofactor functions in different biochemical reactions (Lu, 2000). In animals, a 

major portion of the SAM is used in transmethylation pathways where the methyl groups 

Figure 4: Chemical structure of S-adenosylmethionine (C15H23N6O5S+).  

The structure was generated using MolView (http://molview.org). From Mahmood and 

Rabbani, Adv Exp Med Biol. (Mahmood and Rabbani, 2019b) 

 

http://molview.org/
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are transferred to different acceptor molecules like DNA, RNA, proteins, and lipids (Lu 

and Mato, 2005; Roje, 2006). SAM also donates the aminopropyl groups to produce the 

polyamines required for cell growth via the aminopropylation pathway (Lu, 2000). By the 

transsulfuration pathway, SAM is converted to cysteine which then produces antioxidants 

like glutathione and taurine (Finkelstein, 1990). SAM also donates the adenosyl portion as 

well as the -NH2 group for the synthesis of biotin (Delle Cave et al., 2017). Taken together, 

it is obvious that SAM plays a crucial role in the maintenance of cellular function and 

abnormalities in SAM metabolism may give rise to different pathological conditions (Lu, 

2000). As such, SAM has been used to treat different diseases. It is approved as a 

nutraceutical agent for depression, fibromyalgia, osteoarthritis, as well as for diseases 

related to the liver (Bottiglieri, 2002). Our group was one of the pioneers to test whether 

DNA hypomethylation-mediated abnormalities of cancer can be reversed by using SAM 

(Pakneshan et al., 2004a).  Since then the anti-cancer effect of SAM has been tested both 

in vitro and in vivo using rodent models in different cancer which is summarized in Table 

2.  
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Table 2: Summary of anti-cancer effect of SAM in vitro and in vivo. 

Cancer type Effect of SAM-treatment Reference 

Breast Decreased cell proliferation, invasion, migration, 

colony formation in vitro;  

Increased apoptosis;  

Combination of SAM with other known 

chemotherapeutic agents (decitabine, doxorubicin) 

showed a better anti-cancer effect than single-agent 

treatment in vitro; 

Reduced MDA-MB-231 xenograft tumor volume and 

metastasis in vivo upon daily supplementation by oral 

gavage 

(Chik et al., 

2013; Ilisso et 

al., 2015; 

Mahmood et 

al., 2018a) 

Prostate Decreased cell proliferation, invasion, migration, 

colony formation in vitro;  

Reduced skeletal lesion when SAM-treated PC-3 

prostate cancer cells were injected into the tibia of 

immunocompromised mice  

(Schmidt et 

al., 2016; 

Shukeir et al., 

2006; Shukeir 

et al., 2015) 

Liver Decreased cell proliferation, invasion, colony 

formation in vitro 

(Wang et al., 

2017) 

Lung Combination of SAM with 5-fluorouracil (5-FU) 

significantly decreased cell proliferation by restoring 

the levels of DNMTs which are otherwise 

downregulated by 5-FU monotherapy in vitro 

(Ham et al., 

2013) 

Gastric Decreased cell proliferation, colony formation in vitro; 

Reduced SGC-7901 xenograft tumor volume in vivo 

upon administration of SAM through intraperitoneal 

injection 

(Luo et al., 

2010; Zhao et 

al., 2010) 

Colorectal Decreased cell proliferation, invasion, migration in 

vitro; 

Increased apoptosis;  

Reduction of inflammation-induced colon cancer in 

vivo; 

Inhibits the metastatic spread of colon cancer cells in 

the liver in vivo 

(Hussain et 

al., 2013; Li 

et al., 2011; 

Tomasi et al., 

2017) 

Osteosarcoma Decreased cell proliferation, invasion, migration, 

colony formation in vitro;  

Increased apoptosis;  

Reduced skeletal lesion and lung metastasis when 

SAM-treated LM-7 osteosarcoma cancer cells were 

injected in immunocompromised mice via intratibial 

and intravenous routes respectively  

(Ilisso et al., 

2016; 

Parashar et 

al., 2015) 
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Suppression of proliferation and enhancement of apoptosis by SAM-treatment 

 Uncontrolled cell growth along with suppression of apoptotic cell death is a major 

characteristic of cancer cells which has led to the development of several anti-cancer drugs 

targeting tumor cell proliferation. It has been shown that treatment with SAM can inhibit 

cell proliferation in vitro in different types of malignancies like breast cancer (Chik et al., 

2013; Ilisso et al., 2015; Mahmood et al., 2018a), prostate cancer (Shukeir et al., 2015), 

liver cancer (Wang et al., 2017), colorectal cancer (Hussain et al., 2013), gastric cancer 

(Zhao et al., 2010), and osteosarcoma (Ilisso et al., 2016; Parashar et al., 2015). Our recent 

studies have demonstrated that daily administration of SAM by oral gavage caused a dose-

dependent decrease in tumor volume in a xenograft model of breast cancer (Mahmood et 

al., 2018a). Similarly, SAM-treatment reduced tumor loads in animal models of gastric and 

colon cancer (Li et al., 2011; Zhao et al., 2010).  

 It is also known that rapidly proliferating cancer cells need compact polypeptides 

known as growth factors for cell proliferation. Therefore, these polypeptides are often 

targeted by many anti-cancer therapies. In prostate cancer and osteosarcoma cells, we have 

shown that SAM-treatment decreased the expression of genes encoding important growth 

factors like transforming growth factor β (TGF-β), vascular endothelial growth factor 

(VEGF), platelet-derived growth factor alpha (PDGFA) (Parashar et al., 2015; Shukeir et 

al., 2015). In addition, SAM-treatment attenuated key survival pathways mediated by ERK, 

β-Catenin and signal transducer and activator of transcription 3 (STAT3) in different 

cancer cells which also confirms the anti-proliferative effect of SAM (Ilisso et al., 2016; 

Li et al., 2011; Shukeir et al., 2015).  
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 SAM-treatment increases both gene and protein expression of dual specificity 

phosphatase 1 (DUSP1) which is an inhibitor of ERK (Tomasi et al., 2010). In proliferating 

cancer cells, active ERK1/2 causes phosphorylation at the Ser296 residue of DUSP1 and 

thereby facilitates its proteasomal degradation via SKP2-CKS1 ubiquitin ligase (Calvisi et 

al., 2008a; Calvisi et al., 2008b). It has been suggested SAM-treatment protects DUSP1 

from undergoing proteasomal degradation (Tomasi et al., 2010).  

 EWAS using Illumina methylation 450K array revealed that SAM-treatment 

caused hypermethylation at the promoter of STAT3 gene which in turn caused a reduction 

of its gene expression (Shukeir et al., 2015). In gastric and colon cancer cell, SAM-

treatment reversed the promoter hypomethylation state of proto-oncogenes MYC and HRAS 

which in turn decreased their gene expression (Luo et al., 2010).  

 In vitro experiments by us and others have suggested that SAM-treatment 

significantly increases the percentage of apoptotic cell death in different types of cancer 

and arrests the cancer cells at the G2M phase of the cell cycle progression (Ilisso et al., 

2016; Mahmood et al., 2018a; Parashar et al., 2015; Shukeir et al., 2015).  At the molecular 

level, SAM treatment reduces the expression of anti-apoptotic protein BCl-2 and increases 

the expression of the pro-apoptotic Bcl-2-associated X (BAX) protein (Ilisso et al., 2016; 

Mahmood et al., 2018a). This might explain the increase in apoptosis upon SAM-treatment. 

In addition, SAM-treatment reduces the expression of cyclin D and E and increases the 

expression of p53, p21and p27 (Cave et al., 2018; Ilisso et al., 2016).  

 The anti-tumor effect of SAM can be partly explained from its unique biochemical 

structure. SAM can donate methyl groups via the transmethylation pathway which can 
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reduce the hypomethylation mediated genomic instability seen in cancer. It can produce 

antioxidants via the transsulfuration pathway which may prevent the development of 

cancer. However, SAM can also donate the aminopropyl groups for polyamine 

biosynthesis (Figure 4). Polyamines are involved in the promotion of proliferation in both 

preneoplastic and neoplastic cells (Frau et al., 2013). In rapidly proliferating cancer cells, 

the level of endogenous SAM goes down favoring polyamine synthesis (Feo et al., 1987).  

Feo et al. showed that exogenous administration of SAM inhibited the activity of a key 

enzyme of polyamine biosynthesis pathway known as ornithine decarboxylase (ODC), 

which in turn reduced in the development of nodules in a rat model of liver cancer (Feo et 

al., 1987). Therefore, an overall reduction in tumor volume is observed upon exogenous 

administration of SAM. 

 

Attenuation of cancer cell invasion and metastasis upon SAM-treatment 

 Tumor associated metastasis is the most common cause of cancer-related mortality 

in humans (Mehlen and Puisieux, 2006). It is a multi-step process driven by different types 

of growth factors and proteases that can enable the tumor cells to break down the 

extracellular matrix (ECM) and migrate into different tissues via the lymphatic system and 

circulation (Barkan et al., 2010; Mehlen and Puisieux, 2006). The plasminogen activator 

(PA) system plays a central role in this process (Mahmood et al., 2018b). In cancer cells, 

hypomethylation-mediated upregulation of PLAU gene results in the increased production 

of uPA protein which binds to its receptor (uPAR) and thereby activates plasminogen to 

plasmin. Once activated, plasmin can initiate a cascade of proteolytic events to cause the 
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degradation of ECM components (Mahmood et al., 2018b). Our group was the first to show 

that epigenetic targeting of PLAU promotor hypomethylation through the use of 

methylating agent like SAM can reverse its transcriptional state (Pakneshan et al., 2004a). 

We found that SAM-treatment could downregulate PLAU and matrix metalloproteinase 2 

(MMP2) expression and thereby reduced the invasiveness of the cancer cells as determined 

by the transwell Boyden chamber invasion assay (Pakneshan et al., 2004a; Shukeir et al., 

2006). These effects were also confirmed by several other research groups working on 

different types of cancer (Hussain et al., 2013; Zhao et al., 2010). We have also shown that 

oral administration of SAM reduces the metastatic burden of orthotopically implanted 

MDA-MB-231 breast tumor cells in different peripheral tissues like lung, liver, and spleen 

of immunocompromised mice (Mahmood et al., 2018a). Microarray-based gene expression 

analysis of the MDA-MB-231 transcriptome revealed that treatment with SAM 

significantly reduced the expression of several prometastatic and epithelial-mesenchymal 

transition (EMT) pathway genes (Mahmood et al., 2018a). In another study, Tomasi et al. 

(2017) have shown that oral administration of SAM reduces the ability of the colon cancer 

cells to metastasize to the lung. They have further demonstrated that SAM-treatment 

increases the expression of microRNA-34a and b (miR-34a and miR-34b) which in turn 

downregulate the IL-6 signaling pathway and thereby decrease the metastatic potential of 

the cancer cells.    

 Transcriptome analysis of liver and prostate cancer cells upon SAM-treatment also 

showed downregulation of genes related to cell migration, metastasis, and angiogenesis 

(Schmidt et al., 2016; Wang et al., 2017). Consistent with these observations, methylome 
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analysis upon SAM-treatment showed hypermethylation at the promoters of several 

oncogenes and prometastatic genes (Parashar et al., 2015; Shukeir et al., 2015; Wang et al., 

2017). In prostate cancer and osteosarcoma, we showed that inoculation of SAM-treated 

cells into the tibia of immunocompromised mice reduced skeletal lesion formation at the 

bone which is a major site of metastasis in many cancer (Parashar et al., 2015; Shukeir et 

al., 2015). Sahin et al. have shown that SAM-treatment inhibited endothelial cell 

proliferation which is suggestive of the anti-angiogenic effect of SAM (Şahin et al., 2011).  

 

Combination of SAM with other anti-cancer agents 

 Since SAM shows little to no toxicity, several groups have tested the anti-cancer 

properties of SAM in combination settings with currently approved chemotherapeutic 

agents. Ilisso et al. (2015) investigated the effect of SAM in combination with Doxorubicin 

on different breast cancer cell lines. Doxorubicin is a classic chemotherapeutic agent used 

for patients with breast cancer. Even though it is highly effective as an anti-cancer agent, 

it also elicits several side effects including cardiomyopathy, alopecia, vomiting as well as 

resistance to therapy (Shapiro and Recht, 2001). The authors have reasoned that 

combination of SAM and doxorubicin will allow lowering the concentration of doxorubicin 

and thereby reduce doxorubicin associated side effects (Ilisso et al., 2015). They found a 

significantly synergistic anti-proliferative effect following combination therapy with 

doxorubicin and SAM in hormone-dependent breast cancer cells. This highly significant 

effect on cancer cells following combination therapy was shown to be due to the increase 

in the percentage of apoptotic cells. 
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 Using human A549 lung cancer cells, Ham et al. (2013) showed that the anti-cancer 

effect of another agent 5-fluorouracil (5-FU) is markedly enhanced when used in 

combination with SAM. They have shown that single-agent treatment with 5-FU reduced 

the expression of DNMTs which is restored upon combination treatment with SAM. 

 It has been recently demonstrated that SAM in combination with autophagy 

inhibitor Chloroquine (CLC) show better anti-proliferative effect through the induction of 

apoptotic cell death (Cave et al., 2018). The authors have further shown that the 

combination treatment synergistically inhibited the phosphorylation of AKT/mTOR 

kinases which are major survival pathways of the cancer cells. 

 SAM has also been used in combination with other epigenetic drugs. Previous 

studies by our group have demonstrated that the FDA-approved DNA methylation inhibitor 

decitabine undesirably activates the expression of several prometastatic genes [PLAU, 

heparanase (HPSE), synuclein-γ (SNCG), and C-X-C motif chemokine receptor 4 

(CXCR4)] along with the activation of tumor suppressor gene like Ras association domain 

family member 1 (RASSF1) and proapoptotic gene BAX (Ateeq et al., 2008). We found that 

inoculation of decitabine treated MCF7 breast cancer cells into the fat pad of 

immunocompromised mice showed significantly reduced tumor burden compared to the 

control group of mice implanted with untreated cells which is consistent with the known 

tumor suppressive effect of decitabine. However, when the tumors were analyzed after the 

sacrifice of the animals on week 6, a significant induction of several prometastatic factors 

like PLAU, Heparanase, and CXCR4 was observed in the decitabine treated group. So, we 

concluded that decitabine treatment increased the invasiveness of less aggressive MCF7 
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breast cancer cells. This might be a reason why these drugs are not as effective in solid 

tumors compared to the liquid tumors for which they are approved. SAM, on the other 

hand, reduces the expression of several prometastatic genes (Pakneshan et al., 2004a).  

Since the cancer cells are heterogeneous, the pattern of DNA methylation abnormalities 

may be different between the cells within the tumor microenvironment. As such, targeting 

both hypermethylation (by decitabine) and hypomethylation (by SAM) has been tested as 

a proof-of-concept, and it was found that the combination treatment synergistically reduces 

proliferative and invasive capacities of several breast cancer cell lines (Chik et al., 2013). 

It was shown that the combination of SAM and decitabine could inhibit the expression of 

prometastatic genes like PLAU and MMP2 which are otherwise induced by single agent 

treatment by decitabine. Moreover, SAM did not hinder the expression of tumor suppressor 

genes (CDKN2AIP and p21) which are normally induced upon decitabine treatment. This 

implies that SAM affects tumor suppressor genes and prometastatic genes differently. 

However, the study was limited to a few genes only and whether a similar effect can be 

recapitulated in vivo using mouse models of breast cancer remained unknown. 

Nevertheless, the study has opened the door for a novel combinatorial approach using two 

epigenetic agents that can target various elements of the DNA methylation-mediated 

abnormalities seen in cancer. A summary of SAM-mediated reversal of cancer-related 

events is shown in Figure 5. 
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Targeting hypermethylation  

The main focus of attention for the past two decades has been on the activation of 

tumor suppressor genes by blocking DNA hypermethylation using DNMT inhibitors. Over 

the years, many DNMT inhibitors have been developed and Table 3 contains a list of 

DNMT inhibitors that have been used in many preclinical and clinical studies. Two 

cytidine analogs 5-azacytidine (Vidaza®) and 5-aza-2′deoxycytidine (Decitabine, 

Dacogen®) have been approved by the Food and Drug Administration (FDA) and European 

Medicines Agency (EMA). This chapter will explain these two hypomethylating agents in 

detail. In addition, the role Vitamin D as a demethylating agent will also be discussed.  

Figure 5: Causes and consequences of DNA hypomethylation and reversal of the 

hypomethylated state by methylating agent like SAM. 

From Mahmood and Rabbani, Adv Exp Med Biol. (Mahmood and Rabbani, 2019b) 
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Table 3: List of DNMT inhibitors used in cancer 

Class of inhibitors Compound 

Nucleoside analogs 5-azacytidine (Vidaza®) 

5-aza-2′deoxycytidine (decitabine, Dacogen®) 

Zebularine (dZTP) 

Guadecitabine (SGI-110) 

5-fluoro-2′-deoxycytidine (FdCyd, NSC-48006) 

5-azacytidine-5'-elaidate (CP-4200) 

2'-Deoxy-N4-[2-(4-nitrophenyl) ethoxycarbonyl]-5-azacytidine 

(NPEOC-DAC) 

Fazarabine (Arabinofuranosyl-5-azacytosine) 

5,6-Dihydro-5-azacytidine (DHAC; NSC 264880) 

Non-nucleoside 

analogs 

RG108 

Procaine 

Procainamide 

Epigallocatechin-3-Gallate (EGCG) 

Hydralazine 

Psammaplin A 

Mitozantrone 

Mithramycin A (Plicamycin) 

SiRNA MG98 (antisense oligonucleotide against DNMT1) 

 

5-azacytidine and 5-aza-2′deoxycytidine 

5-azacytidine (5-azaC), an analog of cytidine nucleoside, and its deoxy derivative 

5-aza-2′deoxycytidine (5-azadC) are both hypomethylating agents that are currently 

approved for treating several specific forms of myelodysplastic syndromes (MDS), acute 

myeloid leukemia (AML), and chronic myelomonocytic leukemia (CMML) (Figure 6) 

(Derissen et al., 2013) These two compounds were first synthesized in Czechoslovakia by 

Sorm et al. in 1964 for use as cytostatic agents (Šorm et al., 1964). The initial clinical trials 

to examine their role as anti-cancer agents for liquid cancers started as early as 1967 in 
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Europe followed by 1970 in the United States of America (VON HOFF et al., 1976) (Figure 

6).  
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Figure 6: Approved DNMT inhibitors 5-azaC and 5-azadC. 

A. Chemical structures of cytidine nucleoside, its analogs 5-azacytidine (5-azaC) and 5-aza-

2′deoxycytidine (5-azadC). B. A timeline from the discovery until the approval of two well-

known azacytidines (5-azaC and 5-azadC). Adapted from Mahmood and Rabbani, Trends in 

Cancer Research (Mahmood and Rabbani, 2017). 
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 During the 1970s it was demonstrated that both of these drugs could be incorporated 

into the DNA and only 5-azaC can incorporate itself into the RNA and causes disruption 

of RNA and subsequent blockade of protein synthesis (Li et al., 1970; Veselý and Čihák, 

1978). Later on, it was demonstrated that the deoxy derivative 5-azadC is more cytotoxic 

as well as more potent than 5-azaC (Flatau et al., 1984; Momparler et al., 1984). 

The first clinical trials that used 5-azaC as monotherapy for phase I and II studies 

in solid tumors commenced during the 1970s (Weiss et al., 1976; Weiss et al., 1972). A 

phase II clinical trial by Weiss et al. demonstrated an anti-cancer effect of 5-azaC in 17% 

and 21% patients having breast cancer and malignant lymphomas respectively when they 

were given a dose of 1.6 mg/kg of the drug daily for ten days (Weiss et al., 1976). There 

was a minimal effect of 5-azaC on solid tumors (Weiss et al., 1976). Moreover, 5-azaC 

induced toxic effects like leucopenia, thrombocytopenia, sepsis, and cerebral hemorrhage 

in patients (Weiss et al., 1972). These studies demonstrated that these drugs should not be 

used as a monotherapy in solid tumors (Cheishvili et al., 2015). It should be noted that the 

dose at which these drugs were used in these studies was too high. So, the therapeutic 

window was smaller. 

In a landmark study published in 1980, Jones and Taylor demonstrated that 5-azaC 

can inhibit DNMT activity (Jones and Taylor, 1980).  This study also demonstrated the 

first link between DNA methylation and cellular differentiation and thereby opened the 

avenue for targeting DNMTs for cancer treatment. They found that prolonged exposure to 

lower concentrations of the drug led to optimal DNA demethylation and inhibited cell 

differentiation. On the other hand, at higher concentrations the DNMT inhibitors decreased 
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DNA demethylation as well as differentiation (Jones and Taylor, 1980, 1981). Taken 

together, these observations renewed the interest in 5-azaC and 5-azadC as anti-cancer 

therapeutic agents and provided a basis for designing the subsequent clinical trials. The 

first successful clinical trial of 5-azaC used a low dose (75 mg/m2) of the drug in patients 

with myelodysplastic syndromes (MDS) where prolonged administration for a period of 

7 days repeated every 28 days showed better response over the best available supportive 

care (Silverman et al., 2002). This led to the FDA approval of using 5-azaC for the 

treatment of patients having MDS in 2004. Similarly, a low dose of 5-azadC (15 mg/m2) 

given every 8 hours for 3-5 days was effective in MDS patients (Kantarjian et al., 2007; 

Lübbert et al., 2011). In 2006, 5-azadC (decitabine) was also got the FDA approval for the 

treatment of patients with MDS. Currently, many clinical trials are going on using these 

drugs to treat solid tumors. 

 

 

Mechanism of action of 5-azacytidine and 5-aza-2′deoxycytidine 

 Two major mechanisms of anti-cancer activity of 5-azaC and 5-azadC have been 

shown so far. These include (i) demethylation of DNA upon the inhibition of DNMT 

enzyme which enables the activation of tumor suppressor genes and (ii) cellular 

cytotoxicity due to the incorporation into DNA (both 5-azaC and 5-azadC) and RNA (5-

azaC only) leading to the initiation of DNA damage response (Stresemann and Lyko, 

2008). 
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Incorporation into RNA

(~80-90%)

Incorporation into DNA

Disruption of RNA,

Blockade of protein synthesis

DNMT1 inhibition

DNA damage

Apoptosis

RNR

(~10-20%)

UCK DCK

NMPK NMPK

NDPK NDPK

5-azaC 5-azadC
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Figure 7:  Cellular uptake, metabolism, and mechanism of action of 5-azaC and 5-

azadC.  

Upon cellular uptake by human equilibrative (hENT) and concentrative nucleoside 

transporters (hCNT) these drugs are activated through a three-step phosphorylation 

process. The first step is catalyzed by uridine-cytidine kinase (UCK) and deoxycytidine 

kinase (DCK) for 5-azaC and 5-azadC respectively. The second step is catalyzed by 

nucleoside monophosphate kinase (NMPK) for both of these drugs and then a small portion 

(~10-20%) of 5-azaCDP is converted into 5-azadCDP by the action of ribonucleotide 

reductase (RNR). The third step is catalyzed by nucleoside diphosphate kinase (NDPK) 

where 5-azaCTP incorporates into RNA and 5-azadCTP incorporates into the DNA, and 

they can subsequently mediate their demethylation and cytotoxic effects depending on the 

dose of the drugs being administered. ABC transporters play a role in the excretion of these 

drugs out of the cells. Adapted from Mahmood and Rabbani, Trends in Cancer Research 

(Mahmood and Rabbani, 2017). 
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Both 5-azaC and 5-azadC are prodrugs and upon cellular uptake by human equilibrative 

(hENT, SLC29A family) and concentrative nucleoside transporters (hCNT, SLCA28 

family), they are activated through three consecutive ATP-dependent phosphorylation 

steps to achieve their active forms that can be subsequently incorporated into the DNA and 

RNA (Figure 7) (Rius et al., 2009; Stresemann and Lyko, 2008). The first phosphorylation 

step to transform the drugs to a monophosphorylated form is catalyzed by uridine-cytidine 

kinase (UCK) for 5-azaC and deoxycytidine kinase (DCK) for 5-azadC (Li et al., 1970; 

Stresemann and Lyko, 2008).  

 The enzymes catalyzing the second and third phosphorylation steps are same for 

both the drugs. Nucleoside monophosphate kinase (NMPK) and nucleoside diphosphate 

kinase (NDPK) catalyzes the incorporation of the second and third phosphate groups 

respectively to yield active forms of the drugs (5-aza-CTP and 5-aza-dCTP) (Stresemann 

and Lyko, 2008). Afterward, 5-aza-dCTP is incorporated into the newly synthesized strand 

of DNA during replication to inhibit DNMT enzyme and cause subsequent DNA damage 

and apoptosis. However, in the case of 5-azaC, 80–90 % are incorporated into the RNA in 

the form of 5-aza-CTP to cause inhibition of RNA and protein synthesis. Therefore, only 

10–20 % is available for incorporation into the DNA after the conversion from 5-aza-CDP 

to 5-aza-dCDP by ribonucleotide reductase (RNR) enzyme (Figure 7) (Stresemann and 

Lyko, 2008). ATP-binding cassette transporters (ABC family) play a role in transporting 

both these drugs out of the cells. 
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Effects of 5-azaC and 5-azadC on breast cancer 

 As mentioned earlier, both 5-azaC and 5-azadC have been approved for specific 

types of liquid tumors in the early 2000s. At present, the focus of attention is towards the 

possibility of using them in solid tumors.  

We and others have shown that 5-azaC and 5-azadC can reduce breast cancer 

growth in vitro and in vivo (Ateeq et al., 2008; Thakur et al., 2012). Treatment with 5-

azadC was able to transform the less invasive breast cancer cell lines like MCF-7 and ZR-

75-1 into more invasive cells both in vitro and in vivo (Ateeq et al., 2008). We found that 

inoculation of MCF-7 cells pretreated with 5-azadC showed significantly reduced tumor 

growth in mice compared to the control mice inoculated with vehicle-treated MCF-7 cells 

(Ateeq et al., 2008). However, pharmacological inhibition of methylation by 5-azadC also 

induced the expression of previously quiescent prometastatic (uPA, HEPARANASE, 

CXCR4 and SNCG) genes involved in tumor cell invasion and metastasis (Ateeq et al., 

2008).  A similar increase in invasiveness and metastasis has also been demonstrated in 

other types of cancers (Habets et al., 1990; Olsson and Forchhammer, 1984; Sato et al., 

2003). So careful considerations should be given prior to the use of these drugs for the 

treatment of cancer. 

 

5-azaC and 5-azadC in combination with other agents 

 Both 5-azaC and 5-azadC showed a modest therapeutic effect in solid tumors 

compared to liquid tumors. However, these drugs can reduce solid tumor growth (Ateeq et 

al., 2008). Hence, combinations of the DNMT inhibitors with other types of therapeutic 
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agents are now in various phases of clinical trials for breast and other types of solid tumors 

(source: www.clinicaltrial.gov). A phase II clinical trial of 5-azaC (Vidaza) in combination 

with a chemotherapeutic agent called Nab-paclitaxel (Abraxane) is ongoing for breast 

cancer patients. Other types of therapeutic strategies like 5-azadC (decitabine) in 

combination with Anti-PD-1 antibody, neoadjuvant therapy using pembrolizumab and 5-

azadC (decitabine) before surgery followed by standard chemotherapy are currently in the 

initial phases of clinical trials with breast cancer patients.  

 More recently, the combination of DNMT inhibitors with other types of epigenetic 

drugs like the histone deacetylase (HDAC) inhibitors have gained much interest. It has 

been demonstrated that a crosstalk exists between DNA methylation and histone 

acetylation in terms of gene expression (Cervoni and Szyf, 2001). Therefore, the effect of 

5-azaC and 5-azadC in combination with different types of HDAC inhibitors has been 

tested in several studies (Cameron et al., 1999; Elangovan et al., 2013). Cameron et al. first 

demonstrated the synergistic anti-cancer effect of a combination of DNMT and HDAC 

inhibitors (Cameron et al., 1999). Elangovan et al. have shown that sodium butyrate (an 

inhibitor of HDAC) in combination with 5-azadC inhibits tumorigenesis in a mouse model 

of breast cancer (Elangovan et al., 2013). 

 

Vitamin D as demethylating agent  

 The steroid hormone Vitamin D was classically used to prevent and treat rickets 

(DeLuca, 1988). However, it is now well-established that Vitamin D also plays an 

important role during several pathological conditions, including cancer (Holick, 1995). At 
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the molecular level, Vitamin D functions by regulating gene expression programs, mainly 

through the association with its receptor [Vitamin D receptor (VDR)] (Deeb et al., 2007; 

Kongsbak et al., 2013). To exert the genomic effects, VDR first forms a dimer with retinoid 

X receptor (RXR). Then the VDR-RXR dimer binds to VDR responsive elements near the 

promoters of target genes and modulates their expression in a context-dependent manner 

(Kimmel‐Jehan et al., 1999). However, it should be noted that Vitamin D can also function 

via non-genomic pathways by stimulating calcium influx and subsequent induction of 

phosphorylation cascades (Civitelli et al., 1990). 

 The primary links between Vitamin D and the epigenome were established through 

the studies related to histone modification. The VDR-RXR dimer can interact with histone 

acetyltransferases to cause activation of gene expression (Karlic and Varga, 2011). 

However, emerging evidence suggests that Vitamin D is also associated with other types 

of epigenetic modifications like DNA methylation (Tapp et al., 2013; Zhu et al., 2013). It 

has been shown that the biologically active 1,25-dihydroxyvitamin D [1,25(OH)2D] can 

cause demethylation of DNA and thereby change gene expression patterns (Doig et al., 

2013; Fetahu et al., 2014). For example, higher dietary intake of Vitamin D showed 

association with hypomethylation of WNT5A and dickkopf1 (DKK1) genes in Canadian 

patients with colorectal cancer (Rawson et al., 2012). These results show concordance with 

previous studies where administration of either Vitamin D or its analogue EB1089 caused 

activation of the Wnt antagonist DKK1 and thereby showed potent anti-tumor effects 

against colorectal cancer cells in vitro and in vivo (Aguilera et al., 2007). An inverse 

correlation was also observed between the Vitamin D level and methylation at the promoter 



 

76 

 

of the adenomatous polyposis coli (APC) tumor suppressor gene (Tapp et al., 2013). In 

addition, the treatment of highly aggressive triple-negative MDA-MB-231 cells with 

Vitamin D caused demethylation at the promoter of CDH1 gene encoding the epithelial 

cell marker E-cadherin (Lopes et al., 2012). Therefore, Vitamin D also plays a vital role in 

modulating cancer progression by repressing the epithelial to mesenchymal transition 

through DNA demethylation. In other studies, Vanoirbeek et al. have shown that Vitamin 

D treatment caused a demethylation-mediated activation of the adaptor molecule PDZ-

LIM domain-containing protein 2 (PDLIM2) which is involved in the attachment of 

components of the cytoskeleton, and thereby reduced breast cancer cell migration and 

invasion (Vanoirbeek et al., 2014).  

 Taken together, these studies suggest that the anti-proliferative effects of 

Vitamin D and its metabolites may, in part, be exerted through DNA demethylation. 

Currently, there is a paucity of the studies deducing the exact mechanism by which 

Vitamin D regulates DNA methylation. However, from an anti-cancer therapeutic 

perspective, the use of Vitamin D as a single agent therapy or in combination with other 

agents to reverse the DNA hypermethylation mediated abnormalities is attractive 

because of the lower toxicity of vitamin D compared to the currently approved DNMT 

inhibitors. Moreover, Vitamin D is available as an over the counter nutraceutical agent 

that can be used for chemoprevention against cancer.     
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Targeting DNA methylation readers 

As mentioned above, DNA methylation takes place when methyl groups are added to the 

appropriate bases on the genome by the action of ‘writer’ molecules known as DNA 

methyltransferases. How these methylation marks are read and interpreted into different 

functionalities represents one of the main mechanisms through which the genes are 

switched ‘ON’ or ‘OFF’ and typically involves different types of ‘reader’ proteins that can 

recognize and bind to the methylated regions. A tightly balanced regulation exists between 

the ‘writers’ and ‘readers’ in order to mediate normal cellular functions. However, 

alterations in normal methylation pattern is a typical hallmark of cancer which alters the 

way methylation marks are written, read and interpreted in different disease states. This 

unique characteristic of DNA methylation ‘readers’ has identified them as attractive 

therapeutic targets. Even though several ‘reader’ proteins have been shown association 

with cancer, this chapter will be mainly focused on MBD2 which was previously shown to 

be a target of SAM (Pakneshan et al., 2004a). The summary of the current state of 

knowledge on targeting DNA methylation readers will also be provided. 

  

Role of MBD2 in normal physiology and cancer 

 The MBD2 is a multiexon gene located on chromosome 18 of both human and 

mouse genomes. The encoded protein (MBD2) from this locus shows more than 70% 

amino acid sequence similarity with another protein called MBD3 (Hendrich and Bird, 

1998). In addition, a high level of gene-sequence homology exists between human and 

mouse MBD2 and MBD3 genes which is suggestive a gene duplication event during the 
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course of evolution (Hendrich and Tweedie, 2003). Initial studies proposed that MBD2 

functions as a transcriptional repressor by recruiting co-repressors like the NuRD 

(Nucleosome Remodeling Deacetylase) complex to the methylated sites (Ng et al., 1999).    

 MBD2 protein has three main isoforms due to the use of alternative translational 

start site and alternative splicing: MBD2a, MBD2b, and MBD2c (also called MBD2t) 

(Hendrich et al., 1999; Hendrich and Bird, 1998). The presence of different domains that 

give the different MBD2 isoforms the ability to interact with different binding partners and 

thereby carry out different functions (Figure 8A). However, all three isoforms  

have the MBD domain to bind to methylated CpG. MBD2a is the canonical isoform and 

contains an N-terminal glycine-arginine (GR) repeat that can undergo post-translational 

modification, followed by the MBD domain, the TRD domain, and lastly the coiled-coil 

(CC) domain at the c-terminal region that has the ability to mediate protein-protein 

interactions (Du et al., 2015; Gnanapragasam et al., 2011) (Figure 8B).  

 The MBD2b uses an alternative start site during translation, and the only difference 

from MBD2a is the absence of the N-terminal GR repeat. The presence of the MBD and 

TRD domain in both of these isoforms helps them to bind different corepressor complexes 

to mediate transcriptional repression (Boeke et al., 2000). The third isoform MBD2c is 

devoid of the TRD and CC domains due to the inclusion of an alternative exon 3 that 

produces a truncated protein (Hendrich and Bird, 1998). The MBD2c may function 

differently than the other isoforms. For example, in human pluripotent stem cells (hPSC), 

MBD2a interacts with NuRD to promote cell differentiation while MBD2c mediates the 

reprogramming to pluripotency (Lu et al., 2014).   
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 It has been shown that MBD2 can also bind to unmethylated DNA to cause changes 

in gene expression (Baubec et al., 2013). However, the TRD-domain deficient MBD2c 

MBD2 isoforms
Functional 

characteristics

Possess the ability to bind both methylated 
and unmethylated regions, and thereby 

regulate gene expression

Preferentially binds to the methylated  
regions, and thereby regulate gene 

expression

MBD2a G/R CCTRDMBD

MBD2b CCTRDMBD

MBD2c G/R MBD

A

B

Figure 8: Characteristic domain architecture and function of different MBD2 isoforms.  

A. MBD2a is the canonical isoform containing four domains while MBD2a lacks the N-

terminal G/R-repeat due to the use of alternative start site during translation. On the other 

hand, the MBD2c isoform is formed due to the inclusion of an alternative third exon which 

produces a premature stop codon, and as a result, the MBD2c lacks the TRD and CC 

domains. From Mahmood and Rabbani, Frontiers in Oncology (Mahmood and Rabbani, 

2019a). B. Molecular modelling of the Mbd2 (cannonical Mbd2a isoform) was predicted by 

the RaptorX online server (http://raptorx.uchicago.edu/).  
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isoform cannot bind to unmethylated DNA which suggests that MBD2 binding to the 

unmethylated regions of the DNA is dependent on the interaction between TRD domain 

and NuRD complex (Baubec et al., 2013). More recent evidence suggests that the MBD2 

protein can also mediate the activation of gene expression (Angrisano et al., 2006; Wang 

et al., 2013; Weaver et al., 2014). MBD2 has been proposed to function as a demethylase 

enzyme that can remove or ‘erase’ the DNA methylation marks (Bhattacharya et al., 1999). 

However, this finding has been contested by several others (Boeke et al., 2000; Zhang et 

al., 1999). The Mbd2 knockout mice (Mbd2-/-) are viable and do not show any abnormalities 

during embryonic development even though the female Mbd2-/- mice have been reported 

to show some abnormalities related to maternal behavior (Hendrich et al., 2001). 

 MBD2 plays an important role in cancer by silencing key tumor suppressor genes 

in prostate cancer (Pulukuri and Rao, 2006), colon cancer (Magdinier and Wolffe, 2001), 

and liver cancer (Bakker et al., 2002). On the other hand, in several cancer-types, MBD2 

has been shown to mediate transcriptional repression of human telomerase reverse 

transcriptase (hTERT) which is suggestive of a tumor suppressive function of MBD2 

(Chatagnon et al., 2008). In breast cancer, Müller et al. could not detect any discernable 

difference in MBD2 expression (Müller et al., 2003), while Billard et al. detected a 

statistically significant upregulation of MBD2 in the mammary tumor (Billard et al., 2002).  

 Stable knockdown of the MBD2 gene suppressed the proliferation of several breast 

cancer cell lines in vitro and decreased tumor volume in vivo (Mian et al., 2011). 

Furthermore, it was demonstrated that tumor suppressor genes like DAPK1 and KLK10 are 

de-repressed upon depletion of MBD2 in breast cancer cells. Interestingly, MBD2 has been 
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also shown to function in the maintenance and spread of DNA methylation at specific 

regulatory regions of prostate cancer cells (Stirzaker et al., 2017). Moreover, knockout of 

Mbd2 gene mice protected against tumorigenesis when crossed with ApcMin/+ mice (a 

rodent model for colorectal cancer) (Sansom et al., 2003). The loss of MBD2 function 

causes downregulation of the Wnt signaling pathway which plays a major role in the 

development of colorectal cancer (Phesse et al., 2008; Sansom et al., 2003). However, later 

studies have found that depletion of several other epigenetic and chromatin binding factors 

like Kaiso, DNMTs, and Brg1 also downregulated the Wnt signaling pathway and thereby 

protected from tumorigenesis (Cai et al., 2014; Holik et al., 2014; Prokhortchouk et al., 

2006). This suggests that the downregulation of Wnt signaling is not MBD2-specific, and 

it is instead a result of a general perturbation of chromatin remodeling complex (Wood and 

Zhou, 2016).  

 Emerging evidence supports that MBD2 plays a role in immunity partly because of 

its tissue localization pattern. Among the various members of the MeCP2-MBD family, 

MBD2 shows the highest expression in spleen which is a major site for both adaptive and 

innate immune responses (Wood et al., 2016; Wood and Zhou, 2016). Wang et al. 

demonstrated that MBD2 regulates the expression of Foxp3 which is the master regulator 

of regulatory T cells (Tregs) (Wang et al., 2013). They have shown that MBD2 binds to 

the Treg-specific demethylation region (TSDR) located upstream of the Foxp3 gene and 

thereby facilitates TET2-mediated demethylation to induce Foxp3 expression. 

Furthermore, knockout of Mbd2 gene reduced the number of Tregs and impaired the 

immunosuppressive function meditated by the Tregs. Interestingly, the Mbd2-/- mice did 
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not develop autoimmunity which makes it an attractive target in pathological conditions 

like cancer where the Tregs have been suggested as potential targets for immunotherapy 

(Shitara and Nishikawa, 2018).   

 

Current state of knowledge on targeted Epi-therapies  

 Even though the field is still at its infancy, several studies have shown promising 

effects in terms of developing anti-cancer therapeutic strategies against the MBPs. A 

summary of the currently described anti-cancer strategies targeting different known MBPs 

is shown in Figure 9.  

 It has been demonstrated that treatment of prostate cancer cells with green tea 

polyphenols (GTPs) reversed the DNA hypermethylation-mediated silencing of the known 

tumor suppressor gene glutathione‐S‐transferase pi (GSTP1) through the downregulation 

of DNMT1, MeCP2 and several other MBD proteins (Pandey et al., 2010). The authors 

have shown that GTP treatment causes demethylation at the promoter of GSTP1. 

Furthermore, chromatin immunoprecipitation (ChIP) assays revealed that GTP treatment 

also reduced the association of the transcriptional repressor MBD2 with Sp1 binding site 

that leads to the increased transcriptional activation of the GSTP1 gene. In other studies, it 

has been shown that natural compounds like curcumin, resveratrol, guggulsterone, EGCG, 

withaferin A, and genistein can also cause the reversal of epigenetic state in cancer cells 

through the reduction of DNMT1, HDAC1, and MeCP2 protein expression (Mirza et al., 

2013).   
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 Interestingly, polyphenols obtained from natural products have also been shown to 

decrease cancer cell proliferation through the downregulation of UHRF1 predominantly 

via the p53 and p73-dependent signaling pathways (Arima et al., 2004; Sharif et al., 2012; 

Sharif et al., 2010). Limoniastrum guyonianum aqueous gall extract (G extract), as well as 

luteolin, independently inhibited proliferation of cervical cancer HeLa cells by arresting 

the cells in G2/M phase and induced apoptosis through the inhibition of UHRF1 along with 

the upregulation of p16 tumor suppressor (Krifa et al., 2013). In a mouse model of colon 

cancer, red wine polyphenols (RWPs) inhibited tumor growth, metastasis, angiogenesis, 

and increased apoptosis through the downregulation of UHRF1 and other proliferation 

markers like ki67, cyclin D1 (Walter et al., 2010). The UHRF1 expression has also been 

shown to be downregulated in mechanisms independent of the p53 and p73 signaling 

pathways. For example, in chronic lymphocytic leukemia patients, polyphenols from 

Bilberry extract (Antho 50) decreased UHRF1 expression and increased apoptosis via 

targeting the Bcl-2/Bad pathway (Alhosin et al., 2015).  

The expression of MBD2 gene was downregulated when the cancer cells were treated with 

the naturally occurring methyl group donor SAM that shows anti-proliferative and anti-

metastatic effects (Pakneshan et al., 2004a; Shukeir et al., 2006). This approach is 

particularly attractive because SAM is non-toxic to cancer cells and has been shown to 

cause downregulation of several other oncogenes and prometastatic genes without 

changing the expression of the known tumor suppressor genes in vitro and in vivo 

(Mahmood et al., 2018a). Moreover, antisense oligonucleotides against MBD2 gene 

decreased tumorigenesis in human lung and colorectal cancer cells both in vitro and in vivo 
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(Campbell et al., 2004). In human promyelocytic leukemia cells, an amonafide analog named 

B1 [chemical name: N-(2-(dimethylamino) ethyl)-2-aminothiazonaphthalimide] has been 

demonstrated to cause relief from the MBD2-mediated repression of 14-3-3σ tumor 

suppressor gene (Liang et al., 2010). Moreover, KCC07, a brain-permeable small molecule 

inhibitor of the MBD2 pathway, have been demonstrated to suppress medulloblastoma in 

vivo through the activation of BAI1/p53 axis (Zhu et al., 2018). 

 Cancer immunotherapies have shown great promise as therapeutic strategies in 

patients. There are several forms of immunotherapies that include the use of checkpoint 

inhibitors, monoclonal antibody therapies, and vaccine immunotherapies against the 

tumor-associated antigens (TAAs) (Tsuboi et al., 2019). With the advancements of cancer 

immunology, several TAAs have been identified, and one of them is a WT1 product (Gao 

et al., 2000; Ohminami et al., 2000). Indeed, immunotherapies against the WT1 antigen 

showed promising outcomes in clinical trials on patients with several solid and 

hematological cancers (Ohno et al., 2012; Oji et al., 2018; Oka et al., 2017; Tsuboi et al., 

2019).  
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Figure 9: Schematic representation of the currently described anti-cancer strategies against 

different MBPs.  

Polyphenols obtained from natural compounds can downregulate the aberrantly expressed MeCP2, 

UHRF1 in cancer cells via differential regulation of cancer-related signaling pathways. The 

naturally occurring physiologic compound S-adenosylmethionine as well as anti-sense 

oligonucleotides can downregulate the elevated expression of MBD2 gene and cause inhibition of 

tumor growth, invasion, and metastasis. Immunotherapy against WT1 antigen has shown 

promising effects in clinical trials for several malignancies. From Mahmood and Rabbani, 

Frontiers in Oncology (Mahmood and Rabbani, 2019a) 
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Rationale of the project 

 Abnormal DNA methylation is an archetypal hallmark of cancer. Both 

hypermethylation-mediated inactivation of tumor suppressor genes and hypomethylation-

mediated activation of prometastatic genes are common attributes of cancer cells, which 

make the methylome an attractive anti-cancer drug target. In contrast to genetic changes, 

DNA methylation-mediated epigenetic abnormalities are reversible by either dietary 

interventions or therapeutic strategies, and a plethora of epigenetic drugs (Epi-drugs) 

primarily targeting DNA hypermethylation have been shown to be effective in preclinical 

and clinical settings. However, the currently approved DNA hypermethylation inhibitors, 

even though useful against tumor growth, can also promote the activation of prometastatic 

genes, which leads to increased metastasis. Moreover, these drugs are highly toxic with 

short half-lives. Therefore, it stands to reason that targeting DNA hypomethylation by 

using methylating agents that can downregulate the prometastatic genes will serve as a 

suitable therapeutic strategy to block tumor metastasis. Previous studies at our lab have 

shown that treatment of various cancer cell lines (breast, prostate, osteosarcoma) with a 

naturally occurring methyl group donor S-adenosyl methionine (SAM) could block tumor 

growth, invasiveness and metastatic spread. At the molecular level, treatment with SAM 

causes DNA hypermethylation at the promoters of several known pro-metastatic genes as 

well as oncogenic DNA methylation readers like MBD2; and thereby inhibit their 

expression. However, these studies were done either in vitro or using pretreated cancer 

cells implanted into immunocompromised animals. Therefore, the in vivo anti-cancer 

therapeutic potential of SAM has never been tested before. In this study, we hypothesized 
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that SAM could serve as an effective anti-cancer agent as a monotherapy or in combination 

with other epigenetic agents like decitabine. Additionally, SAM could act as a chemo-

preventive agent alone and in combination with other known agents like vitamin D in 

immunocompetent systems. We also hypothesize that depletion of MBD2, which is also a 

downstream target of SAM, could inhibit tumor growth and metastasis in a mouse model 

of spontaneous breast cancer. 

 

Objectives of the project 

1. To test the effect of SAM treatment on breast cancer growth and metastasis in a 

xenograft model and deduce the global gene expression networks altered by SAM. 

2. To test the combinatorial effect of the demethylation inhibitor (SAM) along with a 

methylation inhibitor (decitabine) on breast cancer growth and metastasis in vitro 

and in vivo. 

3. To test the chemopreventive effect of SAM in combination with Vitamin D 

prohormone [25(OH)D3] on breast cancer growth, lung metastasis, and 

colonization to the bone using well established transgenic and syngeneic models of 

breast cancer. 

4. To deduce the functional role of Methyl-CpG Binding Domain Protein 2 (Mbd2), 

a downstream effector of SAM, in tumor growth and metastasis of transgenic 

MMTV-PyMT animals and identify the molecular signaling pathways affected by 

the depletion of Mbd2. 
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Chapter Two: Methyl Donor S-adenosylmethionine (SAM) 

supplementation Attenuates Breast Cancer Growth, Invasion, and 

Metastasis in vivo; therapeutic and chemopreventive applications 
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Preface 

 The global methyl group donor S-adenosylmethionine has been previously shown 

to suppress cell proliferation and invasion of different types of cancer cells in 

vitro. Moreover, tumor volumes of xenograft animals implanted with ex vivo SAM-treated 

cancer cells were significantly reduced compared to control groups implanted with 

untreated or SAH-treated cells. The question that remained unanswered was whether oral 

administration of methylating agents like SAM would be efficacious and safe in preclinical 

settings to translate to breast cancer patients in clinical settings. This is the first study that 

tested the anti-cancer therapeutic potential of SAM against xenografted breast tumors. 

Previous studies have shown that SAM-treatment downregulated the expression of several 

known prometastatic genes like Plau, Mmp2. Therefore, to gain insights into the global 

transcriptomic changes, Affymetrix gene expression microarray profiling was done on the 

vehicle (control) and SAM-treated MDA-MB-231 cells. Herein, an author-generated 

version of the manuscript is presented with permission from the publisher. The manuscript 

related to this study was published in the ‘Oncotarget’ in 2018: 

“Mahmood,N., Cheishvili,D., et al. (2018) Methyl Donor S-adenosylmethionine 

(SAM) supplementation Attenuates Breast Cancer Growth, Invasion, and 

Metastasis in vivo; therapeutic and chemopreventive applications. Oncotarget 

9:5169-5183.” 

The article is published as open access under the terms of the Creative Commons 

Attribution License, which permits use, distribution and reproduction in any medium with 

proper citation. In addition, email consent was obtained from the Editor which can be found 

in the Appendices. 
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Abstract 

 DNA hypomethylation coordinately targets various signaling pathways involved in 

tumor growth and metastasis. At present, there are no approved therapeutic modalities that 

target hypomethylation. In this regard, we examined the therapeutic plausibility of using 

universal methyl group donor S-adenosylmethionine (SAM) to block breast cancer 

development, growth, and metastasis through a series of studies in vitro using two different 

human breast cancer cell lines (MDA-MB-231 and Hs578T) and in vivo using an MDA-

MB-231 xenograft model of breast cancer. We found that SAM treatment caused a 

significant dose-dependent decrease in cell proliferation, invasion, migration, anchorage-

independent growth and increased apoptosis in vitro. These results were recapitulated in 

vivo where oral administration of SAM reduced tumor volume and metastasis in green 

fluorescent protein (GFP)-tagged MDA-MB-231 xenograft model. Gene expression 

analyses validated the ability of SAM to decrease the expression of several key genes 

implicated in cancer progression and metastasis in both cell lines and breast tumor 

xenografts. SAM was found to be bioavailable in the serum of experimental animals as 

determined by enzyme-linked immunosorbent assay and no notable adverse side effects 

were seen including any change in animal behavior. The results of this study provide 

compelling evidence to evaluate the therapeutic potential of methylating agents like SAM 

in patients with breast cancer to reduce cancer-associated morbidity and mortality. 
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Introduction 

Despite the advancements being made in our understanding of the biology, 

diagnosis, prevention, and treatment of cancer, metastasis remains the dominant cause of 

breast cancer-associated morbidity and mortality [1]. The 10-year survival rate for stage 

I/II breast cancer patients, whose cancer is localized within the breast tissue, is around 88% 

[2]. However, the 10-year survival rate for Stage III and IV cancer patients with metastatic 

spread of breast tumors is 40% and less than 10% respectively [2]. Hence, there is an urgent 

need for the development of novel and less toxic therapeutic strategies that can be useful 

to block both tumor growth and metastatic spread of cancer cells. 

 Tumor metastasis occurs when the cancer cells are dislodged from the primary site 

due to their ability to degrade the component of the extracellular matrix, invade into the 

blood vessels through intravasation, survive in the circulation, extravasate from the blood 

vessels, and finally start to proliferate as new tumors at a distant organ [3]. The highly 

organized multi-step process of metastasis is regulated and driven by networks of growth 

factors, cytokines, adhesion molecules, and proteolytic enzymes [4]. We and others have 

shown that several key molecules implicated in the metastatic cascade are epigenetically 

regulated through DNA hypomethylation [5-7]. For example, a positive correlation 

between promoter hypomethylation and subsequent increase in the expression of protease-

encoding urokinase plasminogen activator (PLAU) gene has been observed with the 

progression of breast and prostate cancer [8, 9]. Some other cancer-related genes that are 

induced by DNA hypomethylation include heparanase (HPSE) [10],  synuclein-γ (SNCG) 

[11], pro-opiomelanocortin (POMC) [12], cadherin 3 (CDH3) [13], related RAS viral 
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oncogene homolog (R-RAS) [14], maspin (also called SERPINB5) [15], and S100 calcium 

binding protein P (S100P) [15]. Moreover, pharmacological inhibition of methylation of 

non-invasive breast cancer cell lines (MCF-7, ZR-75-1) by using 5-Aza-2´-deoxycytidine 

increased the expression of prometastatic genes like PLAU, HPSE, C-X-C motif 

chemokine receptor 4 (CXCR4), and SNCG, and thereby transformed them into more 

invasive cells [16]. Therefore, it stands to reason that the use of inhibitors targeting 

hypomethylation to downregulate genes of the metastatic cascade may serve as a suitable 

anti-cancer therapeutic strategy.  

The universal methyl donor SAM (also known as AdoMet) could be used in this 

regard as an inhibitor of demethylation/hypomethylation. SAM is a naturally occurring 

physiologic molecule found ubiquitously in all living cells, and functions in 

transmethylation, transsulfuration, and aminopropylation pathways [17]. SAM is second 

only to adenosine triphosphate (ATP) in terms of playing a versatile role in different types 

of physiological processes [18]. Currently, it is used as a preventive agent for mood 

disorders, fibromyalgia, and joint pain.  Even though the chemical structure of SAM was 

first described in the 1950s by Cantoni [19], its potential use as an anti-cancer therapeutic 

agent has only emerged over the last two decades [20]. SAM-treatment has been found to 

be effective in repressing the invasiveness as well as proliferative capabilities of different 

types of cancer cell lines [21, 22]. We have previously shown that the anti-metastatic 

activity of SAM is likely due to downregulation of pro-metastatic genes like PLAU and 

matrix metalloproteinase 2 (MMP2) [6, 23]. SAM has been shown to inhibit angiogenesis 

[24], and reduce inflammation-induced colon cancer [25].  Taken together, these studies 
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provided a strong rationale towards the possible use of SAM in cancer prevention and 

treatment. However, the anti-cancer effects of SAM have never been examined in a 

therapeutic setting for hormone-dependent malignancies like breast cancer.  

In the present study, we have investigated whether blocking demethylation and 

promoting methylation by SAM-treatment alone could exhibit anti-tumor effects using 

well-established in vitro and in vivo models of breast cancer. Results from this study show 

that SAM-treatment causes a significant reduction in tumorigenesis and metastatic spread 

of breast cancer cells which can be attributed in part to the ability of SAM to impact 

methylation and downregulation of the expression of several important genes implicated 

in the metastatic cascade. 

 

Results 

SAM-treatment suppresses cell proliferation, migration, invasion, anchorage-

independent growth and potentiates apoptosis in vitro 

 Uncontrolled expansion of tumor cells through deregulated cell proliferation marks 

one of the critical events underlying the complexity and idiopathy of cancer cells [26]. 

Targeting cell proliferation has been one of the main focuses in cancer therapeutics. We, 

therefore, first examined the effect of SAM on the growth characteristics of two highly 

invasive human breast cancer cell lines MDA-MB-231 and Hs578T using our well-

established experimental protocol (Fig. 1A). Our results showed that treatment with 

different doses of SAM (100 μM and 200 μM) caused a significant dose-dependent 

reduction in tumor cell proliferation compared to vehicle-treated control cells, which 
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demonstrates the anti-proliferative effect of SAM on breast cancer cells (Fig. 1B). To 

determine whether SAM-treatment causes any adverse effect on the viability of normal 

non-tumorigenic cells in vitro, we treated normal human breast epithelial cells (HBEC) 

with the highest dose of SAM (200 μM) used in this study. Results from these studies 

showed that SAM-treatment did not cause any significant change in the percentage of 

viability in the treated cells compared to the control cells (Supplementary File 1, Fig. S1).

 To determine the effect of SAM on cell migration, in vitro wound-healing capacity 

of control and SAM-treated (100 and 200 μM) MDA-MB-231 and Hs578T cells were 

assessed over a period of 48 hours from the initial scratch on the culture plate. The area of 

the initial scratch was similar for all the experimental groups. However, with the passage 

of time, control and SAM-treated cells displayed different migratory profiles during wound 

healing in both the cell lines. SAM treatment caused a significant dose-dependent decrease 

in the migratory ability of both breast cancer cell lines as compared to vehicle-treated 

control cells; effects which were most pronounced at 48 hours after the initial scratch (Fig. 

1C). 

 We next investigated whether SAM could suppress the invasiveness of MDA-MB-

231 and Hs578T cells using Boyden chamber Matrigel invasion assay. Our in vitro data 

suggested that SAM-treatment caused a significant dose-dependent decrease in tumor cell 

invasion of both cell lines (Fig. 1D). The number of cells in both upper and lower part of 

Boyden chamber was counted which showed the presence of a similar number of tumor 

cells in both parts of the chamber suggesting that the anti-invasive effects of SAM are 

independent of its anti-proliferative effect. 
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 We also evaluated the effect of SAM on anchorage-independent growth which is a 

hallmark of carcinogenesis in vitro. The ability of tumor cells to form colonies in soft agar 

allows for semi-quantitative evaluation of cellular transformation under different 

experimental conditions [27].  We observed a significant dose-dependent reduction of 

anchorage-independent growth by comparing the number of colonies formed by the control 

and SAM-treated (100 μM and 200 μM) cells from both cell lines (Fig. 1E).  

 Next, to determine the effect of SAM on programmed cell death, an annexin V/PI 

apoptosis assay was performed using flow cytometry. As shown in Fig. 1F, treatment with 

200 µM of SAM caused a significant increase in the percentage of apoptotic cells in both 

cell lines as compared to the controls. To elucidate the potential mechanism of apoptosis, 

we determined the expression of anti-apoptotic Bcl-2 protein in control and experimental 

cells using Western blot analysis. These results a significant reduction in the expression of 

Bcl-2 in MDA-MB-231 cells treated with SAM as compared to the control cells 

(Supplementary File 1, Fig. S2). Results from these studies suggest that SAM mediates its 

apoptotic effects via the Bcl-2 signaling pathway. These results are in agreement with 

similar effects of SAM on other cancer cell types [28].  

 

SAM-treatment reduces tumorigenesis and metastasis in MDA-MB-231 xenograft 

mice model 

 Next, we moved to the principal aim of this study i.e. to assess the therapeutic 

potential of SAM in a xenograft model of breast cancer. MDA-MB-231-GFP cells were 

inoculated into the fat pad of the fourth mammary gland of immunodeficient female CD-1 
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nude mice, and the animals were treated with either vehicle only or two different doses (40 

and 80 mg/kg/day) of SAM via daily oral gavage. A schematic representation of the 

treatment strategy is shown in Fig. 2A. All the animals from vehicle-treated control, as well 

as the group receiving lower dose of SAM (40 mg/kg/day), developed primary tumors 

starting from week 5 which continued to grow until the sacrifice of animals at week 10 post 

tumor cell inoculation. In contrast 3 out of 10 animals treated with higher dose of SAM (80 

mg/kg/day) did not grow any primary tumor during the ten weeks of this study (Fig. 2B). 

The treatment regimen using two different doses of SAM (40 and 80 mg/kg/day) via daily 

oral gavage showed a significant dose-dependent reduction in tumor volume as compared 

to the vehicle-treated control group (Fig. 2C, Supplementary File 1, Fig. 3). SAM-treatment 

also showed a significant reduction in the weight of extirpated tumor compared to the 

controls after the sacrifice of all animals at week 10 (Supplementary File 1, Fig. 4).  We 

did not observe any significant difference in the overall body weight of control and SAM-

treated animals throughout the study (Supplementary File 1, Fig. S5).  

 We then assessed the anti-metastatic potential of SAM treatment. Lung, liver, and 

spleen of control and experimental animals were collected after sacrifice, and the number 

GFP-positive metastatic foci were counted. Experimental animals treated with 

80mg/kg/day of SAM via daily oral gavage showed a significant reduction in the number 

of GFP-positive metastatic foci in lung, liver, and spleen as compared to vehicle-only 

controls (Fig. 2D). However, the treatment with low dose of SAM (40mg/kg/day) didn’t 

show anti-metastatic properties in all the organs (Fig. 2D). Hence, further analysis was 

performed on the high dose (80 mg/kg/day) of SAM receiving group. 
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SAM-treatment differentially regulates genes implicated in cancer progression and 

metastasis 

 We first evaluated the transcriptomic changes of MDA-MB-231 cells upon SAM-

treatment. For that, we carried out microarray-based gene expression profiling (Affymetrix 

Human Gene 2.0 ST Array) using three independent sets of control and 200 µM SAM-

treated RNA samples. We found that 476 microarray mRNAs were significantly altered in 

SAM-treated samples compared to controls (|fold change|>1.5 and P<0.01). A total of 231 

microarray mRNAs were upregulated and 245 microarray mRNAs were downregulated in 

the SAM-treated samples when compared with control (Supplementary File 

2). Hierarchical clustering of top 50 most significantly changed microarray mRNAs are 

shown in Fig. 3A.  

 Next, we analyzed the signaling pathways that were significantly altered upon 

SAM-treatment. The enriched pathway analysis of differentially regulated genes in breast 

cancer was performed using the Kyoto Encyclopedia of Genes and Genomes (KEGG) and 

Pathway Interaction Database (PID) databases. Our analysis showed that 14 pathways were 

significantly changed upon SAM-treatment (Fig. 3B). Interestingly, most of the pathways 

that were altered by SAM-treatment have strong implication in cancer progression and 

metastasis. 

To gain further insight into the biological processes affected by the genes that are 

differentially expressed upon SAM-treatment, we used WebGestalt [29] (Supplementary 

File 1, Fig. S6).  Our analysis showed that the top biological process identified to be 
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overrepresented by the genes upregulated by SAM-treatment functions in the negative 

regulation of endopeptidases (P=2.0 × 10−7; FDR=1.59 × 10−3). In contrary, the top hit for 

the genes downregulated by SAM is associated with positive regulation of cell-substrate 

adhesion (P=2.5 × 10−6; FDR=3.2 × 10−2). This further implies that SAM, through some 

unknown but surprisingly explicit mechanisms, plays a crucial role in regulating genes 

involved in tumor progression and metastasis.  

Next, some of the genes identified through the expression array (HAS2, Sox4, 

MUC1) along with selected genes (PLAU, SPARC, FABP7, HAS3) implicated in cancer 

progression and metastasis were subjected to quantitative polymerase chain reaction 

(qPCR) analysis using the total RNA from control and 200 µM SAM-treated MDA-MB-

231 cells. In experimental cells treated with SAM, a marked decrease in the expression of 

these genes was observed compared to vehicle-treated control cells (Fig. 3C).  

Next, RNA of primary tumors from control and experimental animals treated with 

80 mg/kg/day of SAM were subjected to qPCR analysis. Similar to the results seen in the 

MDA-MB-231 cells in vitro, SAM-treatment showed a marked reduction of all the genes 

in primary tumors (Fig. 3D). Gene set analysis revealed that in human breast cancer cell 

lines the expression of these seven genes (MUC1, PLAU, FABP7, SPARC, HAS2, HAS3, 

SOX4) are higher in basal-B subtype compared to other subtypes (Fig. 3E). More 

interestingly, Kaplan-Meier analysis found significantly positive correlation between the 

higher expression of these seven genes and poor distant-metastasis free survival in breast 

cancer patients (Fig. 3F).  Collectively these results and data analysis shows that SAM can 

downregulate genes that have prognostic value for breast cancer metastasis. 
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SAM-treatment changes promoter methylation status and protein expression of 

prometastatic genes 

 We then focused on the promoter methylation of prometastatic genes that were 

downregulated by SAM treatment in the qPCR assay. Tumor DNA of experimental animals 

treated with SAM showed increased methylation of SPARC by pyrosequencing as 

compared to vehicle-treated control tumors (Fig. 4A). We have previously shown the 

SAM-mediated methylation changes at the promoter of PLAU in breast cancer [23]. We 

didn’t observe any significant methylation changes in the other genes (MUC1, FABP7, 

HAS2, HAS3, SOX4) that showed downregulation in qPCR (data not shown). There might 

be several possibilities behind such observations. First, the differentially methylated site 

upon SAM-treatment might be located beyond the regions that were focused during 

pyrosequencing. Second, these genes are downstream of some other genes that are 

regulated by SAM, and the changes seen in qPCR are caused by indirect methylation effect 

of SAM. Third, SAM regulates these genes by a mechanism that is independent of DNA 

methylation such as histone methylation or other non-epigenetic mechanisms. 

 Next, we wanted to confirm the changes in protein expression in MDA-MB-231 

tumors upon SAM-treatment through immunohistochemical analysis. As shown by the 

representative image of control and SAM-treated tumors probed with antibodies for 

MUC1, SPARC, and FABP7 in Fig. 4B, a significantly reduced staining of these proteins 

was observed in SAM-treated tumors compared to the control tumors. The SAM-mediated 

protein level changes of PLAU have been previously shown by our group [6, 23]. We were 
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unable to determine the change in the expression of SOX4, HAS2, and HAS3 proteins due 

to lack of well-characterized antibodies with a higher specificity of staining pattern. 

 

SAM is bioavailable in the serum of experimental animal with no adverse behavioral 

and physiological changes 

Lack of bioavailability often hinders the therapeutic potential of anti-cancer agents. 

To be efficacious, the therapeutic molecule needs to be available in the blood for a 

reasonable amount of time so that it can be absorbed and then circulated to the target 

organ(s). Towards these goals, serum from control and experimental animals were 

analyzed for the presence of SAM using an enzyme-linked immunosorbent assay (ELISA).  

We found that the average basal level of SAM in the control animals was 10.43 ± 0.57 µM 

which increased to 34.22 ± 1.45 µM in the treatment group receiving 80 mg/kg/day of 

SAM (Fig. 5A). We also performed a relative analysis of the SAM levels in the serum of 

control and experimental animals treated with exogenous SAM by LC-MS/MS and 

observed a similar increase in the levels of SAM in experimental group of animals (data 

not shown). This confirms that SAM is bioavailable in the animals after administration 

through oral gavage suggesting that it might also be orally available in humans. 

Even though SAM is widely used as a supplement for depression, some transient 

adverse behavioral effects were previously reported in human clinical trials [30]. To assess 

whether SAM treatment causes any behavioral change at the efficacious dose of this study 

i.e. 80 mg/kg/day, we next conducted two different behavioral tests on control and SAM-

treated mice. First, a novel object recognition test measuring the cognitive function of mice 
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was performed. We didn’t observe any difference between the control and experimental 

group of animals in the quest for exploration for the novel object (Fig. 5B).  

Next, we performed the open field test. This test is used to evaluate any potential 

anxiolytic or anxiogenic effect of a therapeutic agent by measuring locomotion related 

anxiety levels of experimental animals placed inside an open field box. The open field test 

is based on the concept that the natural instinct of the mice is to stay in proximity to the 

protective wall rather than exposing themselves to danger in the open areas [31]. When 

control and SAM-treated mice were exposed to an open field apparatus, there was no 

significant difference in the frequency and time spent in the central region (Fig. 5C-D). 

Moreover, both control and SAM-treated mice moved around at almost similar speed (Fig. 

5E), and there was also no significant difference in the total distance traveled within the 

central zone as well as the whole experimental arena (Fig. 5F-G). Taken together, these 

observations suggest that SAM does not cause any detrimental behavioral defects at the 

doses used in this study. 

When serum from control and experimental animals were analyzed for different 

biochemical measurements (liver function test, kidney function test, major 

electrolytes/minerals), we didn’t see any significant changes in the SAM-treated animals 

compared to control animals (Supplementary File 1, Table S1). This suggests that SAM is 

non-toxic at the highest dose (80 mg/kg/day) used in this study.  

In summary, we have shown that SAM-treatment reduced proliferation, 

invasiveness of breast cancer cells and increased apoptosis in vitro, and reduced 

tumorigenesis and metastasis in vivo (Fig. 5H).  
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Discussion 

A large body of evidence has shown that abnormal DNA methylation is associated 

with cancer development and progression [32, 33]. Both hypomethylation and 

hypermethylation are involved in cancer [34]. Despite that, the focus of attention for the 

past two decades has been on targeting hypermethylation by the administration of 

inhibitors of DNA methyltransferase enzyme (DNMTi). Two inhibitors, 5-Azacitidine 

(Vidaza®) and 5-aza-2'-deoxycytidine (Dacogen®), have already received  FDA-approval 

for the treatment of several specific forms of myelodysplastic syndromes (MDS), acute 

myeloid leukemia (AML), and chronic myelomonocytic leukemia (CMML) and additional 

clinical trials are ongoing for several other cancers [20, 35]. However, the activity of 

DNMTi has been limited in the case of the solid tumors largely due to toxicity and lower 

stability of these drugs [36, 37]. In addition, these drugs also promote the invasiveness in 

cancer cells through hypomethylation-mediated upregulation of prometastatic genes [16].   

Accumulating evidence support the fact that there are broad regions of 

hypomethylation in the cancer genome and that hypomethylation is prevalent at promoters 

[38, 39]. Epigenome-wide association studies (EWAS) in osteosarcoma, prostate, and liver 

cancer revealed that the promoters of a large number of genes involved in tumor growth 

and metastasis are hypomethylated [21, 22, 39]. These findings lead to the hypothesis that 

agents that induce hypermethylation at the promoters of metastatic genes would repress 

tumor metastasis.  

Although the exact reason behind the increase in hypomethylation during the 

progression of the disease is still an enigma in the field of cancer epigenetics, Hoffmann 



 

103 

 

and Schulz suggested that this might be partly due to inadequate amounts of the methyl 

group donor SAM [40].  Treatment with SAM has been shown to trigger hypermethylation 

of several genes in cell culture experiments. To date, SAM is the only therapeutic agent 

that is known to cause hypermethylation of DNA and silencing of hypomethylated genes 

in cells. SAM is attractive as a therapeutic agent since it is an approved natural supplement 

and has a very good safety profile.  

 Although past studies provided evidence that SAM has antiproliferative and anti-

metastatic effects in vitro against breast cancer cells and this was replicated in this study 

using two different basal-like breast cancer cell lines (MDA-MB-231 and Hs578T), the 

critical question that remained to be answered was whether SAM was effective as an oral 

therapeutic agent under conditions that could be replicated in breast cancer patients. In the 

current study, we tested whether in vivo supplementation of SAM would exhibit anti-

proliferative and anti-metastatic effects in a xenograft model of breast cancer in vivo. Our 

study demonstrated that oral administration of SAM caused a significant dose-dependent 

reduction in mammary tumor volume and metastasis in our well-characterized xenograft 

model of breast cancer, which shows great promise in translating similar treatment 

strategies for breast cancer patients. It should be noted that our results demonstrate 

responses in basal-like breast cancer cells (MDA-MB-231) which are highly aggressive, 

and patients with such type of breast cancer have shorter survival rate compared to other 

types of breast cancer patients [42]. In addition, unlike other subtypes, there is still no 

known target for basal-like breast cancers which warrants continued efforts to develop 

effective therapeutic approaches for this group of patients. We hypothesize that if SAM 



 

104 

 

can show favorable outcome in the most aggressive form of breast cancer, it can be more 

easily translated into other subtypes as well.  Since SAM is an accepted orally bioavailable 

nutritional supplement, it might be used in a preventative setting to prevent recurrence and 

metastasis post surgery. 

 Another aspect of the current study was to assess the underlying molecular changes 

pertaining to SAM-treatment both in vitro and in vivo. Towards achieving this goal, we 

first examined the changes in the expression of genes implicated in tumor metastasis by 

selecting a combination of genes already known to have a role in cancer along with those 

selected by a gene expression array on MDA-MB-231 cells. Our microarray-based 

transcriptome-wide analysis as well as qPCR validation showed that SAM-treatment 

caused downregulation of several genes implicated in cancer progression and metastasis 

(Fig. 3B & 3C). More importantly, the gene expression changes observed in the cell lines 

could be recapitulated in the xenograft tumors. When qPCR was performed using the same 

set of genes that were downregulated in vitro, they showed similar downregulation in tumor 

RNA extracted from SAM-treated animals as compared to vehicle-treated controls. Such 

reduction in the expression of these genes might be either due to a direct effect on promoter 

methylation upon SAM-treatment or an indirect effect in which SAM caused the 

methylation and silencing of critical activators or enhancers of transcription of these genes. 

Previously we have shown that SAM-treatment caused direct methylation in the promoter 

of PLAU [23]. In this study, we found a marked increase in methylation at the promoter of 

SPARC in the SAM-treated xenograft tumor DNA as compared to controls, suggesting 

direct promoter methylation effect of SAM on this promoter as well. However, we did not 
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observe any significant change in methylation in other genes (MUC1, FABP7, SOX4, 

HAS2, HAS3) that were tested through pyrosequencing. These genes might be regulated 

indirectly by DNA methylation of other genes which are required for their activation. 

Alternatively, SAM might suppress these genes by other epigenetic mechanisms such as 

histone methylation or non-epigenetic mechanisms. Further experiments are required to 

address this question. We also validated the SAM-mediated downregulation of three 

proteins (MUC1, SPARC, FABP7) by immunohistochemistry.  

To confirm the bioavailability of SAM, we performed an ELISA-based assay and 

found a significant increase in the level of SAM in experimental animals compared to non-

treated controls. SAM was bioavailable at the dose used in this study and caused changes 

in the expression levels of genes present in the mammary tissue to reduce or inhibit cancer 

cell growth and metastasis. 

A major concern with the use of hypermethylating agent is the possible silencing 

of tumor suppressor genes through hypermethylation of promoter and other regulatory 

regions. Such methylation could override the beneficial effect of SAM. When we checked 

the expression of some of the well-known tumor-suppressor genes in the MDA-MB-231 

tumor, there was no significant difference between control and SAM-treated groups 

(Supplementary File 1, Fig. S7). This also complements our previous genome-wide 

analyses in prostate cancer and osteosarcoma cell lines where the methylation effect of 

SAM was limited to cancer-promoting genes for yet unknown reasons [21, 22]. More 

interestingly, database search using the panel of seven genes (MUC1, PLAU, FABP7, 

SPARC, HAS2, HAS3, SOX4) downregulated by SAM revealed that these genes are highly 
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expressed in basal B-type breast cancer cell lines and higher expression of these genes 

significantly decreases the probabilities of distant metastasis-free survival in breast cancer 

patients [43]. 

It has been previously suggested that SAM shows selective cytotoxicity for cancer 

cells and not for normal cells [44]. SAM-treatment did not have any significant effect on 

the viability of normal human breast epithelial cells at the highest dose used in this study 

(Supplementary File 1, Fig. S1). This further verifies that SAM is not cytotoxic to the 

normal breast epithelial cells. We also performed extensive biochemical analysis of the 

blood samples collected from SAM-treated animals and observed no significant changes 

in any of the parameters tested as compared to controls (Supplementary File 1, Table S1). 

In addition, our study demonstrated that SAM-treatment also didn’t cause any adverse 

behavioral changes as shown by novel object test and open field test. 

The main question that pertains to numerous other pharmacological agents as well 

is how does a general methylating agent such as SAM target only a subset of genes and has 

an effective anticancer effect with very little adverse effect on normal tissue. We have 

recently investigated this question at the genomic level in normal and liver cancer cell lines 

by analyzing the transcriptome and methylome of normal and cancerous cells treated with 

SAM (Wang et al., Oncotarget, in press). It appears that the matrix of the transcriptome 

and methylome that SAM acts upon in normal and cancer cells is very different and that 

the outcome of this interaction between a general agent and an exquisite transcription and 

methylation landscape appears to be different.  SAM does not methylate DNA on its own, 

DNMTs do. The consequence of an elevation in SAM levels is dependent on the pre-
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existing distribution of DNMTs. Similarly, inspection of the vast literature on DNA 

methylation inhibitor 5azaC shows that demethylation results in different transcription and 

cell fate consequences, for example myogenesis and induction of muscle-specific genes in 

fibroblasts and globin genes in erythroleukemia cells.  The most plausible explanation is 

that modulation of DNMT activity is restricted by the distribution of DNMTs and factors 

that regulate the accessibility of DNMTs across the genome and these define the specific 

outcome of modulation of DNMTs by either methyl donors or DNMT inhibitors. 

This study examined the involvement of DNA methylation in mediating SAM 

cellular effects and provided evidence for silencing of several prometastatic genes as a 

plausible mechanism for SAM action on metastatic breast cancer. But it is most probable 

that the alteration of DNA methylation is just one of several mechanisms through which 

SAM exerts its effects. SAM is a pleiotropic molecule, and acts as a methyl group donor 

to other biological substrates like RNAs, proteins, lipids and small molecules [47]. 

Therefore, it is likely that SAM exerts its anti-cancer effect through biochemical pathways 

in addition to DNA methylation. It is possible that SAM-treatment alters the methylation 

status of histone proteins which in turn interfere with the chromatin architecture to make 

the promoters of the cancer-promoting genes inaccessible for transcription factor binding. 

The pleiotropic effect is evident by the changes seen in multiple cellular processes like 

tumor cell proliferation, invasion, and apoptosis upon SAM-treatment. Further detailed 

studies are required to explore these mechanisms to extend our understanding of how SAM 

exerts these effects. 
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To our knowledge, this is the first direct evidence for the potential therapeutic effect 

of SAM in a well-recognized model of breast cancer. Results from these studies provide 

compelling evidence to evaluate the therapeutic as well as a chemopreventive potential of 

epigenetic-based agents such as SAM alone and in the combination setting for patients with 

several common cancers including breast cancer.  

 

Materials and Methods 

Cell culture and treatments 

The cell lines were obtained from the American Type Culture Collection (ATCC; 

Manassas, Virginia). The MDA-MB-231(ATCC® HTB- 26™) human breast cancer cells 

were maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 

10% fetal bovine serum (FBS), 2 mM L-glutamine and 100 units/ml penicillin-

streptomycin sulfate at 37°C and 5% CO2.  For Hs578T (ATCC® HTB-126™) cells, 

DMEM containing 10% FBS, 1.25 mg/mL insulin, 2 mM L-glutamine and 100 units/ml 

penicillin-streptomycin sulfate was used. These cell lines were routinely examined based 

on their viability, cellular morphology, growth patterns and microbial presence by 

microscopic observation. The cell lines were authenticated by the Genetic Analysis 

Facility, The Hospital for Sick Children, Toronto. The human breast epithelial cells 

(HBEC) were purchased from Celprogen (Cat# 36056-01) and were maintained in 

commercially available human breast epithelial cell culture serum free media (Celprogen, 

Cat# M36056-01). 
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Cells were treated with SAM (New England Biolabs, Mississauga, Ontario, 

Canada; Catalog # B9003S) by directly adding it to regular growth medium under sterile 

conditions following the treatment plan shown in Fig. 1A. Different doses of SAM ranging 

between 25–500 μM were previously tested by our group for in vitro efficacy in different 

cancer cell lines [5, 6, 21, 22]. In this study, the effect of 100 and 200 μM doses of SAM 

were evaluated.  

 

Cell proliferation, migration, invasion and anchorage-independent growth assay 

 These assays were done according to our previous studies [21, 22]. Details are 

available in the ‘Supplementary Methods’. 

 

Apoptosis assay 

For apoptotic assays, 1×106 cells from control and SAM-treated groups were 

stained using ‘Dead Cell Apoptosis Kit’ (TheremoFisher, Cat# V13242, Eugene, Oregon, 

USA) according to the manufacturer’s instructions. The apoptotic cells were detected using 

recombinant annexin V conjugated to green fluorescent FITC dye, and dead cells were 

detected using propidium iodide (PI). Stained cells were then analyzed using a BD 

FACSCanto II flow cytometer (BD Biosciences, San Jose, California, USA). For data 

acquisition and analysis of apoptotic events, BD FACSDiva™ (BD Biosciences) and 

FlowJo software (FlowJo LLC, Ashland, OR, USA) were used, respectively.   
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Study approval and in vivo xenograft model 

All the in vivo procedures carried out during this study were done in compliance 

with a protocol approved by the McGill University Facility Animal Care Committee. 

Female CD-1® Nude mice aged between 4-6 weeks were obtained from Charles River, St-

Constant, Quebec, Canada and maintained at the Animal Resource Division of the McGill 

University Health Center. This is a well-established mouse model used for the studies 

related to tumor xenografts [48-50]. Highly invasive MDA-MB-231 cells expressing green 

fluorescent protein (MDA-MB-231-GFP), which has the capacity to metastasize to 

different secondary organs [6], were used for inoculation into the immunodeficient mice. 

Briefly, mice were inoculated with 5x105 MDA-MB-231-GFP cells with 20% Matrigel 

(BD Biosciences) into the fat pad of the fourth mammary gland. Three days post-

inoculation; the animals were randomized into three different groups: phosphate buffer 

saline (PBS) as the vehicle-treated controls, a group receiving 40 mg/kg/day of SAM and 

another group receiving 80 mg/kg/day of SAM via oral gavage. We have used SAM from 

two sources (New England Biolabs, Mississauga, Ontario, Canada and Life Science 

Laboratories, Lakewood, NJ, USA) which showed similar anti-cancer effects in our in vitro 

studies (data not shown). However, since SAM from Life Science Laboratories is human 

grade, it was used for all in vivo studies since this product could be also used in future 

clinical trials in patients with breast cancer. 

Tumor diameters were determined weekly using a Vernier caliper for a 10-week 

period after inoculation, and tumor volume was calculated using the following formula: 
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V= (length × Width2)/2. At the end of the study period, the animals were sacrificed, and 

different tissues were collected for further analysis.    

For studying metastasis, the harvested lung, liver and spleen were cut into 1-mm 

thick slices, smeared on a glass slide, and placed under a fluorescent microscope for 

detecting the presence of GFP-expressing tumor foci. Randomly selected fields were 

counted for the presence of GFP-positive foci in each organ, and the average number of 

foci per group was graphed. 

 

RNA extraction and quantitative real-time PCR (qPCR) 

Total RNA from the cell lines and xenograft tumors was extracted using the RNeasy 

kit (Qiagen; Hilden, Germany, Cat# 71404) and AllPrep DNA/RNA Mini Kit (Qiagen; 

Cat# 80204) respectively following the manufacturer’s protocol. The qPCR assay was 

performed following our previously described protocol [22]. The primers are listed in 

Supplementary Methods, Table 1. Gene expression changes between control and SAM-

treated samples were carried out using the 2-ΔΔCT method. 

 

Gene expression microarrays 

For gene expression array, 100 nanograms of total RNA from control and 200 μM 

SAM-treated MDA-MD-231 samples from three independent experiments was used. RNA 

quality and quantity were assessed using NanoDrop® ND-1000 spectrophotometer 

(Thermo Scientific, Wilmington, Delaware, USA) (260/280 >1.8 accepted) and Agilent 

2100 Bioanalyzer (Waldbronn, Germany) (RIN 7 ≥ accepted). Gene expression profiling 
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was performed using Affymetrix Human Gene 2.0 ST Array (Santa Clara, California, 

USA) at the Génome Québec Innovation Centre (McGill University) following standard 

protocols.  

Data from the biological replicates were then normalized using the Robust Multi-

array Average (RMA) method implemented in the Bioconductor package oligo [51]. 

Differential gene expression analysis was performed using the Bioconductor package 

Limma with a threshold defined by P <0.01 and |fold change| >1.5. The data was submitted 

to Gene Expression Omnibus (GEO) under the accession number of GSE98275. 

 

Determination of SAM levels in the serum by ELISA 

To assess bioavailability, ELISA was done by using the serum from experimental 

mice collected within 1-hour post oral administration of SAM. Serum from control mice 

was also obtained for comparison. Then ELISA (myBioSource, San Diego, CA, USA, 

Cat# MBS169240) was performed according to the manufacturer’s protocol. The level 

of SAM was extrapolated from the curves obtained from the manufacturer provided 

synthetic standards of SAM.  

 

DNA extraction, Bisulfite conversion, and Pyrosequencing  

Genomic DNA from the tumors was extracted using AllPrep DNA/RNA Mini Kit 

(Qiagen) and bisulfite conversion was conducted using the EZ DNA Methylation-Gold Kit 

(Zymo Research, Irvine, CA, USA; Cat#D5005). Selected regions from the bisulfite 

converted sequences were then amplified with Taq DNA polymerase (Thermo Fisher 
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Scientific, Lithuania, EU; Cat# EP0402) using biotinylated primers (listed in 

Supplementary Methods, Table S1). Then pyrosequencing was conducted on the 

biotinylated DNA strands using PyroMark Q24 instrument (Biotage, Qiagen). For post-run 

data analysis, PyroMark Q24 software (Qiagen) was used. 

 

Western blot and immunohistochemistry 

 Details are available in the ‘Supplementary Methods’. 

 

Behavior test 

To assess any potential behavior adversities induced by SAM-treatment novel 

object recognition test and open field tests were done. Details are available in the 

‘Supplementary Methods’. 

 

Statistical analysis 

The results are expressed as mean ± standard error of the mean (SEM). Depending 

on the experimental design, statistically significant differences between different 

quantitative measurements were carried out by two-tailed Student’s t-test, one-way or 

two-way ANOVA. *P < 0.05, **P < 0.01, and ***P < 0.001 were considered statistically 

significant. Gene set enrichment analysis (GSEA) was carried out by using 

ConsensusPathDB [52]. The association between the expression of the different cancer-

related gene and distant metastasis-free survival was determined using Kmplotter 
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[43]. Gene expression-based outcome analysis of breast cancer was carried out by 

GOBO [53]. 
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Figure 1: Effect of S-adenosylmethionine (SAM) on breast cancer cell proliferation, 

migration, invasion, anchorage-independent growth, and apoptosis in vitro. 
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A. Schematic diagram of the treatment strategy for all the in vitro experiments. Human 

breast cancer cells MDA-MB-231 and Hs578T were treated with SAM (100 and 200 µM) 

by directly adding it to regular growth medium every other day from day 2 until they were 

harvested. B. Human breast cancer cells MDA-MB-231 and Hs578T were plated in 6-well 

plates and treated with vehicle alone as control or SAM (100 and 200 μM). Cell growth 

rate in each group was determined on day 1, 3, 5, and 7 by Coulter counter as described in 

Methods. Results are shown as bar graphs of data obtained from three different 

experiments. C. Wound healing assay for determining the migration capacity of the cells 

was carried out by making a cross-like scratch on the plate when they reached 90% 

confluency. Control and SAM (100 and 200 μM) treated cells were grown in culture media 

containing 2% FBS and migrating cells were photographed and recorded at different time 

points, and percentage of wound healing with respect to initial scratch (T0) was calculated 

using the equation described in ‘Supplementary Methods’. The results are represented as 

bar graphs obtained from three experiments. D. Boyden chamber Matrigel invasion assay 

was used to measure the invasiveness of control and SAM-treated (100 and 200 μM) MDA-

MB-231 and Hs578T cells. The cells were placed in the upper chamber, and conditioned 

media used as ‘chemoattractant’ was added into the lower chamber. Following an 

incubation period of 18 hours, the invasion process was stopped and the invaded cells from 

control and 100 and 200 μM SAM-treated groups were fixed, stained and randomly 

selected fields were counted under the microscope and averaged. Representative image of 

one randomly selected field for each treatment for both cell lines along with the number of 

cells invaded per field are shown. E. After the usual treatment regimen, 5 × 103 cell from 

control and SAM-treated (100 μM and 200 μM) groups were plated onto soft agar for 

anchorage-independent growth assay. The culture media was replenished every other day 

for two weeks, and the number of colonies was counted. F. Apoptosis was determined by 

flow cytometry after staining the control and SAM-treated cells with Annexin V/propidium 

iodide. Representative contour plots of annexinV-FITC staining of apoptotic cells vs. PI 

staining for both control and SAM-treated (100 μM) cells are shown. The bar graphs on 

the right panels show the total percentages of apoptotic cells for different treatments. 

Results are presented as the mean ± SEM from control and SAM-treated experimental 

cells. Significant differences were determined using ANOVA followed by post hoc 

Bonferroni test and are represented by asterisks (*P < 0.05; ** P < 0.01, and ***P < 0.001). 
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Figure 2: Effect of SAM on MDA-MB-231 tumor growth and metastasis. 
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A. Schematic representation of SAM-treatment in MDA-MB-231 tumor xenograft mice. 

Female CD1 mice inoculated with MDA-MD-231-GFP cells via orthotopic route were 

randomized, and treatment with SAM at different doses was started from day three post 

tumor cell inoculation. Animals were treated daily with vehicle alone or SAM (40 

mg/kg/day or 80 mg/kg/day) via daily oral gavage. B. Tabular representation of the 

incidence of tumor in control and two experimental groups. C. Tumor volume was 

determined at weekly intervals from week 5 when the animals started to develop tumors. 

Treatment with SAM caused a significant dose-dependent decrease in tumor growth. 

Results are representative of mean ± SEM of tumor volumes obtained from at least seven 

animals per group.  Significant differences were determined using ANOVA followed by 

post hoc Bonferroni test and are represented by asterisks. (**P < 0.01; *** P < 0.001). D. 

To evaluate the effect of SAM on tumor metastasis, control and SAM (40 and 80 

mg/kg/day) treated animals were sacrificed at week 10 and different organs (lungs, liver, 

spleen) were collected. Organ slices of 1-mm thickness were mounted on a glass slide, and 

the GFP-positive foci were examined under the fluorescent microscope. Ten randomly 

selected slides were counted and averaged to determine the GFP-positive metastatic foci 

in each organ. Significant differences were determined using ANOVA followed by post 

hoc Bonferroni test and are represented by asterisks. (*P < 0.05; ** P < 0.01, and ***P < 

0.001). 
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A. MDA-MB-231 cells from control and SAM-treated (200 µM) group were subjected to 

Affymetrix array and the heat map of the most differentially expressed genes are shown 

(n=3 in each group).  B. Pathway analysis (from KEGG and PID database) of the genes 

Enriched pathway (KEGG and PID) p-value q-value

ECM-receptor interaction 1.09E-06 2.29E-05

Alpha6 beta4 integrin-ligand interactions 5.32E-06 5.59E-05

Beta1 integrin cell surface interactions 5.37E-05 0.000375819

Arrhythmogenic right ventricular cardiomyopathy 0.00061726 0.00220724

Focal adhesion 0.00066266 0.00220724

uPA and uPAR-mediated signaling 0.00073575 0.00220724

Beta3 integrin cell surface interactions 0.00073575 0.00220724

Complement and coagulation cascades 0.00094288 0.002475073

a6b1 and a6b4 Integrin signaling 0.0011182 0.002609142

Small cell lung cancer 0.00138179 0.002739884

PI3K-Akt signaling pathway 0.00155152 0.002739884

Systemic lupus erythematosus 0.00165888 0.002739884

Alcoholism 0.00169612 0.002739884

Hematopoietic cell lineage 0.00224864 0.003372967
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Figure 3: Gene expression analysis of MDA-MB-231 cells and tumors treated with 

SAM.  
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that are differentially expressed upon SAM-treatment. C. Selected genes differentially 

regulated by SAM were validated by quantitative real-time PCR (qPCR) in MDA-MB-231 

cells. Results are shown as mean ± SEM of at least three independent experiments. (** P 

< 0.01, and ***P < 0.001). D. RNA obtained from the tumor of control and 80 mg/kg/day 

SAM-treated animals were subjected to qPCR for the same set of genes that showed 

downregulation by SAM in vitro. Results are shown as mean ± SEM of at least three 

independent animals per group. (*P < 0.05 and ** P < 0.01). E. Gene Set Analysis (GSA) 

representing the expression of these genes in human breast cancer cell lines. F. Kaplan-

Meier plot of distance metastasis-free survival from a dataset of 664 breast cancer patients 

categorized according to the expression of the seven down-regulated genes in Fig. 3D.  

 

 

 

Figure 4: Effect of SAM-treatment on promoter methylation and protein expression 

of cancer-related genes.        

A. Site-specific methylation analysis by pyrosequencing at the promoter of SPARC 

(location: chromosome 5: 151066730; corresponding to Illumina 450K ID: cg22116670). 

B. Immunohistochemistry of control and SAM-treated tumors using antibodies against 

MUC1, FABP7 and SPARC proteins. C. The stained areas were quantified using Fiji 

plugin (ImageJ). Results are shown as mean ± SEM (n=3). *P < 0.05. 
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A. The average level of SAM in control and the experimental group receiving 80 

mg/kg/day of SAM as determined by the SAM ELISA. Results are obtained from the 

analysis of serum from four animals in each group. (***P < 0.001). B. Novel object 

recognition test of control and SAM-treated mice. Average Discrimination ratio (time spent 

with the novel object/ total time spent with both object). No significant differences in 

cognitive abilities are detected between control and SAM-treated groups. C-G. Different 

parameters determined by the open field test of control and SAM-treated mice also showed 

no significant difference between control and SAM-treated animals. Results are shown as 

mean ± SEM (n=3 for each group of CD-1 nude mice), and statistical analyses were done 

using student’s t-test. H. A summary of biological processes shown to be affected by SAM 

as determined in this study includes cell proliferation, invasion, apoptosis in vitro and 

tumorigenesis and metastasis in vivo.   
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Figure 5: Assessment of bioavailability and animal behavior upon SAM-treatment. 
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Supplementals for Chapter 2 

Supplementary Methods 

Cell proliferation and viability assay 

For proliferation assay, MDA-MB-231 and Hs578T cells plated in each well of 6-

well plates were treated with 100 and 200 μM SAM or vehicle every second day for six 

days (Fig 1A). The cells were trypsinized and counted at different time points starting from 

day 1 (no treatment) until the end of each treatment period (on day 7 from the initial plating) 

using a Coulter counter (Model ZF; Coulter Electronics, Hertfordshire, UK). For viability 

assay, cells were trypsinized, stained with 0.4% trypan blue (Sigma) and the viable cells 

were counted under a light microscope. 

 

Cell migration / Wound healing assay 

For in vitro wound healing analysis, MDA-MB-231 and Hs578T cells were treated 

with 100 and 200 μM SAM or vehicle following the treatment strategy mentioned in Fig 

1A in the presence of regular cell culture media supplemented with 10% FBS in 10 cm 

Petri dishes. Afterward, the cells were trypsinized, and 500,000 cells were plated in each 

well of 6-well plates to form a monolayer and then wounded manually with a sterile 200 

μL pipette tip in the center of each well forming a cross-like section of the wound. Cells 

were then washed twice with serum-free culture medium to get rid of the detached cells 

and debris. From this point, the cells were grown in the presence of culture media 

supplemented with 2% FBS and migrating cells were photographed at different time points 

(0, 6, 24, 48 hours after initial wounding) with an inverted bright field microscope under 
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the 4X objective. Analysis and quantification of the cell-free area were carried out using 

the Image Pro-Plus software (Media Cybernetics, Inc, Rockville, MD, USA). The 

measurements obtained from the software were calculated as percentage wound healing 

using the equation: % wound healing = [1 − (wound area at Tx h/wound area at T0)], where 

Tx is the respective time point, and T0 is the initial time immediately after the scratch.  

 

Boyden chamber Matrigel invasion assay 

 The changes in the invasive capacity of control and SAM-treated samples of MDA-

MB-231 and Hs578T breast cancer lines was tested using a two-compartment Boyden 

chamber invasion assay (Costar Transwell, Corning Corporation, Sigma-Aldrich, Oakville, 

Ontario, Canada). The 8-μm-pore polycarbonate filters provided by the manufacturer were 

first coated with basement membrane Matrigel (50 μg/filter). Briefly, 2.5 × 105 viable cells 

from different treatment groups were resuspended in 100 μL of serum-free culture media 

and added to the upper chambers of the Matrigel Boyden wells. 800 μL of conditioned 

media was added to the lower chamber as the chemoattractant. After an incubation period 

of 18 hours at 37°C with 5% CO2, the invasion assay was stopped by moving the cells out 

of the incubator. The upper chamber was then washed with PBS to remove the non-

invading cells from the top of the membrane. Then invading cells at the bottom of the 

membrane were fixed using 2% paraformaldehyde and 0.5% glutaraldehyde (Sigma-

Aldrich) in 0.1 M phosphate buffer saline (PBS) with a pH of 7.4, at room temperature for 

30 minutes. The membranes were then stained with 1.5% toluidine blue, washed with PBS, 
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mounted onto glass slides, and the number of invading cells from randomly selected fields 

were counted under a light microscope and averaged.  

 

Colony formation assay 

To determine the effect of SAM on anchorage-independent growth, a measure of 

cellular transformation in vitro, soft agar colony formation assay was performed as 

previously described [1]. Briefly, 5 × 103 MDA-MB-231 and HS578T cells from control 

SAM-treated groups were counted and seeded in triplicates onto 6-well Petri dishes (BD 

FalconTM) in the presence of 4 ml of complete culture medium containing 1.5% agar 

(Bioshop®; Catalog# AGR001) solution. The culture medium was replenished every 

second day and the colonies formed after 2 weeks were counted under a light microscope. 

 

Western blot 

 Cell lysates from control and SAM-treated cells were prepared using 

radioimmunoprecipitation assay buffer (RIPA) containing a cocktail of protease and 

phosphatase inhibitors. Equal amounts of proteins were loaded and resolved on a 15% 

sodium dodecyl sulfate-polyacrylamide gel and then transferred to polyvinylidene 

difluoride (PVDF) membrane using standard protocols. After transfer, non-specific 

binding was blocked by using 5% milk in Tris-buffered saline (TBS). Mouse monoclonal 

Bcl-2 antibody (Santa Cruz Biotechnology, Cat# sc-7382) was used to detect the anti-

apoptotic Bcl-2 protein, and anti-mouse β-tubulin (BD Pharmingen cat# 556321) was used 

a loading control. The anti-mouse secondary antibodies used in this study were purchased 
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from Bio-Rad, and the proteins were visualized by using an enhanced chemiluminescence 

detection kit (Amersham, GE Healthcare Life Sciences). 

 

Immunohistochemistry 

 Immunohistochemistry was performed on paraffin-embedded sections, cleared 

with xylene. Heat-mediated antigen retrieval was carried out by Tris/EDTA pH 9.0 buffer, 

Envision™ FLEX Target Retrieval Solution (Dako, Denmark) at 1:50 dilution for SPARC, 

MUC1 and FABP7. Endogenous peroxidase activity was blocked by Envision FLEX 

Peroxidase-Blocking Reagent (Dako). Antibodies for SPARC, MUC1, and FABP7 

(Abcam, Cambridge, UK) were used at 1:250, 1:100, and 1:200 dilutions respectively as 

primary antibodies. Horseradish Peroxidase (HRP)-conjugated secondary antibody was 

used. EnvisionTM FLEX DAB+ Chromogen (Dako) and EnvisionTM FLEX Substrate 

buffer (Dako) were applied. The slides were counterstained with hematoxylin (MERCK, 

NJ, USA). Sections were washed twice for 10 minutes in Tris buffered saline solution 

pH7.6 (EnvisionTM FLEX Wash Buffer, DAKO) at 1:20 dilution after every step during 

the procedure. Slides were mounted with DPX (MERCK). The stained areas from 

randomly selected fields were then quantified using ImageJ (Fiji plugin) (National 

Institutes of Health, USA). 

 

Novel object recognition test 

For the novel object recognition test to assess whether SAM-treatment has any 

adverse effect on memory, animals were allowed to explore two identical copies of the first 
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object in an open field enclosure for 10 minutes. By this time, the first object is now 

familiar to the mouse. Then there was a 60-minute break before the assessment of short-

term memory began. During this period, the animals explored a familiar object (first object 

used during training) for eight minutes and a novel object (different shape) for 5 minutes 

and the time spent in exploration of the objects were recorded. Discrimination index (DI), 

a ratio of the time spent with the novel object in comparison with the familiar object, was 

determined and used for comparing between control and SAM-treated animals [2].  

 

Open field test 

The open field test to assess any potential increase in the anxiety levels upon SAM-

treatment was conducted by placing mice from control and treatment group in an open field 

arena measuring 45 × 45 × 60 cm. The mice were tested individually for 5 minutes, their 

movement activity during this period was recorded using a camera and later analyzed by 

ANY-maze software.  During the analysis stage, the open field arena was partitioned into 

nine squares having similar areas using the ANY-maze software. The square in the center 

was regarded as the central zone, and the surrounded areas were called the peripheral zone. 

Different parameters like the frequency and time spent in the center, total distance traveled 

within the central zone as well as the whole open field box along with their locomotion 

speed were calculated by ANY-maze, and the results were shown in bar graphs.  
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TABLE 1: Primers used in this study are listed below [Source: [3-7]] 

 

 

 

Gene Name Sequences used for qPCR (5’→ 3’) 

uPA 
For 

Rev 

TTCGGAGGGCAGCACTGTGAAATA 

GCATGGTACGTTTGCTGAAGGACA 

SPARC For 

Rev 

TCACATTAGGCTGTTGGTTCAAA  

CGCTGACCACTTCCCAGAGA 

FABP7 For 

Rev 

TGCTTGCTGAGGTGTAAAGGGTCT 

TGACTGTTGGTCAGCTTCCAGGTA 

HAS3 For 

Rev 

GGTACCATCAGAAGTTCCTAGGCAGC 

GAGGAGAATGTTCCAGATGCG 

SOX4 For 

Rev 

CCAAATCTTTTGGGGACTTTT 

CTGGCCCCTCAACTCCTC 

MUC1 For 

Rev 

CTGCTCCTCACAGTGCTTACAGTTG 

TGAACCGGGGCTGTGGCTGG 

NEAT1 For 

Rev 

CCAGTTTTCCGAGAACCAAA 

ATGCTGATCTGCTGCGTATG 

HAS2 For 

Rev 

TTATGGGCAGCCAATGTA 

ACTTGCTCCAACGGGTCT 

NEAT1 For 

Rev 

CCAGTTTTCCGAGAACCAAA 

ATGCTGATCTGCTGCGTATG 

PTEN For 

Rev 

TGTGCTGCCTGCAAGCTTCT 

GGTGGAACGGCTGACAGCTA 

RASSF1 For 

Rev 

AGGTGAACTTGCAATGCGC 

ACCTCTGTGGCGACTTCATCT 

GAPDH For 

Rev 

TGCACCACCAACTGCTTA 

AGAGGCAGGGATGATGTTC 

Gene Name Sequences used for Pyrosequencing (5’→ 3’) 

SPARC 

For TTTTTGAGGTGGGTTGTTTTGATTAA 

Rev Biotin/TACCCTCTAAACAAAAAAAAAACTATTCT 

Seq ATTTGTTTAGGGGTTGTTG 

FABP7 For TAGGTATAAGGGTTGTAGTGTGAG  

Rev Biotin/TATCCCTCTTTCCAAAAAACTATCACAA 

Seq AAGAGGATTGGAGTTTTA 

SOX4 

For AGGGATTAAGTGTTAGAGATTATGT 

Rev Biotin/TTTCCCTAAAACAATTAATTCCAATTCAC 

Seq AGATTATGTAGTTTTTTTGAGTTAT 

MUC1 

For ATTTTTGGGTAGGGTATAAGGG 

Rev Biotin/CAAAAACCCCAAATTCCAAACTAC 

Seq GGTAGGGTATAAGGGTTTTA 
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HAS2 

For Biotin/GTTTGTAGGAGTTGGAAGTTTAGATTG  

Rev CCACCCCTTCCCTTCTTTTTTTC 

Seq ATAAAAAAAAAAACTAAAATAACC 

HAS3 

For GTGAAAAAGAAGAGGAGGAATTGT 

Rev Biotin/AAACCAAAACAACAAAACCTTCCTACT 

Seq GGAATTGTTTTGGTTTTAAGA 

 

 

 

Reference (for Supplementary Methods in Chapter 2): 
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Pharmacological methyl group donors block skeletal metastasis in vitro and in vivo. British 

journal of pharmacology. 2015; 172: 2769-81.  

2. Ennaceur A, Delacour J. A new one-trial test for neurobiological studies of memory 

in rats. 1: Behavioral data. Behavioural brain research. 1988; 31: 47-59. doi:  

3. Cheishvili D, Chik F, Li CC, Bhattacharya B, Suderman M, Arakelian A, Hallett 

M, Rabbani SA, Szyf M. Synergistic effects of combined DNA methyltransferase 
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deoxycytidine-triggered invasiveness. Carcinogenesis. 2014; 35: 2436-46.  
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National Academy of Sciences. 2012; 109: 13787-92.  
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ovarian granulosa cell apoptosis through HAS2-HA-CD44-Caspase-3 pathway by 

targeting HAS2. Scientific reports. 2016; 6.  
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Supplementary Figure S1: Effect of SAM-treatment on the viability of human breast 

epithelial cells (HBEC). Briefly, HBEC were plated at the same density and treated with 

vehicle only control or 200 µM SAM every other day from day 2 until they were harvested 

on day 7. The cells were trypsinized, stained with trypan blue and the number of viable 

cells was counted under a light microscope daily throughout the 6-day treatments. Results 

from triplicate experiments are shown as a bar graph. 
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Supplementary Figure S2: Western blot from the whole cell lysates of control and 200 

µM SAM-treated MDA-MB-231 cells. The membrane was probed with mouse 

monoclonal anti-BCl-2 (Santa Cruz Biotechnology, Cat#sc-7382) antibody. β- tubulin (BD 

Pharmingen, Cat#556321) was used as a loading control. The densitometric intensities of 

the bands were quantified by ImageJ (Fiji plugin) and plotted as bar graph in the right 

panel. Treatment with SAM caused a reduction in the expression of anti-apoptotic protein 

BCl-2 suggesting that SAM induces apoptosis by reducing the level of BCl-2. Results are 

shown as mean ± SEM of three independent experiments. (* P < 0.05).  

 

Supplementary Figure S3: The volume of the extracted mammary tumor measured after 

sacrificing the animal from different groups.  Results are shown as mean ± SEM of at least 

seven animals in each group. Significant differences were determined using ANOVA 

followed by post hoc Bonferroni test and are represented by asterisks (** P < 0.01; *** P 

< 0.001)  
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Supplementary Figure S4:  Tumor weight after sacrifice. The weight of the extracted 

mammary tumor measured after sacrificing the animal from different groups on week 10.  

There is a dose-dependent reduction in tumor weight upon SAM-treatment. Results are 

shown as mean ± SEM of at least seven animals in each group. Significant differences are 

represented by asterisks (* P < 0.05) 

 

 

 

 

 

 

 

 

 

Supplementary Figure S5: Body weight of the xenograft mice. The total body weight 

of control and SAM-treated animals measured at different time points from the beginning 

of the study when the tumor cells were injected into the fourth mammary fad of the 

immunocompromised mice on week 0 until they were sacrificed on week 10. There was 

no significant difference in the weight of the animals. 
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Supplementary Figure S6: Gene Ontology (GO) analysis of the top 10 biological 

processes enriched in the genes that upregulated (A) and downregulated (B) by SAM-

treatment using WebGestalt. 
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Supplementary Figure S7: Measurement of the gene expression of tumor suppressor 

genes. Briefly, qPCR for two well-known tumor suppressor genes (PTEN, RASSF1) from 

the RNA isolated from tumor samples showed no significant difference between control 

and high dose SAM (80 mg/kg/day). The results are shown are mean ± SEM from three 

different mice in each group.  

 

Supplementary Table S1: SAM-treatment is non-toxic in vivo as shown by different 

parameters tested from the blood sample obtained from control and 80 mg/kg/day SAM-

treated mice.  The results are shown are mean±SEM from three different mice in each 

group. 

 

BUN: Blood urea nitrogen; ALT: Alanine aminotransferase; AST: Aspartate 

aminotransferase; CK: Creatinine kinase 

Parameter Control mice SAM-treated mice P-value 

Total protein (g/L) 38.67 ± 1.19 36.33 ± 0.54 0.22 

Albumin (g/L) 19.33 ± 0.72 17.67 ± 0.27 0.15 

Albumin/Globulin ratio 0.97 ± 0.03 0.93 ± 0.03 0.52 

Glucose (mmol/L) 14.13 ± 0.94 15.10 ± 0.86 0.57 

BUN Urea (mmol/L) 8.27 ± 0.50 10.67 ± 0.59 0.06 

Creatinine (µmol/L) 9.33 ± 0.27 9.0 ± 0.82 0.77 

Total Bilirubin (µmol/L) 4.0 ± 0.47 5.67 ± 0.27 0.07 

ALT (U/L) 37.0 ± 1.69 38.33 ± 1.96 0.69 

AST (U/L) 65.33 ± 12.95 65.33 ± 6.83 1.0 

CK (U/L) 105.33 ± 47.65 74.0 ± 17.21 0.64 

Sodium (mmol/L) 148.67 ± 0.72 145.33 ± 0.72 0.06 

Potassium (mmol/L) 4.60 ± 0.24 4.50 ± 0.22 0.77 

Chloride (mmol/L) 108.33 ± 1.19 106.67 ± 0.98 0.43 

Calcium (mmol/L) 2.26 ± 0.05 2.35 ± 0.04 0.22 

Magnesium (mmol/L) 1.04 ± 0.01 1.67 ± 0.04 0.08 
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Supplementary Table 2 

 

The differentially expressed genes from microarray datasets can be viewed by 

downloading the ‘Supplementary File 1’ from following link: 

https://www.oncotarget.com/index.php?journal=oncotarget&page=rt&op=suppFiles&pat

h[]=23704&path[]=0 

 

 

 

  

https://www.oncotarget.com/index.php?journal=oncotarget&page=rt&op=suppFiles&path%5b%5d=23704&path%5b%5d=0
https://www.oncotarget.com/index.php?journal=oncotarget&page=rt&op=suppFiles&path%5b%5d=23704&path%5b%5d=0
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Chapter Three: S-adenosylmethionine in combination with Decitabine 

shows enhanced anti-cancer effects in repressing breast cancer growth 

and metastasis 
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Preface 

 Previous studies by our group have shown that treatment with demethylating agents 

indiscriminately demethylates at the gene regulatory regions. As a result, treatment with 

DNMT inhibitors induces the undesirable hypomethylation mediated activation of 

prometastatic genes in addition to the desirable activation of tumor suppressor genes. Since 

the universal methyl donor SAM can downregulate the expression of prometastatic genes 

without affecting the expression of tumor suppressors, we tested the hypothesize that 

concurrent targeting of abnormal hyper and hypomethylation in breast cancer by 

Decitabine (demethylating agent) and SAM (methylating agent) would provide a superior 

anti-cancer response compared to single-agent treatment with either of the drugs in vivo. 

In-depth analyses of the MDA-MB-231 methylome and transcriptome was performed to 

understand the gene expression changes upon the combination treatment. The manuscript 

related to this study was published in the ‘Journal of Cellular and Molecular Medicine’ in 

2020: 

“Mahmood,N., Arakelian,A., Cheishvili,D., Szyf,M. and Rabbani, S.A. (2020) S-

adenosyl methionine in combination with Decitabine shows enhanced anti-cancer 

effects in repressing breast cancer growth and metastasis. J Cell Mol Med. 00:1-

16.” 

 

Herein, an author-generated version of the manuscript is presented. The article is published 

as open access under the terms of the Creative Commons Attribution License, which 

permits use, distribution and reproduction in any medium with proper citation. In addition, 

email consent was obtained from the Editor which can be found in the Appendices. 
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Abstract 

 Abnormal DNA methylation orchestrates many of the cancer-related gene 

expression irregularities such as the inactivation of tumor suppressor genes through 

hypermethylation as well as activation of prometastatic genes through hypomethylation. 

The fact that DNA methylation abnormalities can be chemically reversed positions the 

DNA methylation machinery as an attractive target for anti-cancer drug development. 

However, although in vitro studies suggested that targeting concordantly hypo- and 

hypermethylation is of benefit in suppressing both oncogenic and prometastatic functions 

of breast cancer cells, this has never been tested in a therapeutic setting in vivo. In this 

context, we investigated the combined therapeutic effects of an approved nutraceutical 

agent S-adenosylmethionine (SAM) and FDA-approved hypomethylating agent 

Decitabine using the MDA-MB-231 xenograft model of breast cancer and found a 

pronounced reduction in mammary tumor volume and lung metastasis compared to the 

animals in the control and monotherapy treatment arms. Immunohistochemical assessment 

of the primary breast tumors showed a significantly reduced expression of proliferation 

(Ki-67) and angiogenesis (CD31) markers following combination therapy as compared to 

the control group. Global transcriptome and methylome analyses have revealed that the 

combination therapy regulates genes from several key cancer-related pathways that are 

abnormally expressed in breast tumors. To our knowledge, this is the first preclinical study 

demonstrating the anti-cancer therapeutic potential of using a combination of methylating 

(SAM) and demethylating agent (Decitabine) in vivo. Results from this study provide a 
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molecularly founded rationale for clinically testing a combination of agents targeting the 

epigenome to reduce the morbidity and mortality from breast cancer. 

 

Introduction 

 Abnormal DNA methylation is one of the earliest and most common hallmarks of 

cancer [1,2]. Since the addition or removal of the methyl group to the CpG islands is a 

dynamic and reversible process, it stands to reason that targeting the methylome may serve 

as an attractive anti-cancer strategy [3,4]. Research over the past thirty years has led to the 

development of different types of DNA methylation inhibitors, and two drugs [5-

azacytidine (5AzaC, marketed as Vidaza) and 5-aza-2'-deoxycytidine (5AzadC, marketed 

as Decitabine/Decogen)] targeting the DNA methyltransferase (DNMT) enzymes are 

already approved by the Food and Drug Administration (FDA) for the treatment of several 

hematological malignancies [5-7]. Both 5AzaC and 5AzadC are cytosine analogs that can 

be incorporated into the DNA during replication where they function as suicide substrates 

for DNMT enzymes and trap them for subsequent proteasomal degradation, which 

ultimately leads to DNA demethylation at a genome-wide scale [8,9]. At the molecular 

level, DNMT inhibitors (DNMTi) cause demethylation at the promoters of tumor 

suppressor genes that are otherwise methylated in cancer and thereby derepress their 

normal gene expression [10]. More recently, it has been shown that DNMTi treatment also 

upregulates the expression of endogenous retroviral sequences (ERVs), which in turn 

activates viral defense response genes and thereby reduces the number of cancer-initiating 

cells [11]. These events reprogram the cancer cells to behave similarly to the virus-infected 
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cells to cause the induction of an anti-tumor immune response against them, by a process 

known as “viral mimicry” [10].  

 Even though DNMTis are approved for several hematological malignancies, they 

have only shown modest success in the case of solid tumors and generally induce toxic side 

effects like anemia, bleeding, and arthralgia [12]. In addition, primary and secondary 

resistance to these drugs has been reported in clinical settings [13], which warrants the 

development of a different rational approach to target the methylome in solid cancers. 

 Since 5AzaC and 5AzadC induce demethylation across the genome, it stands to 

reason that the effect will not be limited to tumor suppressor genes and that they will also 

induce genes that promote cancer; notably genes involved in metastasis that are activated 

by loss of methylation. This might result in adverse effects and limit the utility of these 

agents. Indeed it has been shown that DNMTi treatment also potentiates promotor 

demethylation-mediated activation of several known prometastatic genes [urokinase 

plasminogen activator (PLAU), C-X-C motif chemokine receptor 4 (CXCR4), heparanase 

(HPSE)] in less aggressive MCF-7 and ZR-75-1 breast cancer cells which facilitates their 

transformation to become more aggressive tumor cells [14]. Interestingly, the treatment of 

cancer cells with universal methyl donor S-adenosylmethionine (SAM) reverses these 

effects via hypermethylation of the promoters of the prometastatic genes [15]. SAM is an 

approved nutraceutical agent used for osteoarthritis, fibromyalgia, cholestasis, and 

depression [16,17], and results from long term clinical trials showed no behavioral or 

biochemical adversities upon administration of the agent except for the individuals with 

bipolar disorder [18,19]. Our recent studies using xenograft models of breast cancer have 
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demonstrated the anti-cancer properties of SAM when administered via an oral route 

without causing any detrimental biochemical or behavioral adversities [20]. Moreover, 

microarray-based methylation studies on different types of cancer cells have revealed that 

SAM treatment caused hypermethylation-mediated inactivation of prometastatic genes 

without repressing the expression of the known tumor suppressor genes [21,22].  

 Since DNA hypomethylation and hypermethylation are common characteristics of 

the cancer epigenome [17,23], we have previously hypothesized and tested that combined 

administration of methylating and demethylating agents could block breast cancer growth 

and invasion in vitro [24]. However, a critical question that remained unanswered was 

whether simultaneous targeting of DNA hypo- and hypermethylation using SAM and 

5AzadC combination could show similar effects in vivo so that it could be further translated 

in clinical settings to breast cancer patients. Herein, we examined the anti-cancer 

therapeutic potential of the approved demethylating agent 5AzadC in combination with 

global methyl-group donor SAM in reducing tumor growth and metastasis using the MDA-

MB-231 xenograft model of breast cancer. 

 

Material and Methods 

Cell culture and treatments 

Human MDA-MB-231 (ATCC® HTB- 26™) and Hs578T (ATCC® HTB-126™) 

triple-negative breast cancer (TNBC) cell lines were maintained as described before [20]. 

Authentication of both of these cell lines was done by short tandem repeat (STR) 

profiling using GenePrint® 10 System (Promega, Madison, WI, USA). DNA obtained 
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from both cell lines showed a 100% match with the core alleles tested for authentication, 

which confirmed their identity. The mouse PyMT-R221A breast cancer cell line was kindly 

provided by Dr. Conor C. Lynch (H. Lee Moffitt Cancer Center and Research Institute, 

Tampa, FL, USA). These cells were initially extracted and cultured from the mammary 

tumors of transgenic MMTV-PyMT mice in FVB background that resembles the luminal 

B subtype [25] 

The cells were treated with 200 μM human-grade SAM (a gift from Life Science 

Laboratories, Lakewood, NJ, USA), 1 μM 5AzadC (Sigma-Aldrich, St. Louis, MO, USA; 

Cat# A3656) or SAM+5AzadC through direct administration of the agents into the culture 

medium every other day for six days as previously described [24].  

 

Cell proliferation and anchorage-independent growth assay 

 The cells were seeded onto 6-well cell culture grade plates (BD FalconTM) and 

treated with SAM, 5AzadC, SAM+5AzadC, or vehicle (as control) every second day for 

six days. The coefficient of drug interaction (CDI) was measured to determine whether the 

interaction between the two drugs is synergistic, additive, or antagonistic in different cell 

lines, as described before [26]. On the day after each of the three treatments (on days 1,3, 

and 5), the cells were trypsinized and counted using a Coulter counter (Model ZF; Coulter 

Electronics, Hertfordshire, UK). Following the usual treatment period, 5×103 cells were 

used for anchorage-independent growth assay as described before [20].  
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Apoptosis assay 

 Following the usual treatment period stated above, both floating and adherent cells 

from vehicle-treated control and different treatment groups were collected and subjected 

to Annexin V and propidium iodide staining using ‘Dead Cell Apoptosis Kit’ (Thermo 

Fisher, Eugene, Oregon, USA; Cat# V13242). As a positive control of apoptosis, the cells 

were treated with 20 µM cisplatin (Abcam, Cambridge, UK; Cat# ab141398). Upon 

staining, the subsequent steps related to flow cytometry was performed as described before 

[20]. The caspase-3 enzyme activity was measured using the caspase-3 assay kit (Abcam, 

Cambridge, UK; Cat# ab39401) following the supplier provided protocol. The cell lysates 

from control and different treatment groups were incubated with DEVD-p-NA substrate 

containing buffer for 3 hours, and absorbance at 405 nm was measured by using a Tecan 

Infinite® 200 PRO microplate reader.  

 

In vivo xenograft model of breast cancer 

 For in vivo experimental purpose, 6-8 weeks old female immunocompromised 

NOD-SCID mice were purchased from Charles River Laboratories (St-Constant, QC, 

Canada) and housed at the Animal Resource Division (ARD) of the Research Institute of 

the McGill University Health Center (RI-MUHC) at a 12-hour light-dark cycle in sterile 

cages with ad libitum access to food and water. After one week of acclimation in the RI-

MUHC ARD housing facility, animals were anesthetized, and 5x105 viable MDA-MB-231 

cells mixed with 20% Matrigel (BD Biosciences) were inoculated into the fourth mammary 

fat pad of NOD-SCID mice, as described by us previously [27]. Three days after tumor cell 
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inoculation, the animals were randomized and divided into four groups: vehicle [phosphate 

buffer saline (PBS)] treated controls, SAM (80 mg/kg/day) via oral gavage, 5AzadC (0.8 

mg/kg/3 times per week for 3 weeks) by intraperitoneal (IP) injection, and combination of 

SAM+5AzadC. The doses used for the different agents were previously determined by us 

and others [20,28] and, therefore, the experimental protocol remained the same throughout 

the course of this study. Palpable tumors started to emerge from week 5 after inoculation, 

and the tumor volumes were measured at weekly intervals from week 6 until experimental 

endpoint on week 10 using the following formula: Volume= (length × Width2)/2. Relative 

tumor growth inhibition was measured using the following formula: 100*(1-Tt/T0), where 

Tt and T0 stand to the mean tumor volumes for a treatment arm relative to the control arm 

[29].    

 

RNA extraction and qPCR  

 Total RNA was isolated using the AllPrep DNA/RNA Mini Kit (Qiagen, Hilden, 

Germany; Cat# 80204) and converted to cDNA. Then a quantitative PCR (qPCR) assay 

was performed using an ABI StepOnePlus™ (Applied Biosystems) machine following a 

previously described protocol [21]. All primers used in this study are listed in 

Supplementary File 1, Table S1.  

 

RNA-Seq and analysis pipeline  

 Total RNA extracted from control, SAM, 5AzadC, and SAM+5AzadC treated 

MDA-MB-231 cells were assessed by Agilent 2100 Bioanalyzer, and the samples that 
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passed the quality control were used for transcriptome sequencing (n=3/group). The 

supplier protocol for the NEBnext Ultra ii Stranded mRNA kit (New England Biolabs, 

Ipswich, MA, United States) was used for sample preparation, and an Illumina NextSeq 

500 System was used for paired-end sequencing. Once the sequencing was done, the 

alignment of the raw reads to the hg19 reference sequence (for Homo sapiens) was done 

using STAR aligners [30]. Sequence assembly and differential gene expression analyses 

were done using the package Cufflinks [31]. Differentially expressed genes from each 

treatment group relative to control MDA-MB-231 cells were chosen using a false discovery 

rate (FDR) adjusted p-value of less than 0.2. 

 

DNA isolation and MethylationEpic 850 K BeadChip microarray 

 DNA was extracted using the AllPrep DNA/RNA Mini Kit (Qiagen, Hilden, 

Germany; Cat# 80204) following the standard protocol. Biological duplicates from each 

group were bisulfite-converted, and epigenome-wide methylation patterns were assessed 

using Infinium Human MethylationEpic 850K BeadChip microarray (Illumina) following 

the manufacturer’s protocols. The Illumina intensity data (IDAT) files from the microarray 

experiment were normalized with BMIQ [32] and processed using the ChAMP [33] 

package as described by us before [34]. The methylation levels were obtained as β values 

that ranged from zero to one (‘0’= fully unmethylated probe and ‘1’=fully methylated 

probe). Probes with single nucleotide polymorphism (SNPs) were removed from the 

downstream analysis. For differential methylation analysis in each treatment group relative 

to controls, Bioconductor package Limma [35] was used where a methylation difference 
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(delta β value) greater than 0.05 [36] and P ˂ 0.05 was considered statistically significant 

as previously described [37]. 

 

Western blot 

 Cell lysates were prepared using radioimmunoprecipitation assay (RIPA) buffer 

containing a mixture of protease and phosphatase inhibitors, and western blot was done as 

described by us previously [38].  

 

Immunohistochemistry 

 The immunohistochemical assessment was performed on formalin-fixed tumor 

tissues by double staining each sample slide using antibodies against Ki-67 (Cat# M7240, 

Dako, Glostrup, Denmark) and CD31 (Cat# 760-4378, Roche, Basel, Switzerland) 

markers. The staining was done at the RI-MUHC Histopathology platform using a 

standardized protocol. Then photomicrographs of five randomly selected fields from each 

sample slides were taken. The Ki-67 positive cells were counted based on their distinct 

nuclear staining. The area of CD31 staining was quantified using ImageJ (Fiji plugin) 

(National Institutes of Health, Bethesda, MD, USA). 

 

Statistical analysis 

The results are expressed as the mean ± standard error of the mean (SEM). 

Statistical analyses were carried out by Student’s t-test, ANOVA depending on the type 

of experimental data. P ≤ 0.05 was considered as significant.  
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Results 

Effect of SAM+5AzadC combination on TNBC cell lines in vitro 

 To examine the in vitro effect of combining SAM and 5azadC on the growth 

properties of cells, we first used two highly metastatic TNBC cell lines: MDA-MB-231 

and Hs578T. Both SAM and 5AzadC were previously shown to reduce tumor cell 

proliferation [21,22,39]. As expected, either 200 µM SAM or 1 μM 5AzadC caused a 

significant reduction in cell growth compared to vehicle-treated controls (Figure 1A). 

However, combination therapy caused a more substantial reduction in growth than either 

of the monotherapies. A coefficient of drug interaction (CDI) test using cell proliferation 

data showed a moderately synergistic effect of the combination treatment in MDA-MB-

231 (CDI=0.78) cells and an additive effect in Hs578T cells (CDI=1.1) in vitro. 

 Next, we evaluated whether the combination of SAM and 5AzadC could suppress 

the anchorage-independent growth, a cellular measure of malignant transformation. A 

significant decrease in the ability of the MDA-MB-231 and Hs578T cells to form colonies 

was observed upon single-agent treatment with either SAM or 5AzadC (Figure 1B). The 

suppression was significantly more pronounced when the cells were treated with the 

combination of SAM and 5AzadC in both cell lines (Figure 1B).  

 Next, we wanted to evaluate whether the combination treatment shows a similar 

anti-cancer effect in breast cancer cells belonging to a different subtype and species. For 

that, we used the PyMT-R221A murine luminal B breast cancer cell line. Our data showed 

a moderately synergistic effect of the combination (CDI=0.75) in decreasing PyMT-

R221A cell proliferation (Supplementary File 1, Figure S1A). A significant reduction in 
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the ability of the PyMT-R221A cells to form colonies was also observed (Supplementary 

File 1, Figure S1B). Taken together, these observations suggest that the combination 

treatment inhibits the growth of a broad spectrum of breast cancer cells representing 

different subtypes and species. 

 We then examined the effect of the combination treatment on apoptotic cell death 

using a flow cytometry-based annexin V/PI assay. While all three treatment groups induced 

apoptosis, the SAM+5AzadC treated cells showed the highest percentage of apoptotic cell 

deaths (Figure 1C). We used the DNA-damaging agent cisplatin as a positive control for 

the induction of apoptosis. To further confirm these results, we measured the enzymatic 

activity of caspase-3, which functions as an executioner caspase to induce apoptosis [40]. 

A significant increase in caspase-3 activation was observed in the treated groups compared 

to the control MDA-MB-231 and Hs578T cells (Figure 1D). During these studies, we did 

not observe any noticeable change in the morphology of the cells.  

 

Effect of SAM+5AzadC combination on MDA-MB-231 xenograft model of breast 

cancer 

 We then tested the anti-cancer therapeutic effect of SAM combined with 5AzadC 

in vivo using a human MDA-MB-231 xenograft model of TNBC, where 5×105 tumor cells 

were orthotopically implanted into the fourth inguinal mammary fat pads of 6-8-week-old 

female NOD-SCID mice. Three days post-injection of the tumor cells, the animals were 

randomized into four groups: PBS vehicle-treated controls, 80 mg/kg/day of SAM via oral 

gavage, 0.8 mg/kg of 5AzadC by IP injection, and combination [SAM (80 
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mg/kg/day)+5AzadC (0.8 mg/kg)], and treatment was carried out using the strategy 

depicted in Figure 2A. The 5AzadC treatment, for the monotherapy and combination 

groups, was carried out for three weeks to avoid potential adverse effects [12]. In contrast, 

all animals treated with SAM in the monotherapy and the combination setting received 

SAM daily via oral gavage from the start of treatment until the experimental endpoint was 

reached. Our results show that all animals in the control group developed tumors that 

continued to grow until the experimental endpoint at week 10 after tumor cell injection 

(Figure 2B; Supplementary File 1, Figure S2). On the other hand, 87.5% of the animals in 

either SAM or 5AzadC monotherapy treatment groups developed a tumor at the 

experimental endpoint while only 66.67% of the animals in the SAM+5AzadC 

combination treatment group developed a tumor (Supplementary File 1, Figure S1). 

Moreover, in comparison with the control animals, significant reductions in tumor volumes 

were observed in the treatment groups at experimental endpoint on week 10 (Figure 2B-

C). To determine whether the anti-cancer therapeutic effects in the combination treatment 

is either additive, synergistic or antagonistic, we measured CDI and found that the 

combination treatment shows a moderately synergistic effect (CDI=0.86) in reducing the 

primary mammary tumor volumes in this model. We also measured tumor growth 

inhibition at experimental endpoint in each group relative to control animals and found 

49.13% and 67.95% reduction in average tumor volume in SAM and 5AzadC treated 

animals, respectively. However, the reduction in tumor volume in the combination 

treatment group was 85.96% relative to the controls suggesting an enhanced anti-cancer 

activity of the combination treatment in reducing mammary tumor growth in vivo.  



 

153 

 

 Since MDA-MB-231 cells orthotopically implanted into the mouse mammary fat 

pad metastasize to different target organs [20], we evaluated the effect of the different 

treatment regimens on lung metastasis using H&E staining of formalin-fixed lung tissue 

sections from the different treatment groups. Compared to the vehicle-treated control 

animals, a significant reduction in lung metastasis was observed in both SAM and 5AzadC 

monotherapy treated animals, which was further reduced in the SAM+5AzadC treated 

animals (Figure 2D), demonstrating a higher anti-cancer therapeutic effect of the 

combination treatment. 

 The aggressiveness of breast cancer correlates with proliferative capabilities as well 

as the vascularization of the tumor cells, which prompted us to determine the expression 

of Ki-67 (proliferation marker) and CD31 (angiogenesis marker) in formalin-fixed tumor 

tissues from control and the treatment groups using a double immunostaining strategy. Our 

data showed that animals from all three treatment groups had a significant reduction in the 

expression of proliferation and angiogenesis markers, an effect that was more pronounced 

in the SAM+5AzadC combination-treated group (Figure 2E). Taken together, these results 

complement the phenotypic effect seen by the reduced tumor volume and metastasis in 

response to the combination treatment.  

           Next, we checked whether the SAM+5AzadC combination treatment elicits any 

toxicities in the animals by measuring different biochemical parameters related to liver and 

kidney function as well as major electrolytes. Our data demonstrated that there were no 

statistically significant differences in any of the blood parameters tested between control 
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and the treatment arms (Supplementary File 1, Table S2), suggesting that the treatments 

are not overtly toxic. 

 

Effect of SAM+5AzadC combination on the MDA-MB-231 transcriptome  

 To evaluate gene expression changes mediated by different treatments, we next 

performed a transcriptome analysis of the control and treated MDA-MB-231 cells by 

RNA-Sequencing (n=3/group). Our data revealed that, in comparison to the vehicle-

treated control MDA-MB-231 cells, single-agent treatment with SAM and 5AzadC 

caused significant gene expression changes of 238 (141 downregulated, 97 upregulated) 

and 179 (104 downregulated, 75 upregulated) genes, respectively (Figure 3A, 

Supplementary File 2). Interestingly, these effects were more pronounced in the 

SAM+5AzadC combination-treated cells, where 801 (389 downregulated, 412 

upregulated) genes were differentially expressed relative to the control (Figure 3A, 

Supplementary File 2). We then used Venn diagrams and circus plots to depict the 

numeric and functional common and exclusive transcriptomic footprints in the different 

treatment groups. Our analyses indicated that the combination therapy significantly 

changes the expression profiles of 556 genes (305 upregulated and 251 downregulated) 

that are not significantly affected by either of the monotherapy treatments using our 

study cut-offs (Figure 3B&C).  

 We then performed comparative pathway enrichment analyses between 

differentially expressed genes (DEGs) in SAM, 5AzadC, and SAM+5AzadC treated cells 

using the well-annotated Reactome and Kyoto Encyclopedia of Genes and Genomes 
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(KEGG) databases from Metascape [41] (Figure 3D). We found that the genes 

downregulated by the combination treatment are enriched in ‘Laminin interactions’, 

‘Extracellular matrix organization’ pathways that are involved in migration, invasion, and 

metastatic spread while the genes upregulated upon the combination treatment are enriched 

in crucial cancer-related pathways like ‘Interferon alpha-beta signaling’, ‘Jak-STAT 

signaling pathway’ and others as shown by the heatmap in Figure 3D.  

 

Validation of differentially expressed cancer-related genes affected by the 

combination treatment in MDA-MB-231 

 We next validated the differential expression of several prometastatic and tumor 

suppressor genes that are involved in various cancer-related signaling pathways in the 

treatment groups by quantitative polymerase chain reaction (qPCR) analysis (Figure 4A). 

There was a significant correlation between fold change in expression determined by RNA-

Seq and by qPCR between combination treatment and control (Figure 4B). 

 Recent evidence suggests that suppression of MUC1, in turn, downregulates the 

anti-apoptotic MCL1 protein in breast cancer cells [42]. Interestingly, MCL1 gene 

expression is reduced upon SAM+5AzadC, as shown by RNA-Seq (Supplementary File 2) 

and qPCR (Figure 4A). We then measured the levels of the anti-apoptotic proteins MCl-1 

and BCl-2 and found that they were reduced in response to the combination treatment 

(Supplementary File 1, Figure S3A). Previous studies have demonstrated that increased 

MUC1 expression stabilized beta-catenin from degradation by Glycogen synthase kinase 

3 beta (GSK3B) [43]. Therefore, we measured the expression of β-catenin, which is a 
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component of the pro-proliferative Wnt/β-catenin signaling pathway and found it to be 

downregulated upon SAM+5AzadC treatment (Supplementary File 1, Figure S3A). These 

results indicate that the combination treatment affects multiple components of pro-

proliferative and anti-apoptotic pathways to elicit an anti-cancer response (Supplementary 

File 1, Figure S3B).   

 We next used publicly available cancer transcriptome dataset (as described by 

Solzak et al. [44]) to determine whether the genes targeted by the combination treatments 

(DEGs) are known to be differentially expressed in triple-negative breast cancer patients 

and therefore potentially important for the cancer state. Although the overlap between the 

genes which were upregulated by SAM+5AzadC but downregulated in patients was not 

significant as determined by a hypergeometric test (Figure 4C), there was a significant 

overlap of 71 genes which were downregulated by SAM+5AzadC treatment with the set 

of genes which were upregulated in breast cancer patients (hypergeometric test, p<0.05) 

(Figure 4D). These data point to a potential benefit of SAM+5AzadC treatment for highly 

aggressive TNBC patients. Pathway enrichment analysis of these genes revealed that they 

are involved in several cancer-related signaling pathways like the p53 downstream 

pathway, apoptosis, Beta1 integrin cell surface interactions, and PI3K signaling pathways 

(Figure 4D), suggesting the clinical relevance of the genes differentially regulated by 

SAM+5AzadC combination. 

  We then assessed whether the phenotypic changes related to metastasis and 

angiogenesis seen in vivo could be linked to the gene expression changes induced by the 

SAM+5AzadC combination treatment in vitro. We first overlapped the genes 
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downregulated by the combination treatment with the complete repertoire of metastatic 

genes obtained from the human cancer metastasis database [45] and found a significant 

overlap of 66 genes (hypergeometric test, p<0.05) (Supplementary File 1, Figure S4). We 

then compared the genes downregulated by the SAM+5AzadC combination with the list 

of genes involved in angiogenesis and found a statistically significant overlap of 19 genes 

(hypergeometric test, p<0.05) (Figure 4E). Some of the crucial genes in this overlap include 

VEGFA, PDGFC, FN1 that were known to be involved in angiogenesis in different types 

of cancers. Taken together, these results suggest that the transcriptome-wide gene 

expression changes show congruence with the phenotypic changes mediated by the 

SAM+5AzadC combination.   

 

Effect of the SAM+5AzadC combination on the upstream regulators of gene 

expression 

 To identify the potential upstream regulators that mediate the gene expression 

changes seen in RNA-Seq, an upstream regulator analysis (URA) was performed using 

ingenuity pathway analysis (IPA) tool [46]. This analysis can decipher the potential 

transcription regulators, growth factors, and any gene or chemical that has been shown to 

affect gene expression by experimental evidence. We mainly focused on the ‘transcription 

regulators’ that directly regulate gene expression. Our results show that a total of 16 (1 up, 

15 down), 10 (6 up, 4 down), and 18 (7 up, 11 down) transcription regulators are predicted 

to be significantly affecting the DEGs enriched in SAM, 5AzadC, and SAM+5AzadC 

combination-treated groups, respectively (Figure 5A). The upstream transcription 
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regulators that were activated in SAM+5AzadC were TFAP2A, PIAS1, ZBTB48, TCF3, 

DACH1, SMARCA4, IRF6 which affect a diverse array of target genes that are graphically 

depicted in Supplementary File 1, Figure S5. For example, PIAS1 activation might repress 

MCL-1 expression, whereas TFAP2A activation might downregulate VEGFA, KLF4, and 

several other genes, as seen in the RNA-Seq data. When we investigated the upstream 

transcription regulators that were inhibited upon SAM+5AzadC treatment, we found a 

significant change in some of the well-known cancer-related transcription factors like 

HIF1A, SOX4 (Figure 5A), whose downstream target genes are shown in Figure 5B. The 

genes targeted by the other upstream regulators inhibited by SAM+5AzadC treatment are 

presented in Supplementary File 1, Figure S6. We next focused on HIF1A and SOX4 

mediated effects through the construction of mechanistic networks using the existing 

knowledge found in the IPA tool (Figure 5C). The mechanistic network analyses suggest 

that the inhibition of SOX4 possibly mediates HIF1A downregulation which, in turn, 

affects various downstream oncogenic factors, as shown in Figure 5C. These observations 

indicate that the SAM+5AzadC treatment alters the expression of crucial transcription 

factors that mediate the downstream changes in expression of a vast array of genes in the 

MDA-MB-231 transcriptome.  

 

Effect of SAM+5AzadC combination on the MDA-MB-231 methylome 

 Since both SAM and 5AzadC modulate DNA methylation, we next used a genome-

wide approach to delineate the changes in MDA-MB-231 methylome in response to 

treatment with either single-agent therapies or the combination using Illumina 
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MethylationEPIC arrays that cover more than 850k probes. In this study, we defined probes 

with >5% change in methylation in both directions in treatment compared to control groups 

as either hypermethylated or hypomethylated, respectively. As expected, we found that 

SAM monotherapy caused more hypermethylation while 5AzadC monotherapy caused 

more hypomethylation of CpG sites (Figure 6A). The combination treatment caused 

broader changes in the DNA methylation landscape than the monotherapy treatments by 

either SAM or 5AzadC; DNA methylation changes happened in both directions at different 

locations in the genome (Figure 6A). The combination-treatment caused more 

hypomethylation near the promoter regions (TSS1500, TSS200, and 5′UTR as defined in 

[47]) and slightly more hypermethylation in the IGRs. 

 Differential methylation at the promoter region of genes is believed to mediate 

tumorigenesis either via the downregulation of tumor-suppressor genes or upregulation of 

oncogenes. We then focused on the CpGs that are differentially regulated by the 

SAM+5AzadC combination treatment at or near promoter regions. Using a gene set 

enrichment analysis, we found that combination treatment causes significant methylation 

changes of genes involved in several crucial cancer-related pathways (Figure 6B). For 

example, we found that the genes whose promoters become hypomethylated upon 

combination treatment are enriched in pathways that are involved in ‘negative regulation 

of cell proliferation’ while the genes whose promoters are hypermethylated are engaged in 

‘cell proliferation’ (Figure 6B). Taken together, these observations further validate that 

epigenetic therapies with SAM and 5AzadC alter DNA methylation of critical cancer-

related pathways. It should also be noted that the methylation changes have context-
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dependent roles in regulating gene expression, and not all the methylation changes will 

result in altered gene expression.  

 

Integrated analyses of methylation and gene expression in the combination therapy 

group 

 To gain further molecular mechanistic insights to the set of genes regulated by the 

combination therapy, we determined whether the changes seen in DNA methylation were 

associated with changes in gene expression as determined by RNA-Seq. The integrated 

analyses of transcriptome and methylome showed that differential expression of 267 genes 

was associated with differential DNA methylation (Figure 7A). Further analysis revealed 

that these genes are enriched in cancer-related signaling pathways like focal adhesion, 

ECM-receptor interaction, apoptosis, PI3K-AKT signaling, and others as listed in Figure 

7B. In addition, we found that 60 out of these 267 genes showed a significant overlap with 

the list of genes obtained from the human cancer metastasis database (hypergeometric test, 

p<0.05) (Supplementary File 1, Figure S7).  

 Next, from the list of 267 overlapping genes between expression and methylation, 

we focused on genes whose promoter was hypermethylated with downregulated gene 

expression and genes whose promoters were hypomethylated with upregulated gene 

expression. Through integrated analyses of gene expression and promoter methylation, we 

identified 45 genes that showed hypomethylation-mediated upregulation and 15 genes that 

showed hypermethylation-mediated downregulation upon SAM+5AzadC combination 

treatment (Supplementary File 1, Table S3). We then validated the expression of the several 
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genes from the list in Table S3 that showed hypomethylation-mediated activation (TFPI2 

and GSTP1) and hypermethylation-mediated inactivation (FADS2) upon combination 

treatment by qPCR (Figure 7C). Further analysis of the Cancer Genome Atlas (TCGA) 

database suggested that these genes show aberrant expression patterns in breast cancer 

patients in the opposite direction (Figure 7D).   

 Taken together, through a series of in vitro and in vivo studies, we demonstrated a 

higher anti-cancer effect of the SAM+5AzadC combination in comparison with 

monotherapies in well-established models of breast cancer and elucidated its potential 

molecular basis (Figure 7E). 

 

Discussion 

 Epigenetic reprogramming in cancer involves a combination of demethylation-

mediated activation of tumor-promoting and prometastatic gene networks and 

hypermethylation-mediated silencing of tumor suppressor gene networks. Currently, 

Vidaza and Decitabine are the only approved DNA methylation inhibitors used clinically 

to treat cancer patients. However, a long line of evidence has established in cell culture 

studies that loss of methylation can lead to the induction of genes that promote metastasis, 

the most morbid facet of cancer. Several studies showed that demethylating agents can 

enhance the invasiveness of breast cancer cells in vitro [14,39] and that the methyl donor 

SAM could inhibit invasiveness and bone metastasis in vivo [15,21].  One possible way to 

attenuate the adverse effects of DNA demethylation agents is to enhance methylation of 

tumor and metastasis promoting genes using the ubiquitous methyl donor SAM. This 
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suggestion is presumably counterintuitive however, since the addition of a methylation 

promoting agent such as SAM might cancel the activation effect of 5AzadC on tumor 

suppressor genes and thus both agents will nullify each other and eliminate the therapeutic 

effect. However, if SAM targets different gene pathways than 5AzadC, the combination 

could be synergistic. A rational approach to cancer therapy should involve a combinatorial 

approach targeting different nodal pathways of growth and metastasis concurrently. A 

previous in vitro study confirmed that a combination of SAM and 5AzadC would be 

efficacious and, more importantly, inhibit metastasis which is stimulated by 5AzadC [24]. 

Could this be translated into clinical practice?  A first step should be demonstrating that a 

combination of SAM and 5AzadC will have more efficacious anticancer activity than 

monotherapies in vivo and second that this combination inhibits cancer metastasis in vivo. 

 In this study, we compared SAM+5AzadC combination therapy with 

monotherapies with either compound using a well-established in vivo model of breast 

cancer. Even though the combination treatment shows anti-cancer effects on breast cancer 

cells from different subtypes, we focused on TNBC due to the high rate of mortality in 

patients with this breast cancer subtype and a paucity of effective therapeutic strategies. 

Our data showed that the combination of SAM+5AzadC had a moderately synergistic anti-

cancer effect on reducing primary tumor volumes of MDA-MB-231 xenografts without 

causing additional toxicity as measured by standard biochemical tests. Moreover, the 

metastatic spread of primary tumor cells from the breast to the lung tissue was robustly 

inhibited by combination therapy as compared to monotherapy with 5AzadC. These data 

support the conclusion that a combination of 5AzadC and SAM might be of utility in 
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treating breast cancer and potentially other cancers and warrant further clinical testing. Our 

results show that SAM does not nullify the effects of 5AzadC, but it rather enhances the 

antitumor effect. 

 To examine the molecular mechanism underlying enhanced anti-cancer potential 

of the combination therapy, and to test whether combination therapy interferes with the 

effect of DNA demethylation on the induction of tumor suppressor genes, we performed 

genome-wide methylome and transcriptome analyses following treatment with SAM, 

5AzadC, and their combination. Results from these studies demonstrate that the two agents 

(SAM, 5AzadC) target a diverse array of genes acting in different functional pathways 

involved in cancer development and progression, explaining why SAM doesn’t nullify the 

effects of 5AzadC. The combination therapy didn’t block 5AzadC activation of tumor 

suppressor genes and didn’t result in the silencing of other tumor suppressor genes. On the 

contrary, the combination treatment upregulated expression of several known tumor 

suppressor genes like CST6, TFPI2, GSTP1 and several others. 

 The combination treatment showed enhanced anti-cancer effects in reducing the 

expression of genes related to metastasis compared to the monotherapy treatment. For 

example, the expression of Sox4, a master regulator of EMT [48], was significantly reduced 

in the combination group suggesting the possible modulation of the treatment through the 

pathway. We also found that the expression of the MUC1 gene, which is overexpressed in 

breast cancer patients (Supplementary File 1, Figure S8), and encodes the widely used CA 

15-3 (Cancer antigen 15-3) serum biomarker for breast cancer, was significantly reduced 

upon SAM+5AzadC combination treatment. MUC1 promotes cancer cell invasion and 
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epithelial to mesenchymal transition (EMT) through its interaction with beta-catenin [49], 

both of which are reduced upon treatment with SAM+5AzadC (Figure 4A; Supplementary 

File 1, Figure S2). The expression of KLF4, required for breast cancer stem cell (CSC) 

maintenance [50], was also significantly repressed upon combination treatment (Figure 

4A). This prompted us to check if any other critical modulators of the pathways related to 

CSC were altered by the combination treatment and found that the expression of SHH, 

which is upregulated in human breast tumors (Supplementary File 1, Figure S9A), is 

downregulated by the combination treatment (Supplementary File 1, Figure S9B).  

 Only 27 DEGs (10 upregulated and 17 downregulated) were found to be commonly 

targeted by SAM, 5AzadC and SAM+5AzadC treated breast cancer cells in RNA-Seq. The 

combination-treated cells shared more DEGs with SAM monotherapy (185 common 

genes) treated cells than 5AzadC monotherapy (33 common genes) treated cells. 

Importantly the combination therapy targeted 556 genes that were not targeted by either 

agent on its own, and these genes involved in pathways related to cancer growth and 

metastasis (Supplementary File 1, Figure S10). Thus, the molecular footprint of the 

combination therapy is not just an additive combination of either monotherapy; it affects 

hundreds of genes that would not be affected by either monotherapy suggesting a 

synergism between these two epigenetic modulators.  These data provide a molecular 

rationale for combining these agents in the clinical setting.   

 Most phase I clinical trials using DNMTis for the treatment of solid tumors have 

not been successful [51], possibly due to the relatively short half-life of the agent as well 

as susceptibility to deamination and subsequent inactivation [52,53]. Hence, combining 
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5AzadC with other anti-cancer agents was proposed in the case of solid cancers [52]. Our 

data provide a different mechanism to counteract the adverse effects of 5AzadC 

monotherapy by using a unique molecularly and preclinically validated combination 

warranting further clinical testing. 
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(A) MDA-MB-231 and Hs578T were treated with vehicle only (as control), SAM (200.0 

µM), 5AzadC (1.0 µM) and SAM+5AzadC every second day for a period of six days, and 

the percentage change in cell proliferation relative to the control group at different time 

points is shown as line graphs.  (B)  The total number of colonies in each treatment group 

were directly counted under a light microscope and plotted as bar graphs. (C) Heatmap 

showing the average levels of apoptosis in control and different treatment groups. As a 

positive control for apoptosis, both cell lines were treated with 20 µM cisplatin. (D)  

Caspase-3 enzyme activity was measured from the cell lysates of control and different 

treatment groups. Results are represented as the mean ± SEM. Statistical analysis was done 

using ANOVA followed by post hoc Tukey’s test, and significant differences are shown 

by asterisks (*P < 0.05). 

 

 

0 1 2 3 4 5

0

25

50

75

100

125

MDA-MB-231

Days after treatment

%
 C

e
ll

 g
ro

w
th

(R
e

la
ti

v
e

 t
o

 c
o

n
tr

o
l)

SAM
5AzadC
SAM+5AzadC

*

**
* *

*

*
*

*

Control

0 1 2 3 4 5

0

25

50

75

100

125

Hs578T

Days after treatment
%

 C
e

ll
 g

ro
w

th

(R
e

la
ti

v
e

 t
o

 c
o

n
tr

o
l)

SAM
5AzadC
SAM+5AzadC

*

*
*

*
*
*

*
*

Control

C
ontr

ol 

S
A
M

 

5A
za

dC

S
A
M

+5
A
za

dC

0

25

50

75

100

125

*
*

*

*

*

S
u

rv
iv

a
l 

fr
a

c
ti

o
n

MDA-MB-231
A B

C

C
ontr

ol 

S
A
M

 

5A
za

dC

S
A
M

+5
A
za

dC

0

25

50

75

100

125

*
*

*

*

*

S
u

rv
iv

a
l 

fr
a

c
ti

o
n

Hs578T

C
ontr

ol 

S
A
M

 

5A
za

dC

S
A
M

+5
A
za

dC

C
is

pla
tin

0.0

0.1

0.2

0.3

0.4

*
*

*

C
a

s
p

a
s

e
-3

 a
c

ti
v

it
y

(A
b

s
o

rb
a

n
c
e
 a

t 
4
0

5
 n

m
) MDA-MB-231

*

C
ontr

ol 

S
A
M

 

5A
za

dC

S
A
M

+5
A
za

dC

C
is

pla
tin

0.0

0.2

0.4

0.6

0.8

*
*

*

C
a

s
p

a
s

e
-3

 a
c

ti
v

it
y

(A
b

s
o

rb
a

n
c
e
 a

t 
4
0

5
 n

m
) Hs578T

*

D

MDA-MB-231

C
o

n
tr

o
l

S
A

M

5
A

z
a
d

C

S
A

M
+

5
A

z
a

d
C

C
is

p
la

ti
n

Hs578T

0            

A
p

o
p

to
s
is

 (
%

)

20            

40            

60            

80            

100            

Figure 1: Effect of SAM, 5AzadC, and their combination on cell proliferation, colony 

formation, and apoptosis in vitro. 
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Figure 2: Effect of SAM, 5AzadC, and their combination on MDA-MB-231 xenograft 

tumor growth and lung metastasis. 

(A) Schematic of the treatment protocol. (B) The tumor growth kinetics of individual 

animals from each group were plotted as line graphs. (C) The average tumor volume in 
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each group of animals at the time of experimental endpoint (10 weeks after the initial 

injection of tumor cells). Results are represented as the mean ± SEM of at least eight 

animals in each group. (*P < 0.05). (D) Representative photomicrographs of whole lung 

sections from each group (top panel). The bottom panel shows a higher magnification 

image from a region of micrometastases [scale bar size =500 μm]. The average areas of 

metastases were plotted as a bar graph (n=3 animals/group). (E) Formalin-fixed primary 

breast tumors were double immunostained with Ki-67 and CD31 antibodies (n=3 

animals/group). The photomicrograph of five randomly selected fields from each sample 

was analyzed and represented as bar graphs. Results are shown as the mean ± SEM. 

Statistical analysis was done using ANOVA followed by post hoc Tukey’s test, and 

significant differences are shown by asterisks (*P < 0.05). 
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Figure 3: Transcriptome analysis of MDA-MB-231 cells. 

(A) The volcano plot of the DEGs obtained from global transcriptome analyses in each 

treatment group relative to vehicle-treated control MDA-MB-231 cells are shown 

(n=3/group). (B) Venn diagrams representing the overlap of DEGs among different 

treatment groups. The upregulated and downregulated genes were analyzed and 
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represented separately. (C) The circos plot depicting the functional overlap between the 

up- and downregulated DEGs in each treatment group. On the arc, there is a spot for each 

of the genes showing significant down- or upregulation (for all three treatment groups). 

The darker orange indicates the genes common in multiple groups, while the lighter orange 

indicates the unique genes for a particular treatment. The purple (criss-crossed) lines 

represent the genes that are common in different groups, while the blue lines are given for 

the genes with similar functions. (D) Comparative heatmap of the pathways enriched by 

the up- and downregulated genes in different treatment groups, as determined by 

Metascape [41]. 
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Figure 4: Validation of selected genes that showed significant differential expression 

following SAM+5AzadC combination treatment. 

(A) qPCR validation of selected cancer-related genes obtained from RNA-Sequencing. 

Results are represented as the mean ± SEM. (*P < 0.05; n=3/group). (B) The correlation 

coefficient between RNA-Seq (in x-axis) and qPCR (in y-axis) data [presented as 

Log2(Fold Change)] was performed using a Pearson test was found to be 0.75 with a 

p<0.001. (C-D) Comparison of the significantly up or downregulated genes upon 

SAM+5AzadC treatment with differentially expressed genes obtained from the 

transcriptome analyses of TNBC patients showed an overlap of 3 and 71 genes, 
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respectively. A pathway analysis [bottom panel of (D)] of 71 overlapped genes that were 

upregulated in TNBC but downregulated in the combination showed involvement of 

molecular signatures related to cancer growth, metastasis, and apoptosis. (E) A comparison 

of the significantly downregulated genes upon SAM+5AzadC treatment with the genes 

involved in angiogenesis (from the Metascape database) showed a significant overlap of 

19 genes. 
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Figure 5: Upstream transcription regulator analyses. 
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(A) IPA tool predicted list of significantly activated and inhibited upstream transcription 

regulators in each treatment group are shown as bar graphs. A z-score greater than 2.0 

defines significant activation of the node, whereas a z-score less than 2.0 defines inhibition. 

(B) HIF1A and SOX4 are among the several transcription regulators predicted to be 

inhibited by SAM+5AzadC treatment. Target molecules of HIF1A and SOX4 from the list 

of DEGs upon SAM+5AzadC treatment are shown. (C) Mechanistic pathway analyses of 

HIF1A and SOX4, according to the IPA knowledge base, show the network of molecular 

targets that are possibly affected by the combination treatment. 
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Figure 6: Methylome analyses of MDA-MB-231 cells. 

(A) Genome-wide distribution of the differentially methylated CGs from each treatment 

(n=2/group). Here, UTR: Untranslated Region; IGR: Intergenic Region; TSS: 

Transcription Start Site. (B) Pathway enrichment analyses of the genes associated with 

differentially methylated probes near the promoter regions following treatments with 

SAM, 5AzadC, and SAM+5AzadC. 
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Figure 7: Integrative analyses of MDA-MB-231 methylome and transcriptome. 
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(A) Venn diagram depicting the overlap of genes that showed hypomethylation-mediated 

inactivation and hypermethylation-mediated activation upon the combination therapy 

treatment in genome-wide methylation and RNA-Seq datasets. (B) Pathways enriched by 

the overlapping genes from the methylation array and RNA-Seq. (C) qPCR validation of 

several overlapped genes (TFPI2, GSTP1, and FADS2) in response to the indicated 

treatments. Results are shown as the mean ± SEM. (*P < 0.05; n=3/group). (D) The 

expression of TFPI2 and GSTP1 genes are downregulated, while FADS2 expression is 

upregulated in the TCGA transcriptome datasets of breast cancer patients. (E) Schematic 

summarization of the SAM+5AzadC mediated anti-cancer effects, according to the results 

of this study.  
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Supplementals for Chapter 3 

Supplementary File 1 

Supplementary Table S1: The primers used in this study are listed below [1-16] 

Gene Name Sequences used for qPCR (5’→ 3’) 

MUC1 For 

Rev 

CTGCTCCTCACAGTGCTTACAGTTG 

TGAACCGGGGCTGTGGCTGG 

MCL1 For 

Rev 

CCAAGAAAGCTGCATCGAACCAT 

CAGCACATTCCTGATGCCACCT 

DUSP1 For 

Rev 

GGCCCCGAGAACAGACAAA 

GTGCCCACTTCCATGACCAT 

KLF4 

 

For 

Rev 

GTGCCCCGAATAACAGCTCA 

TTCTCACCTGTGTGGGTTCG 

SOX4 

 

For 

Rev 

CCAAATCTTTTGGGGACTTTT  

CTGGCCCCTCAACTCCTC 

ITPR3 

 

For 

Rev 

TATGCAGTTTCGGGACCACC 

TGCCCTTGTACTCGTCACAC 

AGRN 

 

For 

Rev 

CCTGACCCTCAGCTGGCCCT 

AGATACCCAGGCAGGCGGCA 

TSPYL2 

 

For 

Rev 

AGGCACTGGAGGATATTCAG 

GAAGGGTCTTCGCATCTGGAT 

TNC 

 

For 

Rev 

AAGTGAACCTGTCTCAGGGTCATT 

GCTGTCACCAGGCCAGATG  

CADM1 

 

For 

Rev 

ATGGCGAGTGTAGTGCTGC 

GATCACTGTCACGTCTTTCGT 

FADS2 

 

For 

Rev 

ACAAGGATCCCGATGTGAAC 

TTCGTGCTGGTGATTGTAGG  

TFPI2 

 

For 

Rev 

GTCGATTCTGCTGCTTTTCC 

CAGCTCTGCGTGTACCTGTC 

HIST1H2AC  

 

For 

Rev 

GACGAGGAGCTCAACAAACTG   

ACCTGTCAAATCACTTGCCC 

HAS2 For 

Rev 

TTATGGGCAGCCAATGTA 

ACTTGCTCCAACGGGTCT 

CST6 For 

Rev 

CAGGGGCGCAGCAGGAGAAG 

GCCCACGGACCTGAAGTGCC 

NEAT1 For 

Rev 

CCAGTTTTCCGAGAACCAAA 

ATGCTGATCTGCTGCGTATG 

VEGF 

 

For 

Rev 

CCTTGCTGCTGCTCTACCTCCAC 

CCATGAACTTCACCACTTCG 

SERPINB2 

 

For 

Rev 

GAAACGCACTTTCGTGGCAG 

ACAGCTGTGAACTTGGGCAG 
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GSTP1 

 

For 

Rev 

GAGGACCTCCGCTGCAAATA 

CAGCAGGGTCTCAAAAGGCT 

GAPDH For 

Rev 

TGCACCACCAACTGCTTA 

AGAGGCAGGGATGATGTTC 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure S1: Effect of SAM, 5AzadC, and their combination on PyMT-

R221A breast cancer cell proliferation and colony formation in vitro. (A) Murine 

PyMT-R221A (luminal B subtype) seeded onto 6-well cell-culture grade plates were 

treated with vehicle only (as control), SAM (200.0 µM), 5AzadC (1.0 µM) and 

SAM+5AzadC every second day for a period of six days, and the cell proliferation at 

experimental endpoint was determined through direct cell counting using a Coulter 

counter. (B) At the end of the usual treatment regimen, 5x103 cells from each group were 

plated in triplicates in each well of six-well plates containing soft agar for a colony assay. 

The growth medium was replenished every 2-3 days over the next couple of weeks, and 

the total number of colonies in each well were directly counted under a light microscope 

and plotted as a bar graph. Results are represented as the mean ± SEM of three independent 

experiments. Statistical analysis was done using ANOVA followed by post hoc Tukey’s 

test, and significant differences are shown by asterisks (*P < 0.05). 
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Supplementary Figure S2: Effect of SAM, 5AzadC, and their combination on tumor 

incidence in NOD-SCID mouse inoculated with MDA-MB-231 cells. While all animals in 

the control group developed mammary tumors, the percentage of mice with palpable 

tumors by the experimental endpoint at week 10 markedly decreased in the SAM+5AzadC 

combination-treated groups. Such an effect on reduced tumor incidence in the combination 

arm was better than either of the monotherapy treated arms.   

 

 

Supplementary Table S2: The toxicity profile of the different therapeutic regiment used 

in vivo was measured through biochemical analyses from blood samples. The results are 

shown as mean ± SEM from three different mice per group. Here, BUN: Blood urea 

nitrogen; ALT: Alanine aminotransferase; CK: Creatinine kinase 

 

Parameter Control SAM 5AzadC SAM+5AzadC 

Total protein (g/L) 39 ± 0.82 41 ± 0.94 41.67 ± 1.36 45 ± 0.47 

Albumin (g/L) 20.67 ± 0.72 21 ± 0.82 22.67 ± 0.27 23 ± 0.47 

Glucose (mmol/L) 15.11 ± 0.83 12.93 ± 0.96 15.33 ± 1.4 10.07 ± 0.54 

BUN Urea (mmol/L) 6.93 ± 0.25 5.53 ± 0.19 5.7 ± 0.39 7.23 ± 1.08 

Creatinine (µmol/L) 10.33 ± 0.27 9.67 ± 0.54 10 ± 0.47 12.33 ± 1.96 

Total Bilirubin 

(µmol/L) 

4.67 ± 0.54 3.67 ± 0.54 4.67 ± 0.27 4.67 ± 0.72 

ALT (U/L) 35 ± 1.89 29.67 ± 1.19 31 ± 1.25 38.33 ± 3.95 

CK (U/L) 306 ± 109.7 349 ± 128.55 450 ± 148.14 435.67 ± 150.18 

Sodium (mmol/L) 156.67 ± 3.84 152.67 ± 2.23 152.33 ± 1.91 152.33 ± 0.72 

Chloride (mmol/L) 115.33 ± 1.36 118 ± 1.7 116 ± 0.82 115.67 ±1.09 

0 50 100

SAM+5AzadC

5AzadC

SAM

Control

% of mice with tumor

(8 out of 8)

(7 out of 8)

(7 out of 8)

(6 out of 9)
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Supplementary Figure S3: Effect of SAM, 5AzadC, and their combination on pro-

proliferative and anti-apoptotic factors. (A) Representative western blot of control, 

SAM, 5AzadC, and combination-treated MDA-MB-231 cells using antibodies against 

MCl-1, BCl-1, β-Catenin proteins. The β-tubulin expression was used as a loading control 

and normalization of the samples during band intensity measurement. The normalized 

densitometric value of the bands were measured by ImageJ (Fiji plugin) and shown as mean 

± SEM of two independent experiments. (B) Schematic diagram of the functional pathways 

affected by the SAM+5AzadC combination. 
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Supplementary Figure S4: (A) Comparison of the significantly downregulated genes 

upon SAM+5AzadC treatment with the list of metastatic genes obtained from the human 

cancer metastasis database showed a significant overlap of 66 genes. (B) A string network 

analysis was performed from the genes that showed overlap in (A). 
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Supplementary Figure S5: Target molecules of the upstream transcription regulators 

that are significantly activated by SAM+5AzadC treatment according to the IPA tool. 
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Supplementary Figure S6: Target molecules of several upstream transcription regulators 

that are significantly inhibited by SAM+5AzadC treatment according to the IPA tool. 
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Supplementary Figure S7: Comparison of the 267 genes obtained from the integrative 

analysis of DNA methylation and RNA expression (in SAM+5AzadC group) with the list 

of metastatic genes obtained from the human cancer metastasis database showed a 

significant overlap of 60 genes.   
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Supplementary Table S3: List of overlapped genes that showed significant changes in the 

promoter methylation-mediated alteration of gene expression 

 

Genes with promoter hypomethylation-

mediated upregulation 

Genes with promoter hypermethylation-

mediated downregulation 

TNFRSF11A LOC101927476 PHGDH 
PRSS35 CYP1A1 NRIP1 
NIPAL3 CTSZ LZTFL1 
NINJ1 LGMN UFSP2 
AFAP1L2 SCAND1 ACTR1B 
OSGIN1 MAP1S TRNT1 
TFPI2 RARRES3 SEC31B 
SHROOM3 KISS1 CALHM2 
VTN CAPN5 NAPRT 
LYPD6B FAM8A1 ANKRD29 
DDAH1 MAP6D1 TMEM67 
SCG2 MAP2K3 CAB39L 
CD81 SLAMF7 SLC16A7 
CCDC106 HS6ST1 SLC29A2 
GSTP1 MFAP1 FADS2 
SECTM1 MAGEB2   
SLC16A4 SH2D2A   
SAA1 LY6E   
LPPR2 ITM2C   
SELO CHRNA1   
SCARF2 TPST2   
CCND3 ICAM2   
EXTL3     
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Supplementary Figure S8: The MUC1 gene expression is significantly elevated in human 

breast tumor samples relative to the normal samples. Here, TPM: Transcript Per Million. 

 

 

 

 

 

 

 

 

 

Supplementary Figure S9: The Sonic Hedgehog (SHH) gene expression. (A) The SHH 

gene expression is significantly elevated in human breast tumor samples relative to the 

normal samples according to the TCGA database. Here, TPM: transcript per million. (B) 

RNA-Sequencing from the current study revealed that the expression of SHH is 

significantly reduced in the combination setting. Here, FPKM refers to Fragments Per 

Kilobase of transcript per Million mapped reads. 
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Supplementary Figure S10: Pathways regulated by RNA-Seq obtained unique DEGs 

in the SAM+5AzadC combination. Several pathways related to invasion and metastasis 

showed enrichment suggesting their possible regulation by the combination treatment.  
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Supplementary File 2  

The differentially expressed genes from RNA-Seq datasets can be viewed by downloading 

the ‘jcmm15642-sup-0002-AppendixS2.xlsx’ file under supporting information from the 

following link: 

https://onlinelibrary.wiley.com/doi/full/10.1111/jcmm.15642 

 

 Supplementary File 3  

The differentially methylated CGs from Infinium Human MethylationEpic 850K 

BeadChip microarray datasets can be viewed by downloading the ‘jcmm15642-sup-0003-

AppendixS3.xlsx’ file under supporting information from the following link: 

https://onlinelibrary.wiley.com/doi/full/10.1111/jcmm.15642 
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Chapter Four: An enhanced chemopreventive effect of methyl donor S-

adenosylmethionine in combination with 25-hydroxyvitamin D in blocking 
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Preface 

 In Chapters 2 and 3, we have used MDA-MB-231 xenografts to study the anti-

cancer effects of SAM-treatment alone or in combination with Decitabine. A major 

limitation of the xenograft model is the use of already transformed cell lines during 

implantation, which does not assess the potential effect of the therapeutic regimen on tumor 

emergence. Therefore, to understand whether SAM treatment has any role in delaying 

tumor emergence as monotherapy or in combination with a known chemopreventive agent 

25(OH)D, we used the well-established transgenic MMTV-PyMT model of breast cancer. 

In addition, the effect of the monotherapy and combination treatment on breast tumor 

colonization to the bone was assessed using an intratibial model. 

Herein, an author-generated version of the manuscript is presented. The manuscript related 

to this study was published in ‘Bone Research’ in 2020: 

 

“Mahmood,N., Arakelian,A., Muller, W.J., Szyf,M. and Rabbani, S.A. (2020) An 

enhanced chemopreventive effect of methyl donor S-adenosylmethionine in 

combination with 25-hydroxyvitamin D in blocking mammary tumor growth and 

metastasis. Bone Res. 8:28.” 

 

The article is published as open access under the terms of the Creative Commons 

Attribution License, which permits use, distribution and reproduction in any medium with 

proper citation. In addition, email consent was obtained from the Editor which is attached 

in the Appendices. 
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Abstract 

 Therapeutic targeting of metastatic breast cancer still remains a challenge as the 

tumor cells are highly heterogenous and exploit multiple pathways for their growth and 

metastatic spread that cannot always be targeted by a single-agent monotherapy regimen. 

Therefore, a rational approach through simultaneous targeting of several pathways may 

provide a better anti-cancer therapeutic effect. We tested this hypothesis using a 

combination of two nutraceutical agents S-adenosylmethionine (SAM) and Vitamin D 

(Vit. D) prohormone [25-hydroxyvitamin D; ‘25(OH)D’] that are individually known to 

exert distinct changes in the expression of genes involved in tumor growth and metastasis. 

Our results show that both SAM and 25(OH)D monotherapy significantly reduced 

proliferation and clonogenic survival of a panel of breast cancer cell lines in vitro and 

inhibited tumor growth, lung metastasis, and breast tumor cell colonization to the skeleton 

in vivo. However, these effects were significantly more pronounced in the combination 

setting. RNA-Sequencing revealed that the transcriptomic footprint on key cancer-related 

signaling pathways is broader in the combination setting than any of the monotherapies. 

Furthermore, comparison of the differentially expressed genes from our transcriptome 

analyses with publicly available cancer-related dataset demonstrated that the combination 

treatment upregulates genes from immune-related pathways that are otherwise 

downregulated in bone metastasis in vivo. Since SAM and Vit. D are both approved 

nutraceuticals with known safety profiles, this combination treatment may serve as a novel 

strategy to reduce breast cancer-associated morbidity and mortality. 
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Introduction 

 Breast cancer is one of the most prevalent malignancies in women 

worldwide1. Despite the recent advances in the development of anti-cancer therapeutic 

agents, the overall survival rate for patients with metastatic breast cancer remains poor, 

which highlights the need for more innovative and rational therapeutic strategies2. Among 

the various nutraceutical agents tested for treatment of breast cancer, Vitamin D (Vit. D) 

showed significant promise as it decreases cell proliferation, angiogenesis, promotes 

cellular differentiation and apoptosis, and stimulates immune response3. However, the 

clinical and epidemiological evidence of the anticancer effects of Vit. D remains 

inconclusive4,5. The SUNSHINE clinical trial done on previously untreated 

advanced/metastatic colorectal cancer patients found that the group receiving a high dose 

of Vit. D, along with the standard of care chemotherapy, showed a significantly higher 

progression-free survival rate in comparison to the group receiving low dose Vit D. in 

combination with chemotherapy6. The results from the recently concluded VITAL 

(VITamin D and OmegA-3 TriaL) study showed no statistical correlation between Vit. D 

supplementation and reduced incidence of cancer compared with the placebo group over a 

median follow-up period of 5.3 years7. However, further analysis of the participants from 

the VITAL study who were taking Vit. D supplements for at least 2 years demonstrated a 

25% reduction in cancer-related mortality. Taken together, these observations indicate the 

potential benefits of Vit. D supplementation alone and in combination with other well-

characterized anti-cancer therapeutic agents. 
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Our recent studies have demonstrated that the universal methyl group donor S-

adenosylmethionine (SAM) shows an antiproliferative and antimetastatic effect in the well-

characterized MDA-MB-231 xenograft model of breast cancer8. SAM also reduces 

angiogenesis and promotes apoptosis of cancer cells9,10. Epigenome-wide studies in 

different malignancies have revealed that SAM treatment leads to hypermethylation-

mediated inactivation of several key growth factors and prometastatic genes11,12.  

Since cancer growth and metastasis requires the activity of multiple pathways, we reasoned 

that effective anticancer treatment strategies need to focus on coordinate targeting of 

several pathways. We, therefore, tested whether the combined administration of two 

different nutraceutical agents SAM and Vit. D, which act on different pathways critical for 

cancer growth and metastasis, would exhibit an enhanced anticancer and antimetastatic 

effect over the monotherapy with either compound on its own. 

Although various types of Vit. D metabolites have shown anticancer properties, the 

prohormone 25(OH)D has better circulating half-life (t1/2 = 3 weeks versus 4–6 h) and 

lesser tendency to induce hypercalcemia than the active 1,25(OH)2D form13. Furthermore, 

a recent meta-analysis demonstrated an inverse relationship between the serum levels of 

25(OH)D and mortality of breast cancer patients14. It has been shown that 25(OH)D can be 

converted to the active 1,25(OH)2D form locally in normal and cancerous mammary tissues 

by 1α-hydroxylase (CYP27B1) enzyme15. Therefore, in the present study, the combined 

anti-cancer therapeutic potential of SAM and 25(OH)D was assessed in vitro using a panel 

of breast cancer cell lines. For in vivo studies, we used the well-established transgenic 
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MMTV-PyMT (mouse mammary tumor virus promoter-driven polyoma middle T 

oncoprotein) mouse model of breast cancer to monitor mammary tumor emergence, 

growth, and lung metastasis and a syngeneic model using PyMT-R221A cells to evaluate 

the effect on skeletal colonization by breast tumor cells16. Our results show that 

combination treatment significantly delays mammary tumor emergence, reduces tumor 

volume, and metastasis in comparison with either monotherapy without showing any 

adverse effects. 

Results 

Combination of SAM and 25(OH)D suppresses cell proliferation and clonogenic 

survival potential in vitro  

 Since cancer is a disease of uncontrolled cell proliferation and survival17, a panel 

of human (ZR-75-1, MDA-MB-231) and murine (PyMT-R221A, E0771) breast cancer 

cell lines with different levels of endogenous Vit. D receptor expression (Supplementary 

File 1, Figure S1) was used to examine the possible growth inhibitory effects of SAM and 

25(OH)D combination in vitro. Using a treatment protocol shown in Figure 1a, we found 

that single-agent treatment with SAM (200 μM) resulted in a significant reduction in cell 

proliferation as compared to the control cells treated with vehicle alone during the same 

period (Figure 1b). Treatment with 25(OH)D (100 nM) monotherapy also caused 

significant repression in the growth properties of  PyMT-R221A, E0771, and ZR-75-1 

cells, results which are consistent with previous reports18,19.  Notably, the anti-cancer 

effects on the growth properties were more pronounced in the cells treated with the 
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combination of SAM and 25(OH)D (Figure 1b). Next, we calculated the coefficient of drug 

interaction (CDI) to characterize whether the nature of the interaction between the SAM 

and 25(OH)D are synergistic, additive, or antagonistic using the following equation: 

CDI = AB/(A × B)20,21. The CDI value indicated that the combination of SAM and 

25(OH)D shows an additive effect to moderately synergistic effect at the doses used in this 

study (Supplementary File 1, Figure S2). We also treated normal human breast epithelial 

cells (HBEC) with SAM, 25(OH)D, and SAM+25(OH)D combination and found no 

significant change in the viability of HBEC cells treated with different agents when 

compared to the vehicle-treated control cells, suggesting that the treatments are not toxic 

at the drug concentration used in vitro (Supplementary File 1, Figure S3).  

 Next, to further test the antiproliferative effect, we examined the impact of different 

treatments on the colony-forming ability of these cell lines using a clonogenic survival 

assay. Our data showed that the SAM + 25(OH)D combination decreases the colony-

forming potential of all four cells compared with the vehicle-treated controls as well as 

those treated with either SAM or 25(OH)D alone (Figure 1c). Taken together, these results 

suggest that the combined use of SAM and 25(OH)D may serve as an effective strategy for 

breast cancer treatment. 

 

Combination of SAM and 25(OH)D delays mammary tumor development and 

attenuates tumor growth and lung metastasis in transgenic MMTV-PyMT mice 

 To assess whether the combination treatment has any effect on mammary tumor 

emergence and volume, we used the well-characterized transgenic MMTV-PyMT mice (in 
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FVB background) that mimic the stepwise progression of breast cancer in humans22. 

Female MMTV-PyMT mice were randomized on day 28 after birth to four different 

treatment groups: vehicle-treated controls, SAM (160.0 mg/kg/day) via oral gavage, 

25(OH)D (40.0 ng/kg/day) by intraperitoneal injection, and combination of SAM and 

25(OH)D at the same concentrations (Figure 2a).  

 Control and experimental groups of animals were monitored for the appearance of 

both axillary (anterior) and inguinal (posterior) mammary tumors from day 35 after birth. 

We found that the vehicle-treated control mice spontaneously developed palpable 

mammary tumors at around 42 days of age while a substantial delay in tumor emergence 

was observed for all three treatment groups (Figure 2b). The median value for tumor 

emergence in the control group was day 45.5 after birth, which was delayed to day 49.5 

and 52.5 in the 25(OH)D (log-rank P = 0.05) and SAM (log-rank P = 0.006) monotherapy 

treated groups, respectively (log-rank P = 0.021) (Figure 2b). A further delay in tumor 

appearance was observed in groups treated with SAM + 25(OH)D combination (log-

rank P = 0.003), with a median of 56 days.  

 Next, the total mammary tumor volume (sum of individual axillary and inguinal 

tumor volumes for each of the animals as described in ‘Materials and Methods’) was 

measured for each animal from day 49 until sacrifice on day 77 (Figure 2c). Our data 

indicated a significant reduction in primary mammary tumor volumes in all three treatment 

groups (Figure 2c&d). However, these effects were more pronounced in the 

SAM + 25(OH)D treated animals suggesting enhanced therapeutic potential of the 

combination treatment compared with the single-agent monotherapies in vivo. 
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 One of the known adversities of long-term administration of Vit. D is the possibility 

to develop hypercalcemia23. Therefore, at the time of sacrifice, serum from all animals was 

collected and levels of calcium and other biochemical parameters were examined. No 

significant difference in serum calcium or any other biochemical parameter was seen 

between control and experimental animals (Supplementary File 1, Table S1), suggesting 

that SAM and 25(OH)D had no adverse effects in vivo at these doses.  In addition, no 

significant difference in the total body weight over time was observed in the animals from 

control and different treatment groups (Supplementary File 1, Figure S4). 

 Immunohistochemical assessment of formalin-fixed tumor tissues showed that the 

expression of ki67 proliferation marker was markedly decreased in all three treatment 

groups compared with the vehicle-treated controls, with the highest reduction in the 

SAM + 25(OH)D cohort (Figure 2e). This further validates the reduction of tumor volumes 

seen in the animals receiving combination therapy at the protein level.  

 Virgin female MMTV-PyMT mice spontaneously develop lung metastases that 

arise from the primary breast tumor by 10–12 weeks (70–84 days) of age24, which allows 

assessing the antimetastatic potential of a treatment regimen. On day 77, animals from all 

four groups were sacrificed, and lung tissues were collected. The extent of visceral 

metastasis mediated by the breast tumor cells was assessed by evaluating the formalin-

fixed paraffin-embedded sections of the entire lung tissue. We found that breast tumor cells 

invaded the lung in all four groups (Figure 2f, left panel). However, the area of lung 

metastases showed a significant decrease in the treatment groups compared with the 

vehicle-treated control animals, as determined by the measurement of the total area of 
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micrometastases in the lungs (Figure 2f, right panel). Moreover, the SAM + 25(OH)D 

combination-treated animals showed the lowest metastatic burden amongst the three 

treatment groups. These results suggest that SAM + 25(OH)D combination treatment 

cannot block the development of lung metastases but significantly reduces them. 

 The efficacy of a therapeutic molecule is dependent on its serum bioavailability for 

a reasonable period of time that will allow its absorption and subsequent distribution to the 

target tissues8. We, therefore, performed a time-course experiment to determine the 

duration of SAM bioavailability in the serum following oral administration using LC-

MS/MS. We found that SAM reaches its peak 30 min after administration, and its level 

drops down to the baseline after 240 min suggesting possible uptake by different tissues 

(Supplementary File 1, Figure S5a). Next, we compared the SAM levels in the control and 

SAM-treated experimental MMTV-PyMT animals at sacrifice on week 11 and found a 3.6-

fold increase in SAM concentration in the experimental group (Supplementary File 1, 

Figure S5b). 

 We then checked the serum bioavailability of the intraperitoneally injected 

25(OH)D by LC-MS/MS and found a significant elevation of the metabolite in the treated 

animals compared with the controls (Supplementary File 1, Figure S6a). In addition, 

25(OH)D injection elevated the levels of 1,25(OH)2D and 24,25(OH)2D in the serum of 

the experimental animals (Supplementary File1, Figure S6b, c). Taken together, these 

results suggest both SAM and 25(OH)D are bioavailable at the doses used in this study. 
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Combination of SAM+25(OH)D represses breast tumor cell growth in the skeleton in 

a syngeneic intratibial mouse model 

 We then assessed the effect of SAM + 25(OH)D in reducing the establishment of 

breast tumors in the skeleton using an immunocompetent syngeneic intratibial mouse 

model. The PyMT-R221A cells were utilized for intratibial implantation into female FVB 

mice as they were originally extracted from MMTV-PyMT mammary tumors16, and also 

to keep a consistency of genetic background between the different in vivo models used in 

the study. Following a treatment strategy shown Figure 3a, animals from control and 

different treatment groups were treated daily from day 3 post tumor cell injection until 

sacrifice on day 14. Previous studies have demonstrated that by this time point, the cortical 

bone becomes compromised by these tumor cells, and they start to grow in the soft tissues 

in the surrounding area25,26. After sacrifice, tibias from all animals were collected, and 

H&E staining of the fixed paraffin-embedded bone tissue sections revealed that the 

percentage of animals that developed tumors was lower in the combination-treated group 

than that of control as well as the monotherapy treated groups (Figure 3b,c). In addition, 

the skeletal tumor area was the smallest in the combination arm relative to monotherapy 

treated animals (Figure 3d). Collectively, these observations suggest that the 

SAM + 25(OH)D combination treatment can reduce breast tumor growth in the skeleton, 

which is a major site where breast tumor cells migrate and establish to cause a secondary 

tumor in clinical settings. 
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Effect of the combination treatment on PyMT-R221A transcriptome 

 To characterize the molecular mechanisms underpinning the enhanced anticancer 

effect of the combination versus the effects of the monotherapy treatments with either SAM 

or 25(OH)D, we compared the drug-induced changes of PyMT-R221A transcriptome by 

RNA-Sequencing (RNA-Seq) of control (vehicle), 200 µM SAM, 100 nM 25(OH)D and 

SAM+25(OH)D treated samples. The differentially expressed genes (DEGs) between 

control and different treatment groups were delineated using DeSeq2 (log2 fold 

change > 0.5 and FDR < 0.05). A total of 387 (182 upregulated and 205 downregulated), 

269 (141 upregulated and 128 downregulated), and 652 (306 upregulated and 346 

downregulated) DEGs were detected in SAM versus control, 25(OH)D versus control, and 

SAM + 25(OH)D versus control groups, respectively (Figure 4a, Supplementary File 2). 

Hierarchical clustering of the top 50 DEGs in the three groups is shown separately in 

Supplementary File 1, Figure S7. The number of common and unique genes that are 

differentially up- and downregulated in different treatment groups illustrated by the Venn 

diagrams showed that the transcriptomic footprint of the combination therapy is broader 

than any of the single treatments (Figure 4b). Circos plots revealed the numerical and 

functional overlaps between the up- and downregulated genes from the different treatment 

groups (Figure 4c). The combination treatment provides unique functionality compared 

with the single-agent treatment as shown by the higher number of blue lines within the 

Circos plots of up- and downregulated genes in combination treatment compared with the 

single-drug treatment. Interestingly, SAM, 25(OH)D and SAM + 25(OH)D treatments 

commonly target 106 genes (43 upregulated and 63 downregulated) suggesting overlap in 

https://www.nature.com/articles/s41413-020-0103-6#Fig4
https://www.nature.com/articles/s41413-020-0103-6#MOESM2
https://www.nature.com/articles/s41413-020-0103-6#MOESM1
https://www.nature.com/articles/s41413-020-0103-6#MOESM1
https://www.nature.com/articles/s41413-020-0103-6#Fig4
https://www.nature.com/articles/s41413-020-0103-6#Fig4
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molecular targets of these agents (Fig. 4b, Supplementary File 1, Figure S8). Importantly, 

the combination treatment was not just a summation of the two monotherapies, but it had 

its unique footprint which involved changed expression of 331 genes (162 upregulated and 

169 downregulated) indicating the possible modulation of additional biological signaling 

pathways. 

 A comparative Gene ontology (GO) enrichment analyses using the DEGs from all 

three treatment groups revealed that the genes upregulated by SAM + 25(OH)D are 

involved in crucial biological processes like regulation of type I interferon production (GO: 

0032479), defense response to virus (GO: 0051607), while significantly downregulated 

genes by the combination are involved in key cancer-related processes such as response to 

hypoxia (GO:001666), angiogenesis (GO:0001525), and others as listed in Figure 4d.  

 

Validation of the DEGs from the top enriched signaling pathways affected by the 

combination treatment 

 To gain further insight into the functional pathways that were significantly affected 

by the SAM + 25(OH)D combination treatment, a pathway enrichment analysis was done 

using the Kyoto Encyclopedia of Genes and Genomes (KEGG) and Reactome databases 

(Figure 5a). We found that the top pathway significantly enriched by genes upregulated in 

response to the combination treatment is the ‘interferon alpha/beta signaling’ 

pathway (Figure 5a). On the other hand, the top signaling pathway enriched for genes 

downregulated by the combination treatment is the ‘HIF-1 signaling pathway’ (Figure 5a). 

Gene Set Enrichment Analysis (GSEA) further confirmed the enrichment of genes from 

https://www.nature.com/articles/s41413-020-0103-6#Fig4
https://www.nature.com/articles/s41413-020-0103-6#MOESM1
https://www.nature.com/articles/s41413-020-0103-6#MOESM1
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the interferon alpha/beta and HIF-1 signaling pathways upon combination treatment 

(Figure 5b). We also performed pathway analysis of the 106 common DEGs shared by 

SAM, 25(OH)D, and SAM + 25(OH)D combination treatment and found that the ‘HIF-1 

signaling pathway’ is the top signaling pathway enriched by these genes (P= 3.42x10-07; 

Supplementary File 1, Figure S9). We then analyzed the 331 DEGs that are uniquely 

regulated by the SAM + 25(OH)D combination treatment and found a significant 

enrichment of the ‘interferon alpha/beta signaling’ pathway (P=3.33x10-11; Supplementary 

File 1, Figure S10).  

 We next validated the RNA-Seq results on selected genes from the top upregulated 

(interferon alpha/beta signaling) and downregulated pathways (HIF-1 signaling pathway) 

using quantitative polymerase chain reaction (qPCR) analysis. Several crucial genes from 

the ‘interferon alpha/beta signaling’ pathways were significantly upregulated in the 

SAM + 25(OH)D combination-treated cells only but not by either of the monotherapies 

(Figure 5c). On the other hand, in comparison with the control group, a significant decrease 

in the expression of selected genes from the ‘HIF-1 signaling pathway’ were observed in 

the combination-treated group, a trend that is also shared by the monotherapy treatments 

with either SAM or 25(OH)D (Figure 5b). Similar results were also seen when tumoral 

RNA from control and treated animals (from Figure 2) were analyzed by qPCR 

(Supplementary File 1, Figure S11). We also measured the levels of Vdr, Cyp27b1, 

and Cyp24a1 in control and treated PyMT-R221A cells and found their expression to be 

differentially regulated upon combination treatment relative to the control cells 

(Supplementary File 1, Figure S12). 
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 Since Stat1 plays a key role in mediating the immune responses activated by the 

interferon signaling pathway through the transcriptional regulation of several interferon 

related genes including Irf7, Isg15, Oas2, Gbp3—all of which are upregulated by the 

SAM + 25(OH)D (Figure 5c), we next tested the hypothesis that upregulation of Stat1 in 

part mediates the enhanced anti-cancer effect seen by the combination treatment. For that, 

we compared the effect of Stat1 activator [2-(1,8-naphthyridin-2-yl)-Phenol; in short ‘2-

NP’] and SAM + 25(OH)D treatment on PyMT-R221A cell proliferation. Treatment with 

either 2-NP or SAM + 25(OH)D both reduced tumor cell proliferation (Supplementary File 

1, Figure S13a). Interestingly, a triple combination of 2-NP with SAM + 25(OH)D showed 

an additive effect in reducing proliferation (Supplementary File 1, Figure S13a). The 

expression of Irf7, a known transcriptional target of Stat1, was found to be elevated by 

either 2-NP or SAM + 25(OH)D treatment with a further elevation of its gene expression 

in the triple combination (Supplementary File 1, Figure S13b). Taken together, these results 

indicate the possible involvement of the interferon signaling pathways in mediating the 

anticancer effects shown by the SAM + 25(OH)D combination treatment.  

  

Comparison of the DEGs upon combination treatment with publicly available breast 

cancer dataset 

 We compared the DEGs in response to SAM + 25(OH)D combination treatment 

from our study with genes that are differentially regulated in a publicly available dataset of 

mouse model of spontaneous bone metastasis determined by Affymetrix mouse 430 v2.0 

gene expression arrays27 (GSE37975). (GSE37975). Differentially expressed transcripts 
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from GSE37975 were analyzed using the GEO2R tool from the NCBI GEO website and a 

total of 6305 (2 833 upregulated and 3472 downregulated) differentially expressed unique 

genes were obtained in the skeletal metastasis (spine) samples compared with the controls 

(at FDR <0.05). We then overlapped 2833 upregulated and 3472 downregulated genes 

from GSE37975 with the 346 downregulated and 306 upregulated genes upon 

SAM + 25(OH)D treatment from the current study. Our analysis showed that 53 transcripts 

that are downregulated in metastatic bone tissues, according to GSE37975, significantly 

overlapped with genes upregulated by SAM + 25(OH)D treatment as compared with the 

vehicle-treated control PyMT-R221A cells (hypergeometric test, P ≤ 0.05) (Figure 6a, 

Supplementary Figure S14). More interestingly, out of these 53 transcripts, 27 were 

uniquely upregulated by the SAM + 25(OH)D combination. On the other hand, the overlap 

of 42 transcripts (16 hits unique for combination only) that are upregulated in the mouse 

model of bone metastasis but downregulated by SAM + 25(OH)D combination was not 

statistically significant by hypergeometric test (Figure 6a, Supplementary Figure S15). 

Next, we focused on the 27 genes that are downregulated in bone metastasis but uniquely 

upregulated by the combination. Protein-protein interaction (PPI) network analysis 

revealed a significant enrichment (PPI enrichment P < 1.0e-16) with ‘response to virus’ 

and ‘type I interferon signaling pathway’ as the top two most significantly enriched GO-

pathways within the network (Supplementary File 1, Figure S15).  

 Next, we overlapped the DEGs responding to SAM+25(OH)D treatment with the 

ortholog human breast cancer patient gene list obtained from the BioXpress and we found 

a list of 87 genes (36 are unique in combination only) that were upregulated in human 
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breast tumors but downregulated by the combination treatment while there were 59 genes 

that were downregulated in patients but are upregulated by the combination treatment 

(Supplementary File 1, Figure S16). However, the overlap of genes did not reach statistical 

significance by a hypergeometric test. Nevertheless, pathway analysis of the overlapped 

genes revealed differential regulation of several known cancer-related pathways like HIF-

1 and HIF-2 transcription factor networks and β3 integrin cell surface interactions 

(Supplementary File 1, Figure S16).  

 

Discussion 

 It is now clear that the cancer phenotype involves concurrent alterations in multiple 

gene pathways where both hypermethylation of tumor-suppressor genes and 

hypomethylation of the tumor-promoting genes occur29,30,31. We, therefore, combined the 

methylating agent SAM with another commonly used nutraceutical agent Vit. D, a 

compound acting via its nuclear receptor triggers epigenetic reprogramming as well as 

demethylation32,33, so that both hypermethylation and hypomethylation meditated 

abnormalities of the cancer methylome can be targeted concurrently. We found that the 

combination treatment caused a significant delay in the time of forming spontaneous 

tumors in experimental transgenic mice as compared with vehicle-treated control MMTV-

PyMT mice. In addition, the combination showed a markedly improved therapeutic effect 

in reducing tumor volumes compared with the controls as well as that of single-agent 

treatment. The combination also reduced the extent of the metastatic burden to the lung 
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tissue, which is the major site where the primary tumor cells metastasize in this well-

established model22.  

 Skeletal metastasis is one of the main complications associated with advanced 

breast cancer which leads to intractable bone pain, hypercalcemia, increased bone fragility, 

nerve compression resulting in high incidence of morbidity and mortality34,35. Collectively, 

these complications are called skeletal-related events and significantly hamper the quality 

of life of cancers patients. Despite its widespread prevalence, only a few therapeutic 

options are available for skeletal metastasis36. Moreover, most of the available therapeutic 

options are palliative and are directed towards relieving bone pain and reducing the 

destruction of bone tissue36. Therefore, there is an unmet need for novel therapeutic 

intervention decreasing the secondary tumor growth to the skeleton. Towards these goals, 

we used the PyMT-R221A intratibial model of breast cancer colonization to the bone to 

assess the anti-cancer potential of SAM + 25(OH)D and found that the combination 

treatment significantly reduced tumor growth in the tibial region. 

 The dosage used for in vivo 25(OH)D administration was similar to the one 

described previously19. However, instead of using an osmotic pump for 25(OH)D 

administration, we used intraperitoneal injection so that it can be clinically translatable to 

humans. This mode of delivery is advantageous as it avoids re-implantation of the osmotic 

pump every 4 weeks and assures a uniform delivery of 25(OH)D, which is not always 

possible to maintain via other means like a dietary supplementation. To test the efficacy of 

our treatment strategy, we measured the levels of 25(OH)D, 1,25(OH)2D and 24,25(OH)2D 
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in the serum of control and 25(OH)D injected animals and found elevated levels of these 

metabolites that suggested bioavailability of 25(OH)D (Supplementary File 1, Figure S6). 

Based on our previous studies and results from our preliminary studies in these models 

using different doses of SAM (data not shown), 160 mg/kg/day via oral gavage was found 

to be most effective which was used in the current study. Using this dose, we have observed 

an elevated SAM concentration in the serum of experimental animals treated with SAM 

compared with the control animals (Supplementary File 1, Figure S5b). SAM is available 

as an approved dietary supplement for depressive disorders. However, in at least two 

different clinical trials, treatment with SAM ironically showed some transient behavioral 

abnormalities in a small number of participant37,38. To assess whether SAM elicits any 

potential behavioral adversities at the dose used in this study, we conducted an open field 

test. However, we did not observe any behavioral abnormalities in the SAM-treated 

animals when compared with the vehicle-treated control animals (Supplementary File 1, 

Figure S17).  

 One of the major aspects of the current study was to assess and compare the 

transcriptomic changes induced by single agents and their combination to understand the 

molecular footprint of the combination treatment as a possible explanation for its 

anticancer activity. We, therefore, performed RNA-Sequencing of samples obtained from 

control and all three treatments and compared their expression profiles. We chose to 

analyze the transcriptome of mouse PyMT-R221A cells so that the anti-cancer effects seen 

in vivo can be directly linked to the molecular changes seen in the cancer cells in vitro since 
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these cells were initially isolated from the MMTV-PyMT tumor39. We found that the 

combination treatment has a much broader footprint than either the monotherapies alone, 

but it shared 106 genes (43 upregulated, 63 downregulated) with both SAM and 25(OH)D 

treated groups which account for 12.6% of the total DEGs in all three groups (Figure 3c).  

Pathway analysis revealed that the combination treatment downregulates genes involved 

in key cancer-related signaling pathways like the HIF-1 pathway, MAPK pathway while 

the top pathway enriched by the upregulates genes is the p53 signaling pathway. GO 

analysis revealed that treatment with SAM+25(OH)D might also boost the immune system 

through modulation of immune-related genes and might be considered for enhancement of 

other immunotherapy regimens. Analysis of publicly available murine breast cancer bone 

metastasis datasets revealed that interferon regulatory factor Irf7, whose expression is 

repressed during bone metastasis (GSE37975), is upregulated by the SAM+25(OH)D 

combination treatment. It has been shown that Irf7 repression promotes bone metastasis 

through immune escape in a mouse model of breast cancer bone metastasis27. Moreover, 

overexpression of IRF7 inhibited prostate cancer cell-mediated bone metastasis in mice40, 

suggesting a common role of the Irf7 axis in bone metastasis mediated by different types 

of malignancies.  

 Our molecular analysis of the effect of the combination therapy on the 

transcriptome shows that the combination regulates a new molecular landscape than just a 

sum of both monotherapies explaining the expanded anti-cancer activity of the 

combination. The combination of SAM + 25(OH)D targets important biological processes 

for cancer that would not be hit using either monotherapies (Figure 4d). The 331 genes 
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(162 upregulated, 169 downregulated) unique for the combination-treated groups target a 

wide array of pathways (Supplementary File 1, Figure S10), of which the most notable are 

the immune-related ones (for example, response to type I interferon). The upregulation of 

the immune-related genes upon the combination treatment might induce an anti-viral 

immune response against the cancer cells, which could not be possibly attained at the same 

extent by either of the monotherapies. Moreover, these immune-related genes not only 

elicit better antitumor effects41 but also provide a better antimetastatic response in the bone 

microenvironment27,40. This might be a possible reason behind the enhanced antitumor and 

antimetastatic response seen in animals receiving SAM + 25(OH)D combination in both 

transgenic and intratibial models of breast cancer. However, further experimental evidence 

is needed to confirm the exact role of the immune system in mediating these anticancer 

effects. We also found that several noncoding RNAs are changed upon SAM + 25(OH)D 

combination treatment, of which the most notable is the downregulation of the known 

oncogenic long non-coding RNA called Rmrp (Supplementary File 1, Figure S18). This 

implies that the molecular changes mediated by the combination are not only limited to 

genes with coding potential, but those with no known peptides are also regulated by 

SAM + 25(OH)D, which warrants future in-depth investigation of the non-coding 

repertoire of the transcriptome. Moreover, SAM as a methylating agent may have a 

profound impact on chromatin accessibility through its ability to methylate DNA and 

histone proteins, which in turn might be responsible for many of the gene expression 

changes seen in the RNA-Seq experiment. Future studies investigating the PyMT 

methylome and cistrome using the recently described methyl-ATAC-sequencing42, as well 
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as chromatin immunoprecipitation sequencing using antibodies against different histone 

modifications, may provide further mechanistic insights to the epigenomic changes 

induced by SAM treatment. 

      In summary, this study strongly demonstrates the anti-cancer therapeutic effect of 

SAM + 25(OH)D combination in breast cancer in vitro and in vivo (Figure 6c), that may 

be used separately or in parallel with the current first-line therapy to improve patient 

outcomes. What is particularly attractive about this combination [SAM + 25(OH)D] is that 

both of them have a long safety record that positions them well for long term use as 

chemopreventive and therapeutic agents to reduce cancer-associated morbidity and 

mortality. 

 

Materials and Methods 

Cell culture and treatments 

 Human MDA-MB-231 (ATCC® HTB- 26™) and ZR-75-1 (ATCC® CRL-1500™) cell 

lines were obtained from the American Type Culture Collection (ATCC; Manassas, 

Virginia). The mouse breast cancer PyMT-R221A and E0771 cell lines were kindly gifted 

by Dr. Conor C. Lynch (H. Lee Moffitt Cancer Center and Research Institute, Tampa, FL, 

USA) and Dr. Jean S. Marshall (Dalhousie University, Halifax, Nova Scotia, Canada) 

respectively.  MDA-MB-231, PyMT-R221A, and E0771 cells were maintained in 

Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine 

serum (FBS), 2 mM L-glutamine and 100 units/ml penicillin-streptomycin sulfate. The ZR-

75-1 cells were supplemented with RPMI-1640 containing 10% FBS, 2 mM L-glutamine 
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and 100 units/ml penicillin-streptomycin sulfate. The human breast epithelial cells (HBEC) 

were obtained from Celprogen (Cat# 36056-01) and supplemented with manufacturer 

recommended human breast epithelial cell culture serum-free media (Cat# M36056-01).  

 Our recent studies have demonstrated that treatment with 200 μM SAM elicits anti-

cancer effects in different cancer cells8. Therefore, we used this dose for in vitro studies 

with all four cell lines. A human-grade SAM (Life Science Laboratories, Lakewood, NJ, 

USA) was used for all in vitro and in vivo experiments. On the other hand, 100 nM 

25(OH)D (Cayman chemical company, Cat#9000683) was used in vitro as previously 

shown by others13,18.  

 

Cell proliferation and viability assay  

 MDA-MB-231, ZR-75-1, E0771, and PyMT-R221A breast cancer cells were plated 

onto 6-well plates containing 10% FBS supplemented growth media. The next day the cells 

were serum-starved for 24 hours before treatment with 200 μM SAM, 100 nM 25(OH)D, 

a combination of SAM + 25(OH)D, and vehicle (ethanol) by direct addition to 5% 

charcoal-stripped FBS containing growth medium. Treatment was done every other day 

three times, and the culture media was replenished at the time of each treatment, as shown 

in Figure 1a. At the end of the treatment period, the cells were trypsinized and counted 

using a Coulter counter (Model ZF; Coulter Electronics, Hertfordshire, UK). To determine 

whether these treatments show any effect on the viability of normal breast epithelial cells, 

a trypan blue cell viability assay was done. Briefly, HBEC cells were treated using the 

same protocol; however, there was no serum starving step as the culture media was already 



 

219 

 

serum-free. At the end of the treatment period, the cells were trypsinized, washed with 

PBS, and then stained with 0.4% trypan blue (Sigma). The viable cells were counted 

directly using a light microscope. 

 

Clonogenic survival assay   

 After the completion of the usual in vitro treatment regimen, 5 000 cells from 

control and each treatment group were plated onto each well of standard six-well plates 

supplemented with FBS containing regular growth medium. The media was replenished 

every 3–4 days, and after 10–14 days from initial plating, the media was removed. The 

cells were then fixed with methanol: acetic acid at 3:1 ratio for 20 min at room temperature. 

Afterward, the fixing solution was removed, and the fixed cells were incubated for 15 min 

with the staining solution containing 0.5% crystal violet. The cells were then washed with 

water, dried overnight, and the next day the colonies were counted under a light 

microscope. A nonoverlapping group of at least 50 cells was considered as one colony, as 

described before8.  

 

In vivo models  

 All in vivo procedures were done in compliance with the McGill University Facility 

Animal Care Committee approved protocol. Two mouse models were used: MMTV-PyMT 

transgenic mice (FVB background) and syngeneic FVB mice (in which the PyMT-R221A 

cells were injected via intratibial route). Only the female animals were used for 

experiments, and the number of animals in one cage ranged between 2 and 5. All animals 
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were housed at a 12 h light–dark cycle and had access to water and standard food (Teklad 

rodent diet 2918 containing 0.4% methionine and 1.5 IU/g of Vitamin D3) ad libitum.  

 

(a) MMTV-PyMT transgenic mice:   

 The MMTV-PyMT mice develop spontaneous mammary tumors at around week 5-

6 weeks (Day 35-42) after birth and by week 10-12 (Day 70-84)24. Therefore, on week 4 

(Day 28) after birth, the MMTV-PyMT mice were randomized and treated in four different 

groups: phosphate buffer saline (PBS) as the vehicle-treated controls, a group of animal 

receiving 160.0 mg/kg/day of SAM via oral gavage, a group receiving 40.0 ng/kg/day 

25(OH)D by intraperitoneal injection (i.p.) injection, and at the last group receiving both 

SAM and 25(OH)D (n=8/group). The diameters of primary mammary tumors were 

measured at weekly intervals using a caliper, and tumor volumes from different animals 

were calculated using the following formula: V= (length × Width2)/2. At the experimental 

endpoint, the animals were sacrificed, and different tissues were collected for downstream 

analysis. Tumor growth inhibition (TGI) at sacrifice was determined using the following 

formula: 100*(1-Tt/T0), where Tt and T0 refer to the average volumes of tumors for a given 

treatment group and control respectively43.    

 

(b) Intratibial model for skeletal metastasis 

 Murine PyMT-R221A cells were implanted into the tibia of female syngeneic FVB 

mice to assess whether SAM, 25(OH)D, and SAM+25(OH)D treatment could reduce 

breast tumor cell growth in the skeleton. The PyMT-R221A cells were initially isolated 

from MMTV-PyMT (or MMTV-PyVT) tumors16 and have been shown to form tumors 
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within two weeks when injected into the intratibial region25,26. Briefly, 2x105 PyMT-

R221A cells were injected into the tibial region of 4-6-week-old female FVB albino mice. 

On day three post tumor cell implantation, the mice were randomized into four different 

groups and treated daily with vehicle (PBS), 160.0 mg/kg/day of SAM via oral gavage, 

40.0 ng/kg/day 25(OH)D by i.p. injection and a combination of SAM+25(OH)D until 

sacrifice on day 14 (n=9/group). Afterwards the tibias were collected, fixed using 

Periodate-Lysine-Paraformaldehyde (PLP) solution, and decalcified for further 

histological assessment. The decalcified tibias were then dehydrated and embedded in 

paraffin before Haemotoxylin and Eosin (H&E) staining at the Research Institute of the 

McGill University Health Centre (RI-MUHC) histopathology platform. Tumor area from 

the H&E stained bone sections was determined using the Image J (Fiji plugin) software. 

 

Immunohistochemistry  

 Immunohistochemical assessment of the formalin-fixed mammary tumor tissues 

from control and different treatment groups was done using an antibody against Ki67 (Cat# 

M7240, Dako, Glostrup, Denmark). The Ki67 positive proliferating cells from randomly 

selected fields from each group was determined by an automated approach using 

‘ImmunoRatio’44.  

 

Measurement of serum levels of SAM, 25(OH)D, 1,25(OH)2D, and 24,25(OH)2D  

 For the time-course experiment of SAM bioavailability (Supplementary File 1, 

Figure S5a), animals were treated with SAM and blood was collected by cardiac puncture 

https://www.nature.com/articles/s41413-020-0103-6#MOESM1
https://www.nature.com/articles/s41413-020-0103-6#MOESM1
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at different time points (15, 30, 60, 120, and 240 min) after administration. We also 

collected blood from an animal just before administration and plotted it as the baseline 

(t = 0). The serum was collected from the supernatants after centrifugation. For the 

experimental animals (Supplementary File 1, Figure S5b), serum was collected from 11-

week-old SAM-treated mice within an hour after SAM administration by gavage. For 

comparison, serum was collected from the 11-week-old animals from the control group. 

Afterward, the protein contents of the serum were removed by acetonitrile precipitation, 

and the remainder was injected into the AB SCIEX SelexION™ (Framingham, 

Massachusetts, USA) for LC/MS-MS separation at the Proteomics Core Facility of the RI-

MUHC. The data obtained were analyzed using Analyst TF 1.7 software (SCIEX, 

Framingham, Massachusetts, USA). 

 Measurement of serum 25(OH)D, 1,25(OH)2D, and 24,25(OH)2D levels in control 

and 25(OH)D treated animals was done by LC/MS-MS at the Heartland Assays Inc. (Ames, 

IA, USA). 

RNA extraction and quantitative real-time PCR (qPCR)  

 Total RNA was extracted using the AllPrep DNA/RNA Mini Kit (Qiagen; Cat# 

80204) following the standard protocol provided by the manufacturer. The qPCR assay 

was performed following our previously described protocol12. The list of primers used in 

this study is shown in Supplementary File 1, Table S2 and S3. Gene expression changes 

between the control and different treatment groups were carried out as described 

previously45. 

https://www.nature.com/articles/s41413-020-0103-6#MOESM1
https://www.nature.com/articles/s41413-020-0103-6#MOESM1
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RNA Sequencing and analysis pipeline  

 For RNA Sequencing, biological replicates from the vehicle (control), 200 μM 

SAM, 100 nM 25(OH)D, and SAM+25(OH)D-treated PyMT-R221A cells was used (n=3 

for all except 25(OH)D where n=2). Sample quality control was performed using the 

Agilent 2100 Bioanalyzer. Qualifying samples were then prepped following the standard 

protocol for the NEBnext Ultra ii Stranded mRNA (New England Biolabs). Sequencing 

was performed on the Illumina NextSeq 500 with paired end 43bp × 43bp reads. The RNA-

seq data were processed and interpreted with the Genialis visual informatics platform 

(https://www.genialis.com). An automated data analysis pipeline run in the Genilais 

platform consisted of the following: Sequence quality checks were performed on raw and 

trimmed reads with FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc). 

Trimmomatic was used to trim adapters and filter out poor quality reads46. Trimmed reads 

were then mapped to the mm10 reference genome using the HISAT2 aligner47. Gene 

expression levels were quantified with HTSeq-count48, and differential gene expression 

analyses were performed with DESeq249. Lowly-expressed genes, which have expression 

count summed over all samples below 10, were filtered out from the differential expression 

analysis input matrix.  

 

Behavior test   

 The open field test was performed and analyzed as described before8.   

 

https://www.genialis.com/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
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Statistical and bioinformatics analyses  

 Results are expressed as the mean ± standard error of the mean (SEM). Statistical 

significance was carried out by Student’s t-test and ANOVA depending on the type of 

data. A P value of less than or equal to 0.05 was considered statistically significant. The 

statistical significance of the overlapping genes between different transcriptome-wide 

studies was determined by a hypergeometric test using RStudio, where the total number 

of genes was arbitrarily set at 25000 to avoid cross-platform gene expression 

discrepancies. The pathway enrichment and GO analysis from different gene lists was 

carried out by using ConsensusPathDB50, Gene Set Enrichment Analyses (GSEA)51, and 

Metascape52. Protein-protein interaction was analyzed by the STRING database 

(https://string-db.org/). 
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Figure 1: Effect of SAM, 25(OH)D, and their combination in vitro. 

a Schematic of the in vitro treatment protocol. b Human (ZR-75-1, MDA-MB-231) and 

murine (PyMT-R221A, E0771) breast cancer cells were treated with vehicle alone control, 

SAM (200 µM) or 25(OH)D (100 nM) alone and SAM+25(OH)D every other day; and cell 

number was determined using Coulter counter on days 1,3, and 5 post-treatment. Results 

are shown as the mean ± SEM from at least five independent experiments. Significant 

differences from the control groups in each cell lines were determined using ANOVA 

followed by post hoc Tukey’s test and are represented by asterisks. c Following treatment, 

5x103 cells from the control and different treatment groups were subjected to clonogenic 

survival assay. The culture media was refreshed every 3-4 days for a period of about two 

weeks, the cells were stained with crystal violet, and the total number of colonies was 

counted under the microscope. Results are shown as the mean ± SEM of at least five 

independent experiments. Significant differences were determined using ANOVA 

followed by post hoc Tukey’s test and are represented by asterisks. 
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Figure 2: Effect of SAM, 25(OH)D, and their combination on mammary tumor 

emergence, growth, and lung metastasis in MMTV-PyMT transgenic female mice. 

a Schematic representation of treatment protocol for the transgenic MMTV-PyMT mice. 

Briefly, female MMTV-PyMT mice were treated with vehicle alone as control, SAM (160 

mg/kg/day) by daily oral gavage, 25(OH)D (40 ng/kg/day) by daily intraperitoneal (i.p) 

injection, and SAM+25(OH)D in combination from day 28 (week 4) after birth until the 
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experimental endpoint at day 77 (week 11) when the animals were all sacrificed (n=8 

animals/group) and different tissues were collected for downstream experiments. b 

Kaplan-Meier curve showing the percentage of mice no tumor in control and different 

treatment groups, separately (n=8 animals/group). c Tumor volumes were measured at 

weekly intervals using calipers and are shown as a bar graph. Results are shown as the 

mean ± SEM of eight animals per group. Significant differences were determined using 

ANOVA followed by post hoc Tukey’s test and are represented by asterisks. d Tumor 

growth inhibition (TGI) index at sacrifice was calculated using the formula described in 

‘Materials and Methods’ and represented in a tabular format. e The formalin-fixed 

histologic sections of the mammary tumors from control and different treatment groups 

were probed with the antibody for ki67 proliferation marker, and representative images of 

the ki67 positive cells (brown color staining) is shown for different groups [scale bar size 

=60 μm]. The percentage of ki67 positive cells was determined and plotted as bar graphs 

(n=4 animals/group). f For the evaluation of lung metastasis, formalin-fixed histologic 

sections of the whole lung tissue sections from control and treated animals were stained 

with Haemotoxylin and Eosin (H&E) (left panel), and the relative area of metastases was 

quantified using the Fiji plugin (ImageJ) (right panel). The metastatic sites on the lung 

show darker staining patterns, as indicated by red arrowheads. Results are shown as mean 

± SEM (n=4/group). The metastatic area in the control group was set to 1 for the statistical 

analysis for the bar graph. Here, C=control; S= SAM; V= 25(OH)D; S+V=SAM+25(OH)D 

treated group. 

  



 

232 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a Schematic representation of treatment protocol used for treating female mice (FVB 

background) injected with PyMT-R221A cells and then treated with vehicle alone as 

control, SAM (160.0 mg/kg/day) by daily oral gavage, 25(OH)D (40.0 ng/kg/day) by 

intraperitoneal (i.p) injection, and SAM+25(OH)D in combination from day 2 until day 14 
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when the mice were sacrificed (n=9 animals/group).  The tibias were collected from all 

animals and fixed for further histologic studies. b Representative low (40X; upper panel) 

and high (100X; lower panel) magnificaion images of the formalin-fixed histologic 

sections of the decalcified tibias from control and treated animals stained with 

Haemotoxylin and Eosin (H&E), where the tumors are marked a ‘T’ and bone marrow as 

‘BM’. c Bar graph representing the percentage of mice that developed skeletal tumors in 

each group relative to the control group. d The relative area of tumor growth was quantified 

using the Fiji plugin (ImageJ), and the results are shown as mean ± SEM (n=9/group). 

Significant differences were determined using ANOVA followed by post hoc Tukey’s test 

and are represented by asterisks. 
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Figure 4: Transcriptome analysis of PyMT-R221A cells. 

Murine PyMT-R221A cells were treated with vehicle (control), 200 μM SAM, 100 nM 

25(OH)D and a combination of SAM and 25(OH)D every other day for three times (on 

days 0, 2, 4) using the in vitro treatment protocol described in Figure 1a. At the end of the 

experiment, RNA extracted from control and different treatment groups were subjected to 

RNA-Sequencing. a The volcano plots of the significantly differentially expressed genes 
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are shown (log10(FDR) versus log2FC). b Venn diagrams representing the frequency of 

common and unique genes among different treatment groups. c Circos plot further 

representing the commonality and uniqueness of the functionalities of the up- and 

downregulated genes from each group. Each gene from the up or downregulated gene lists 

has a spot on the arc. The dark orange color represents genes that are present in multiple 

treatment groups, and the light orange color shows genes that are unique for a treatment. 

In addition, the purple lines indicate the common genes that are found in different treatment 

groups, and the blue lines represent genes that are different but have similar functions. d 

Comparative heatmap of the Gene Ontology (GO) enrichment for biological processes for 

the different treatment groups, as determined by Metascape52. 
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Figure 5: Functional validation of the genes identified by RNA-Sequencing. 

a Pathway analysis of the up and downregulated DEGs from the SAM+25(OH)D 

combination-treated group was done by using the KEGG and Reactome databases. Top 5 

up- and downregulated pathways are shown as bar graphs. b GSEA analyses further 

showed the enrichment of the genes from ‘interferon alpha/beta signaling’ and ‘HIF-1 

signaling pathway’. c RNA obtained from the control and treated PyMT-R221A cells was 

subjected to qPCR to validate the expression of selected genes from the ‘interferon 

alpha/beta signaling’ and ‘HIF-1 signaling pathway’. Results are shown as mean ± SEM 

of samples obtained from at least three different experiments per group. Significant 

differences are represented by asterisks. 
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Figure 6: Comparison of DEGs in response to SAM + 25(OH)D with the DEGs in 

murine bone metastasis dataset. 

a Venn diagram of the up and downregulated genes following combination treatment with 

SAM+25(OH)D that overlapped with differentially expressed genes in a murine model of 

breast cancer bone metastasis in GSE37975. Here, BM: Bone metastasis b Molecular 

interaction networks of the encoded proteins from the 27 uniquely upregulated genes in the 

combination treatment are determined by the STRING database. c Summary of the anti-

cancer effects mediated by SAM+25(OH)D in vitro and in vivo. The combination treatment 

causes a significant reduction in cell proliferation and colony formation in a battery of 

breast cancer cell lines in vitro and reduces primary mammary tumor volume, visceral and 

skeletal metastasis in vivo. These anti-cancer effects were mediated through the differential 
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regulation of key cancer and immune-related pathways, as shown by the transcriptome 

analysis. 

Supplementals for Chapter 4 

Supplementary File 1 

 

 

 

 

 

 

 

 

Figure S1: Expression of the gene encoding for vitamin D receptor in different human 

and murine breast cancer cell lines. RNA obtained from PyMT-R221A, E0771, ZR-75-

1, and MDA-MB-231 cells were subjected to qPCR using mouse (Vdr) and human (VDR) 

specific primers to determine the basal levels of vitamin D receptor expression. The 

expression values were normalized using Gapdh/GAPDH as an internal loading control 

and expressed as a bar graph. 
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Figure S2: The coefficient of drug interaction (CDI) between SAM and 25(OH)D 

combination in different cell lines. The CDI values for each of the cell lines were 

calculated using the following equation, CDI = AB/(A × B). Here, AB: relative cell growth 

of the combination compared to control; A or B: relative cell growth of the single agent 

treated groups compared to the control. CDI < 0.7 indicates strong synergistic; CDI 

between 0.7 to 0.9 indicates moderately synergistic; CDI between 0.9 to 1.1 indicates 

additive and CDI > 1.1 indicates an antagonistic effect.  

 

 

 

 

 

 

 

 

Figure S3: Effect on the viability of human breast epithelial cells (HBEC). HBEC cells 

were plated at the same density and treated with vehicle only control, 200 μM SAM, 100 

nM 25(OH)D, and a combination of SAM+25(OH)D. At the end of the experiment, the 

cells were trypsinized, stained with trypan blue, and the total number of viable cells in each 

group was counted under a light microscope. Results are shown as the mean ± SEM (n=4). 

No significant difference was observed in the percentage of viable cells compared to the 

total number of cells in each group during the time of harvest, which indicated that the 

doses of the different anti-cancer agents used in this study are not toxic to the viability of 

the normal breast epithelial cells.  
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Table S1: Analyses of different biochemical parameters in the serum. The results are 

shown as mean ± SEM from three different mice in each group.  

 

 

 

 

 

 

 

 

 

 

Figure S4: Total bodyweight of the transgenic MMTV-PyMT animals. The control and treated 

MMTV-PyMT animals are weighed at different time intervals from the beginning of the 

treatment regimen on week 4 after birth until sacrifice on week 11. No significant 

difference was observed in the total bodyweight of the animals from different treatment 

arms. 

Parameter Control SAM 25(OH)D SAM+25(OH)D 

Calcium (mmol/L) 2.26 ± 0.05 2.26 ± 0.6 2.35 ± 0.02 2.40 ± 0.12 

Total protein (g/L) 39.67 ± 1.36 42.33 ± 1.19 42.67 ± 0.27 44.67 ± 0.72 

Albumin (g/L) 20.67 ± 0.54 22.33 ± 0.72 22.33 ± 0.27 21.67 ± 1.29 

Albumin/Globulin 

ratio 

1.1 ± 0.00 1.1 ± 0.00 1.1 ± 0.04 1.1 ± 0.04 

Glucose (mmol/L) 16.1 ± 1.15 15.8 ± 0.49 15.5 ± 1.26 16.36 ± 0.66 

BUN Urea (mmol/L) 9.23 ± 0.12 7.93 ± 0.48 7.23 ± 0.72 6.8 ± 0.23 

Creatinine (µmol/L) 11 ± 0.81 10 ± 1.41 12.67 ± 0.54 11.33 ± 1.51 

Total Bilirubin 

(µmol/L) 

8.33 ± 1.09 9.33 ± 1.9 10.67 ± 0.98 8.67 ± 0.27 

ALT (U/L) 56.6 7 ± 5.52 56.33 ± 3.95 41.67 ± 0.27 48.67 ± 3.81 

Alkaline phosphatase 

(U/L) 

71.5 ± 3.75 80.67 ± 13.37 76.67 ± 6.6 64.67 ± 4.65 

Cholesterol (mmol/L) 2.82 ± 0.14 3.0 ± 0.11 2.79 ± 0.07 2.7 ± 0.18 

Sodium (mmol/L) 143 ± 3.77 145.33 ± 3.81 152 ± 3.29 145.67 ± 6.36 

Potassium (mmol/L) 4.16 ± 0.36 5.17 ± 0.14 4.8 ± 0.21 4.07 ± 0.22 

Chloride (mmol/L) 110.67 ± 1.19 114 ± 2.05 118.67 ± 2.22 116.33 ± 4.72 

Phosphorus (mmol/L) 2.79 ± 0.35 2.35 ± 0.03 2.64 ± 0.24 2.92 ± 0.13 

Magnesium (mmol/L) 1.06 ± 0.03 1.0 ± 0.05 1.11 ± 0.06 1.05 ± 0.05 
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Figure S5: SAM bioavailability in the serum. a The SAM level in the serum of control 

and SAM-treated animals was assessed at different time points following oral gavage. Each 

bar represents the concentration obtained from the LC-MS/MS peak intensity for SAM at 

a specific time-point. Here, t=0 represents the baseline value of SAM just before treatment. 

The highest peak of SAM bioavailability in the serum was found between 30 to 60 minutes 

after administration, and the level comes down to the baseline at around 240 minutes after 

administration. b The serum from control (n=3) and SAM-treated (n=5) experimental 

animals were collected, and LC-MS/MS was done to determine the levels of SAM. Results 

are shown as the mean ± SEM. Significant differences were determined using a student’s 

t-test and are represented by asterisks. 

 

 

 

 

 

 

 

 

Figure S6: Serum levels of 25(OH)D,1,25(OH)2D, and 24,25(OH)2D. LC-MS/MS 

assays were done from the serum obtained from control (n=3) and 25(OH)D-treated (n=5) 

experimental animals to determine the levels of 25(OH)D (a), 1,25(OH)2D (b) and 

24,25(OH)2D (c). Results are shown as the mean ± SEM. Significant differences were 

determined using a student’s t-test and are represented by asterisks. 
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Figure S7: Heatmap of the top 50 significantly DEGs in each of the three treatment 

groups (log2 fold change>0.5 and FDR<0.05). 
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Figure S8: Heatmap of 106 common DEGs in each of the three treatment groups (log2 

fold change>0.5 and FDR<0.05). The lists of the commonly up and downregulated genes 

are shown within the boxes on the right. 
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Figure S9: Enriched pathways affected by the genes that are commonly up and 

downregulated by all three treatment groups relative to the control PyMT-R221A 

cells. The pathways enriched with up and downregulated genes are shown in ‘red’ and 

‘blue’, respectively. Top five up and top 5 downregulated pathways are shown together as 

a bar graph. The ‘HIF-1 signaling pathway’, which is enriched with the downregulated 

genes from all three treatment groups, showed the highest statistical significance (P= 

3.42x10-07).   

 

 

 

 

 

 

 

 

Figure S10: Enriched pathways and biological affected by the genes that are uniquely 

up and downregulated by SAM+25(OH)D treatment relative to the control PyMT-

R221A cells. The pathways enriched with up and downregulated genes are shown in ‘red’ 

and ‘blue’, respectively. Top five up and top 5 downregulated pathways are shown together 

as a bar graph. An enrichment of several immune-related signaling pathways is seen when 

the analysis was done using the genes that are uniquely upregulated by SAM+25(OH)D. 

Interferon alpha/beta signaling pathway showed the highest statistical significance 

(P=3.33x10-11). 
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Figure S11: qPCR from RNA obtained from primary tumors. Briefly, total RNA 

obtained from the primary tumors of control and treated animals (from Figure 2) were 

subjected to qPCR to validate the expression of selected genes from the ‘interferon 

alpha/beta signaling’ and ‘HIF-1 signaling pathway’. Results are shown as mean ± SEM 

of RNA obtained from at least three animals per group. Significant differences are denoted 

by an asterisk. 

 

 

 

 

 

 

Figure S12: Expression of Vdr, Cyp27b1, and Cyp24a1 in PyMT-R221A cells. Briefly, 

total RNA obtained from the control and treated PyMT-R221A cells were subjected to 

qPCR to validate the expression of Vdr, Cyp27b1, and Cyp24a1. Results are shown as 

mean ± SEM of RNA obtained from at least three different experiments. Significant 

differences are denoted by an asterisk. 
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Figure S13: Effect of Stat1 activator on proliferation. a The PyMT-R221A cells were 

plated on 24 well plates and treated with vehicle control or SAM+25(OH)D for 24 hours. 

On the other hand, 25μM 2-(1,8-naphthyridin-2-yl)-Phenol (2-NP) [Sigma] was added 

directly into the media for 5 hours; the media was then removed and replenished with either 

regular culture media (for 2-NP monotherapy group) or media with SAM+25(OH)D for 

triple therapy treated group for 19 hours. At the end of 24 hours, cells were trypsinized and 

counted directed using a Coulter counter. Statistical analysis was done using ANOVA 

followed by post hoc Tukey’s test from the data obtained from three independent 

experiments. b Total RNA obtained from the four different groups was subjected to qPCR 

to validate the increased expression of Irf7, which is a downstream target of the Stat1 

transcription factor. A significant increase in the expression of Irf7 was observed in all 

three treatment groups with the highest expression in the triple therapy group. It should be 

noted the cells were treated once for a period of 24 hours for this experiment in contrast to 

the other in vitro experiments during this study, where the cells were treated three times 

every second day. Hence, the level of Irf7 increase upon SAM+25(OH)D treatment is less 

in Figure S13b compared to Figure 5c. Results are shown as mean ± SEM of RNA obtained 

from three experiments. Significant differences are denoted by an asterisk. 
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Figure S14: Heatmap of the significantly 53 upregulated and 42 downregulated genes 

following combination treatment with SAM+25(OH)D [denoted by ‘S+V’ in the 

figure], which are also differentially expressed in GSE76772 in the opposite direction. 

Moreover, 27 out of the 53 upregulated and 16 out of the 42 downregulated genes are 

significantly differentially regulated by the combination treatment only according to the 

cut-off set during RNA-Seq analysis. The genes unique in combination treatment only are 

shown by bold letters in the heatmap.  

Smg5

Arhgap6

Zbp1

Vac14

Tlr3

Ndc1

Cluh

Plscr2

Krt80

Aen

Polr1b

Daglb

Ccng1

Cd93

Mthfd1

Ctdp1

Gsr

Ifit3

Grwd1

Tpcn2

Trim30a

Nolc1

Iigp1

Gbp3

Ifit1

Heatr3

Oas1a

Mybbp1a

Cldn4

Ifi47

Ddx21

Bst2

Myc

Parp9

Ftsj3

Ifi44

Ccdc86

Cmpk2

Stat1

Rtp4

Irf7

Gm4951

Slc43a2

Oasl2

Usp18

Irgm2

Slfn2

Aim1

Irgm1

Rrs1

Oasl1

Parp12

Ccl2

Control SAM+D

G
e

n
e

s
 d

o
w

n
re

g
u

la
te

d
 in

 b
o

n
e

 m
e

ta
s
ta

s
is

 (
G

S
E

3
7
9
7
5
),

 b
u

t 
u

p
re

g
u

la
te

d
 b

y
 S

A
M

+
2
5
(O

H
)D

Atp1a2

Tmtc1

Dgkd

Sema7a

Aplp1

Kmt2e

Slc35a2

Ly6d

Camta1

Rab3a

Ypel3

Plvap

Plekha2

Itgb3

Sh2d3c

Itpkb

Cxcr4

Camk2n1

Hcfc1r1

Ypel2

Ndufv3

Myo1d

Fkbp1b

Cacnb1

Arl3

Cep97

Pofut2

Arfgap3

Smtnl2

Zfp354c

Sil1

Klf13

Bambi

2810468N

07Rik

Arid3b

Mib2

Rab3d

Gpi1

Numbl

Camk2b

Fam13a

Rnf13

Low                       High

Z-score

Control SAM+D

G
e

n
e

s
 u

p
re

g
u

la
te

d
 in

 b
o

n
e

 m
e

ta
s
ta

s
is

 (
G

S
E

3
7

9
7

5
),

 b
u

t 
d

o
w

n
re

g
u

la
te

d
 b

y
 S

A
M

+
2

5
(O

H
)D

Atp1a2

Tmtc1

Dgkd

Sema7a

Aplp1

Kmt2e

Slc35a2

Ly6d

Camta1

Rab3a

Ypel3

Plvap

Plekha2

Itgb3

Sh2d3c

Itpkb

Cxcr4

Camk2n1

Hcfc1r1

Ypel2

Ndufv3

Myo1d

Fkbp1b

Cacnb1

Arl3

Cep97

Pofut2

Arfgap3

Smtnl2

Zfp354c

Sil1

Klf13

Bambi

2810468N

07Rik

Arid3b

Mib2

Rab3d

Gpi1

Numbl

Camk2b

Fam13a

Rnf13

Low                       High

Z-score

Control SAM+D

G
e

n
e

s
 u

p
re

g
u

la
te

d
 in

 b
o

n
e

 m
e

ta
s
ta

s
is

 (
G

S
E

3
7

9
7

5
),

 b
u

t 
d

o
w

n
re

g
u

la
te

d
 b

y
 S

A
M

+
2

5
(O

H
)D

Control    S+V Control    S+V 

Z-score 



 

248 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S15: GO analysis of the 27 uniquely upregulated genes by SAM+25(OH)D that 

are downregulated in the bone metastasis dataset (GSE76772). The top 20 significant 

hits are shown as a bar graph where a significant enrichment of immune-related signaling 

pathways is seen. 
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Figure S16: Comparison of DEGs in response to SAM + 25(OH)D with human breast 

cancer genes. a Venn diagram of the downregulated genes following combination 

treatment with SAM+25(OH)D showed an overlap of 87 genes that are upregulated in the 

human breast tumors in the BioXpress database. Pathway analysis of these genes is shown 

in the bar graph below (in blue). Out of these 87 overlapped genes, 36 are uniquely 

regulated by the combination only. b Venn diagram of the upregulated genes following 

combination treatment with SAM+25(OH)D showed an overlap of 59 genes that are 

downregulated in the human breast tumors in the BioXpress database. Pathway analysis of 

these genes is shown in the bar graph below (in red). Out of these 59 overlapped genes, 31 

are uniquely regulated by the combination. 
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Figure S17: Assessment of animal behavior upon SAM-treatment. a Representative 

track plots from the video recordings of control and SAM-treated animals generated by 

using ANY-maze software are shown in the right panel. b Different parameters determined 

from the open field test of control and SAM-treated mice are provided in a tabular format. 

Results are shown as mean ± SEM (n=7). No significant alterations in animal behavior 

were observed upon SAM-treatment. 

 

 

 

 

 

 

 

 

 

Figure S18: Differentially regulated non-coding RNAs upon SAM+25(OH)D 

combination treatment. a Heatmap of the significantly differentially expressed non-

coding RNAs in SAM+25(OH)D combination relative to control cells. The expression 

of Rmrp, a known long non-coding RNA with oncogenic function, is downregulated by the 

combination treatment.  b Kaplan-Meier survival plot from RNA-Seq data of 1089 breast 

cancer patients reveals that higher expression of the human RMRP gene is associated with 

poor overall survival. 

 

  

Animal 3 (Test 3) Animal 2 (Test 2)

Control SAM

Open field test parameters Control SAM-treated P-value

Total distance travelled (m) 29.7 ± 1.3 30.3 ± 1.9 0.83

Average speed (m/s) 0.1 ± 0.003 0.1 ± 0.006 0.74

Number of entries to the center zone 10.7 ± 0.9 10.6 ± 0.9 0.92

Time in the center zone (s) 7.5 ± 0.9 6.9 ± 0.9 0.65

Distance travelled in the center (m) 1.6 ± 0.1 1.6 ± 0.2 0.78

a b
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Table S2: The mouse specific primers used in this study are listed below1-9 

  
Gene Name Sequences used for qPCR (5’→ 3’) 

Vegfa For 

Rev 

CCACGTCAGAGAGCAACATCA 

TCATTCTCTCTATGTGCTGGCTTT  

Cxcr4 For 

Rev 

TCCTCCTGACTATACCTGACTTCATCT 

CCTGTCATCCCCCTGACTGAT 

Egln1 For 

Rev 

GCCCAGTTTGCTGACATTGAAC 

CCCTCACACCTTTCTCACCTGTTAG 

Egln3 
For 

Rev 

AGGCAATGGTGGCTTGCTATC 

GCGTCCCAATTCTTATTCAGGT 

Irf7 
For 

Rev 

GCCAGGAGCAAGACCGTGTT  

TGCCCCACCACTGCCTGTA 

Uba7 
For 

Rev 

GAGTTATACTCCAGGCAGCT 

CACTGAGCAGCCAAGTCAG 

Gbp3 
For 

Rev 

ACATGGCCAAATGAAGACACA 

TGAAAACCCACTTGTGCGTT 

Oas2 
For 

Rev 

GAAGGATGGCGAGTTCTCTACC 

GTGCTTGACCAGGCGGATG 

Ifit1 
For 

Rev 

CAGAAGCACACATTGAAGAA 

TGTAAGTAGCCAGAGGAAGG 

Ifit3 
For 

Rev 

CTGAAGGGGAGCGATTGATT 

AACGGCACATGACCAAAGAGTAGA 

Isg15 
For 

Rev 

TGACGCAGACTGTAGACACG 

TGGGGCTTTAGGCCATACTC 

Mx2 
For 

Rev 

CCAGTTCCTCTCAGTCCCAAGATT 

TACTGGATGATCAAGGGAACGTGG 

Irf9 
For 

Rev 

ACAACTGAGGCCACCATTAGAGA 

CACCACTCGGCCACCATAG 

Stat1 
For 

Rev 

GAACGCGCTCTGCTCAA 

TGCGAATAATATCTGGGAAAGTAA 

Vdr 
For 

Rev 

GATGCCCACCACAAGACCTA 

CGGTTCCATCATGTCCAGTG   

Cyp24a1 
For 

Rev 

AAGAGATTCGGGCTCCTTCA 

 GCAGGGCTTGACTGATTTGA 

Cyp27b1 
For 

Rev 

GCATCACTTAACCCACTTCC  

CGGGAAAGCTCATAGAGTG 

Gapdh 
For 

Rev 

AGACGGCCGCATCTTCTTGT  

ACTGCAAATGGCAGCCCTGG 
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Table S3: The human specific primers used in this study are listed below 

Gene Name Sequences used for qPCR (5’→ 3’) 

VDR For 

Rev 

CTCAAACGCTGTGTGGACAT 

ACTGTCCTTCAAGGCCTCCT 

GAPDH For 

Rev 

TGCACCACCAACTGCTTA 

AGAGGCAGGGATGATGTTC 
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Supplementary File 2  

 The differentially expressed genes from RNA-Seq datasets can be viewed by 

downloading the ‘Supplementary File 2’ from the following link: 

https://www.nature.com/articles/s41413-020-0103-6 
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Chapter Five: Methyl-CpG binding domain protein 2 plays a causal role in 

breast cancer growth and metastasis 
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Preface 

 

           Previous studies have demonstrated that SAM can repress the expression of Mbd2 by 

direct methylation at the promoter and thereby inhibit the Mbd2-mediated DNA 

demethylation. Mbd2 expression is also upregulated in breast cancer patients. Therefore, 

targeting Mbd2 has been of great interest to our lab. Through gene knockdown based in 

vitro studies as well as implantation of Mbd2 depleted cells into immunocompromised 

animals, it has been shown that Mbd2 can suppress tumor cell proliferation and invasion. 

One of the major limitations of these studies is that the cell lines are already transformed, 

and as a result, they can only address the functional significance of Mbd2 after the tumor 

is formed. To determine whether Mbd2 can also play a causal role in breast tumor growth 

and metastasis, we generated transgenic MMTV-PyMT animals with Mbd2 depletion and 

assessed mammary tumor emergence, growth, and lung metastasis. An author-generated 

version of the manuscript is presented in this chapter. The manuscript is now in preparation 

for submission, and so there is no requirement of copyright licensing.   
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Abstract 

 Methyl-CpG-binding domain protein 2 (Mbd2), a reader of DNA-methylation, has 

been implicated in the progression of several types of malignancies, including breast 

cancer. To test whether Mbd2 plays a causal role in mammary tumor growth and 

metastasis, we depleted its gene expression in the transgenic MMTV-PyMT model 

(‘PyMT’ in short) of breast cancer by cross-breeding with Mbd2 knockouts to generate 

heterozygous (PyMT;Mbd2+/-) and homozygous (PyMT;Mbd2-/-) animals. We found that 

Mbd2 depletion caused a gene dose-dependent delay in mammary tumor formation, 

reduced primary tumor burden, and lung metastasis at the experimental endpoint. In 

addition, animals from the PyMT;Mbd2-/- group survived significantly longer compared to 

the wildtype (PyMT;Mbd2+/+) and PyMT;Mbd2+/- arms. Transcriptomic and proteomic 

analyses of the primary tumors obtained from PyMT;Mbd2+/+ and PyMT;Mbd2-/- groups 

revealed that Mbd2 depletion alters several key determinants of the molecular signaling 

networks related to tumorigenesis and metastasis, which thereby demonstrate that Mbd2 is 

regulating transcriptional programs critical for breast cancer. Furthermore, a small 

molecule inhibitor (KCC-07) targeting the Mbd2 pathway markedly decreased 

proliferation and colony formation in vitro and reduced mammary tumor growth in vivo. 

To our knowledge, this is the first study demonstrating a causal role for a DNA-methylation 

reader in breast cancer. Results from this study will provide the rationale for further 

development of first-in-class targeted epigenetic therapies against Mbd2 to inhibit the 

progression of breast and other common cancers.  
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Introduction 

 DNA methylation is an evolutionarily ancient epigenetic process that, through the 

modulation of chromatin structure, regulates gene expression in a context-dependent 

manner (Greenberg and Bourc’his, 2019; Mahmood and Rabbani, 2019). The chemically 

reversible process of DNA methylation is mediated by a family of “writer” enzymes known 

as DNA methyltransferases (DNMTs) that catalyze the addition of methyl-moieties to the 

appropriate bases on the genome (Mahmood and Rabbani, 2017). A family of 

evolutionarily conserved “reader” proteins known as methyl-binding proteins (MBPs) then 

recognize, interpret, and relay the information from these methylation marks into different 

gene regulatory functionalities (Mahmood and Rabbani, 2019).  

 Aberrant DNA methylation is recognized as a paradigmatic hallmark of human 

cancer (Esteller, 2003), which led to its identification as an attractive therapeutic target. 

The first-generation epigenetic drugs developed to target the methylome are DNMT 

inhibitors (Vidaza and Decitabine) that showed robust clinical utilities against several 

hematological malignancies (Silverman et al., 2002). At the molecular level, through non-

specific global demethylation, the DNMT inhibitors not only relieve the transcriptional 

repression of critical tumor-suppressors (Jones et al., 2016) but also cause transcriptional 

activation of several known prometastatic genes (Ateeq et al., 2008). Moreover, these drugs 

are highly toxic, less bioavailable, and showed a modest anti-cancer response in case of 

solid tumors (Cheishvili et al., 2015), which opens up novel avenues to selectively target 

the MBPs as an alternative approach to reverse the DNA-methylation mediated epigenetic 

abnormalities in cancer.        
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 Among the different MBPs, methyl-CpG-binding domain protein 2 (MBD2) is 

positioned as a suitable anti-cancer drug target since its expression is deregulated in several 

human malignancies (Mahmood and Rabbani, 2019) and shows a relatively higher affinity 

to bind to the methylated DNA near the promoters of various known tumor suppressor 

genes to cause their transcriptional repression (Fraga et al., 2003). Moreover, genetic 

knockout (KO) of the Mbd2 gene in mice produced viable off-springs, which suggests that 

the gene is not required for maintaining standard physiological functions (Hendrich et al., 

2001) and, thus, could be used for targeted epigenetic therapies. Indeed, genetic depletion 

of Mbd2 has been shown to protect mice from developing intestinal (Sansom et al., 2003) 

and lymphoid malignancies (Zhou et al., 2018). MBD2 also plays an important role in 

immune regulation by upregulating the expression of forkhead box P3 (Foxp3), which is 

the marker for regulatory T cells (Treg) (Wang et al., 2013b). Other studies have shown 

that the immunosuppressive Treg cells infiltrate into the tumors to promote immune 

evasion and pro-tumorigenic microenvironment and are associated with poor cancer 

prognosis in patients (Facciabene et al., 2012; Magnuson et al., 2018). 

 The role of MBD2 in breast cancer progression thus far has been studied through 

gene knockdown in vitro and subsequent implantation into xenograft models where Mbd2 

depletion has shown potent anti-cancer effects through inhibition and hypermethylation of 

prometastatic genes (Cheishvili et al., 2014b; Mian et al., 2011). However, these models 

lack functional immune systems and are not capable of fully reflecting the exact role of 

MBD2 during the highly complex multistep progression of human breast tumors. To 

dissect the role of MBD2 in a mouse model with a relatively faithful representation of  
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breast tumor progression, we used a transgenic MMTV-PyMT (mouse mammary tumor 

virus-polyoma middle tumor-antigen) model where the spontaneous and pregnancy-

independent expression of PyMT oncoprotein results in the synchronous appearance of 

multifocal breast tumors that metastasize predominantly to the lung (Fantozzi and 

Christofori, 2006; Guy et al., 1992). Although the PyMT oncoprotein is not present in 

human breast tumors, the step-wise progression of the murine mammary tumor from 

benign premalignant stage to a highly malignant invasive stage as well as the activation of 

downstream molecular signaling pathways resemble that of human breast cancer 

progression (Lin et al., 2003). This positions the PyMT model as an attractive system to 

assess the oncogenic function of a particular gene during malignant transformation of 

breast tissues in a whole organism (Fluck and Schaffhausen, 2009).  

 Herein, using a gene-knockout based molecular genetics approach, we demonstrate 

that a reduction in the ability to read and interpret epigenetic modification due to the 

depletion of the Mbd2 gene significantly decreases mammary tumor burden and metastasis 

in the transgenic PyMT model of breast cancer.  
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Results 

Mbd2 KO attenuates primary breast tumor growth and metastases in MMTV-PyMT 

 We first interrogated the publicly available proteomics datasets from the Clinical 

Proteomic Tumor Analysis Consortium (CPTAC) to check the expression of MBD2 and 

found that its expression to be significantly upregulated in different subtypes of human 

breast tumors compared to their normal counterpart (Figure 1A).  Interestingly, mouse 

Mbd2 protein expression is also upregulated in mammary fat pads and primary tumors 

obtained from PyMT animals compared with the fat pad of wildtype C57BL/6 animals, 

suggesting that Mbd2 upregulation by the PyMT gene precedes malignant transformation 

(Figure 1B). This is consistent with the hypothesis that Mbd2 is mediating some of the 

oncogenic effects of PyMT.   

 Next, to test whether Mbd2 plays a causal role in tumorigenesis, we generated 

female PyMT;Mbd2+/- (heterozygous KO) and PyMT;Mbd2-/- (homozygous KO) mice in 

C57BL/6 background using a cross-breeding strategy, and compared their tumor growth 

kinetics with PyMT;Mbd2+/+ (denoted as wildtype hereafter) animals from week 11 after 

birth until sacrifice (Figure 1C). As shown by the Kaplan-Meier curve in Figure 1D, 

animals from the wildtype group started to develop palpable tumors at around week 11 

(day 77) after birth. By week 14 (day 98) of age, all animals from the wildtype group had 

developed primary tumors [wildtype tumor incidence: 77–98 days; 50% mice with palpable 

tumor, T50=84 days] (Figure 1D). The onset of palpable tumor was not significantly 

different in the case of the animals from the heterozygous KO group, where primary 

mammary tumors started to emerge at around the same time as control, i.e., around week 
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11 after birth. By week 15 (day 105) of age, 100% of the animals in the heterozygous KO 

group showed palpable mammary tumors [heterozygous KO group tumor incidence: 77–

105 days; T50=84 days]. In the homozygous KO group, tumors started to emerge from week 

12 (day 84), and all the animals developed palpable tumors by week 16 (day 112) of age 

[homozygous KO tumor incidence: 84–112 days; T50=91 days]. The onset of the palpable 

tumor was significantly delayed in the homozygous KO group compared to the wildtype 

arm (log rank P=0.002), suggesting the possible involvement of Mbd2 in mammary tumor 

onset in this model. 

 Next, we compared the tumor growth kinetics of the animals from the three groups 

by measuring the primary tumor volumes at weekly intervals from the time the animals 

had started to develop measurable tumors until they were sacrificed. The experimental 

endpoint was set at week 20 after birth when most of the wildtype animals reached the 

humane endpoint. We found that the tumor growth over time was significantly reduced in 

a gene dose-dependent manner (Figure 1E), an observation consistent with similar results 

shown in the case of intestinal tumorigenesis (Sansom et al., 2003). We then measured the 

total weight of the extirpated tumors of the animals sacrificed either before or at week 20 

after birth and found a significant reduction in tumor weight in the heterozygous and 

homozygous KO groups in comparison with the wildtype animals (Figure 1F). To test 

whether Mbd2 plays a role in prolonging the survival of the mammary tumor-affected mice, 

we kept several animals from each group beyond the experimental endpoint at week 20 

and found that the animals from the homozygous KO group reached the tumor volume 
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requiring humane sacrifice significantly later than animals from wildtype and heterozygous 

KO groups (Figure 1G). 

 We then evaluated the formalin-fixed mammary tumor tissues from each group 

with an antibody for the Ki67 cell proliferation marker and found a significant decrease of 

Ki67 positive cells in the homozygous KO group (Figure 1H). Next, using the RNA from 

flash-frozen lung tissues collected at around week 20, we checked for the expression of 

several known cancer genes (Fabp7, Has3, Wnt1, Ccdn1, Bcl2) that were previously shown 

to be regulated either directly through MBD2 or its downstream signaling pathways, and 

found a significant decrease in their expression in the homozygous KO tumors compared 

to the tumors from the wildtype animals (Figure 1I). 

 The female PyMT animals develop pulmonary metastases, which allowed us to 

examine the role of Mbd2 in metastatic dissemination of primary breast tumor cells into 

distant secondary organs, a condition that is common in clinical settings in breast cancer 

patients. For that, we used the formalin-fixed lung tissue sections collected at sacrifice (at 

around week 20 after birth) and stained them with Hematoxylin and Eosin (H&E) to assess 

the breast tumor colonization in the lung. We found a significant decrease in the number 

of micrometastases in the lungs collected from the homozygous KO group compared to the 

wildtype animals (Figure 1J). However, we did not observe any statistically significant 

difference in micrometastasis between the heterozygous KO and wildtype groups. 

 Taken together, these results demonstrate that the genetic ablation of the Mbd2 gene 

significantly attenuates the ability of the MMTV-PyMT animals to grow spontaneous 

mammary tumors with a significant reduction in pulmonary metastasis. 
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Mbd2 depletion affects the several crucial players of PyMT-mediated oncogenic 

signaling pathways 

 PyMT is a membrane-associated oncoprotein that does not have any kinase activity 

of its own (Fluck and Schaffhausen, 2009). However, when it interacts with receptor 

tyrosine kinases (RTKs) [for example, c-Src, p85 subunit of phosphoinositide 3-kinase 

(PI3K)], the resultant protein complex gains constitutive tyrosine kinase activities required 

for activation of downstream signaling pathways to promote cellular transformation, 

growth, and survival (Guy et al., 1992). To examine whether the Mbd2 depletion directly 

impairs the downstream effectors of PyMT-mediated oncogenic signaling, we first checked 

the levels of activated c-Src, PI3K, and AKT in proteins extracted from wildtype and Mbd2 

KO tumors. We found a substantial decrease in the total c-Src levels in Mbd2 KO tumors 

that, in turn, caused a reduction in p-c-Src (Y416) levels required for the oncogenic 

transformation function of the PyMT-c-Src complex (Cartwright et al., 1986) (Figure 2A). 

Previous studies have shown that PyMT oncoprotein also complexes with the p85 subunit 

of PI3K to mediate transformation (Cheng et al., 2009; Cohen et al., 1990). When we 

checked the phosphorylation status of PI3K (at Y458), a significant decrease in activated 

PI3K was observed in Mbd2 KO tumors (Figure 2A). In addition, a significant impairment 

in the activation of AKT (at S473), which is downstream to the PI3K signaling pathway, 

was observed in Mbd2 KO tumors compared to their wildtype counterparts (Figure 2A-B).  

 Since AKT is known to activate IκB kinase (IKK) activity through phosphorylation 

and thereby activate the downstream NF-κB signaling cascade (Bai et al., 2009), we next 

checked and found that the phosphorylation of IKK and the levels of activated NF-κB (p65 
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subunit) were both decreased in the Mbd2 KO tumors compared to the wildtype tumors 

(Figure 2A-B).  Furthermore, several known target genes of NF-κB transcription factor like 

Plau (also known as uPA), Mmp2, Mmp9, Has2, and Muc1 were downregulated in the 

RNA extracted from Mbd2 KO tumors (Figure 2C). Taken together, these data suggest that 

Mbd2 depletion impairs the ability of the PyMT oncoprotein to stimulate the oncogenic 

PI3K/Akt/NF-κB axis.    

 

Transcriptome and proteome analyses reveal decrease in EMT markers in Mbd2 KO 

tumors 

 We then investigated the transcriptomic changes triggered by the genetic depletion 

of Mbd2 by RNA-Seq of primary tumors obtained from wildtype and Mbd2 KO animals 

(n=3 samples/group). We found that, in comparison to the wildtype arm, the primary 

tumors from the Mbd2 KO group caused a significant change in the expression of 453 

genes (|log2(Fold Change)| > 1, P<0.05). The expression changes occurred in both 

directions, i.e., 121 genes were upregulated, and 332 genes were downregulated in the 

Mbd2 KO tumors (Figure 3A). Using the Ingenuity Pathway Analysis (IPA) tool (Kramer 

et al., 2014), we found that some of the notable ‘molecular and cellular functions’ enriched 

with differentially expressed genes (DEGs) in Mbd2 KO tumors include cellular 

movement, cell-cell signaling & interaction, cellular assembly & organization, molecular 

transport, cell death & survival, and cellular growth & proliferation (Supplementary Figure 

S1A). IPA analyses also identified that the top two ‘disease and disorders’ pathways 

significantly enriched with DEGs in Mbd2 KO tumors include ‘cancer’ and ‘organismal 
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injury and abnormalities’ (Supplementary Figure S1B). We then subjected the entire list of 

DEGs to pathway analyses using the Pathway Interaction Database (PID) and found a 

statistically significant enrichment of the genes in integrin signaling, syndecan-4 mediated 

signaling, adherens junction stability and disassembly pathways (Figure 3B). Interestingly, 

most of these pathways are related to cancer progression, especially during the epithelial-

to-mesenchymal transition (EMT). Therefore, we next overlapped the complete repertoire 

of EMT-related genes obtained from the publicly available dbEMT database with the genes 

downregulated in Mbd2 KO tumors and found a significant intersection of 35 genes 

(hypergeometric test, p<0.05, Figure 3C). A heatmap of the differentially expressed EMT 

genes in Mbd2 KO tumors is shown in Figure 3D.  To validate the results from the RNA-

Seq experiment, we performed a quantitative polymerase chain reaction (qPCR) analysis 

of several crucial EMT genes (Sparc, Spp1, and Cdh2) and found a concordant decrease in 

their expression in the Mbd2 KO tumors (Figure 3E). Importantly, Sparc, Spp1, and Cdh2 

are all upregulated in the human breast cancer tumors from the TCGA (The Cancer 

Genome Atlas) database (Figure 3F), suggesting the clinical relevance of MBD2 regulated 

genes in breast cancer. We also performed qPCR validation of several known tumor 

suppressor genes (Brca1, Dusp5) that were upregulated upon Mbd2 gene KO 

(Supplementary Figure S1C). 

 Next, we employed the IPA upstream regulator analysis (URA) for the 

identification of potential transcription factors, cytokines, growth factors, or any chemical 

entities that could regulate the gene expression changes seen in our transcriptome datasets 

(Figure 3G). Interestingly, the top upstream regulators that were predicted to be 
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downregulated include TGFB1, SRF, CTNNB1, and JUN, all of which are known to be 

involved in the EMT pathway. In addition, we employed an alternative approach for 

predicting the upstream transcription factors of the DEGs identified in Mbd2 KO tumors 

by searching the ChIP Enrichment Analysis (ChEA) database (Lachmann et al., 2010). 

This analysis identified 57 transcription factors that include several EMT-related 

transcription factors like MTF2, SOX2, SOX9, JUN, and others listed in Supplementary 

Figure S1D. 

 Next, we performed a uHPLC/MS-MS to assess the proteomic differences between 

the mammary tumors extracted from wildtype and Mbd2 homozygous KO animals. A total 

of 2231 proteins were identified. To gain insights into the biological processes affected by 

the deletion of the Mbd2 gene, we focused on the changes in the abundance of proteins 

between the two groups as a measure of differential protein expression. This approach 

identified 215 proteins with differential abundance, of which 158 were upregulated and 57 

were downregulated in the KO samples compared to the wildtype counterparts (Figure 3H). 

Protein-protein interaction meta-analyses of the 215 proteins revealed their involvement in 

biological processes like metabolism of RNA, telomerase RNA localization, cytoplasmic 

translation initiation (Figure 3I). Since our transcriptome analyses revealed the 

downregulation of several key cancer-related genes in homozygous KO tumors, we then 

focused on the downregulated proteins. Pathway analysis of the downregulated proteins in 

Mbd2 KO tumors revealed their involvement in osteopontin-mediated signaling, N-

cadherin signaling, TGFBR pathways, all of which are involved in the EMT (Figure 3J). 

We next validated the downregulation of Osteopontin (encoded by Spp1 gene) and N-
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cadherin (encoded by Cdh2 gene) in protein level (Figure 3K) that also showed similar 

patterns of downregulation in the transcript levels (Figure 3E). We also overlapped the list 

of differentially expressed proteins and RNAs obtained from our proteomics and 

transcriptomics studies and found an overlap of 10 entities, all of which showed concordant 

changes in their expression patterns in Mbd2 KO tumors (Supplementary Figure 1E-F). 

Taken together, these observations indicate the possible involvement of Mbd2 in 

modulating different components of EMT during breast tumor progression in this model.  

 

Mbd2 modulates the oncogenic Pvt1-Myc axis 

 Emerging evidence suggests that pervasive transcription of genes beyond the 

protein-coding boundaries of the genome plays a role in the regulation of gene expression 

as well as the pathogenesis of the disease (Birney et al., 2007; Djebali et al., 2012; Zhang 

et al., 2019). Therefore, we next focused on deciphering the long non-coding RNAs 

(lncRNAs) that are differentially expressed upon homozygous deletion of the Mbd2 gene 

using our RNA-Seq data and found that 60 lncRNAs are differentially expressed in Mbd2 

KO tumors compared to their wildtype counterparts (Supplementary Figure S2A). Gene 

ontology (GO) analyses of the lncRNAs revealed their involvement in a wide range of 

biological processes related to RNA processing and transcriptional regulation 

(Supplementary Figure S2B). Since a vast majority of the lncRNAs are still 

uncharacterized in the context of cancer, we focused on the lncRNAs either with known 

biological function(s) or known human orthologs in the TCGA breast cancer patient 

dataset. A curated list of 16 lncRNAs that fulfilled these criteria is shown as a heatmap in 
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Figure 4A. We further validated the expression of several lncRNAs [X-inactive specific 

transcript (Xist), chaperonin containing Tcp1 and subunit 6a (Cct6a), and plasmacytoma 

variant translocation 1 (Pvt1)] by qPCR (Figure 4B), where the expression change showed 

concordance with the RNA-Seq results. The expression of the corresponding orthologous 

genes in human breast cancer patients from the TCGA database showed that XIST 

expression is significantly downregulated, while CCT6A and PVT1 expressions are 

significantly upregulated (Figure 4C). Moreover, the PVT1 and MYC genes are 

coexpressed in the human breast cancer when we performed a Pearson correlation analysis 

using data obtained from 4307 patients (Figure 4D). Similar to their human counterpart, 

these two genes are also located in close proximity on chromosome 15 of the mouse 

genome (Figure 4E). We, therefore, checked whether Myc is differentially regulated upon 

Mbd2 depletion and found significant repression of its expression both in the transcript and 

protein levels in PyMT;Mbd2-/- tumors compared to PyMT;Mbd2+/+ (Figure 4F-G).  These 

results suggest the possible role of Mbd2 in modulating the oncogenic Pvt1-Myc axis in 

cancer. 

  

Small molecule inhibitor of Mbd2 pathway (KCC-07) represses tumor cell 

proliferation in vitro and in vivo 

 We next assessed whether pharmacological inhibition of Mbd2 binding to 

methylated DNA using KCC-07, a recently described small molecule inhibitor (Zhu et al., 

2018), could suppress breast tumor cell proliferation. Towards this goal, we performed 

dose-response and time-course experiments where a panel of human and murine breast 
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cancer cells (PyMT-R221A, E0771, Hs578T) expressing the gene encoding for MBD2 

reader protein were incubated with increasing concentrations of KCC-07 ranged between 

1 to 10 µM and cell proliferation was measured by direct cell counting after days 1, 2, and 

3 post-treatment. In all three cell lines tested, our data showed a significant reduction in 

cell proliferation in a dose- and time-dependent manner (Figure 5A). Since 10 µM KCC-

07 treatment for 3 days produced an approximately 50% reduction in cell proliferation in 

these cell lines, we used this dose and incubation time for clonogenic survival assay and 

found that KCC-07 treatment markedly reduced clonogenic survival of all the cell lines 

(Figure 5B).    

 We then assessed whether KCC-07 would inhibit breast cancer growth in a 

syngeneic model of breast cancer where 5×105 PyMT-R221A cells were injected into 6-8-

week-old female FVB albino mice. Three days post tumor cell inoculation, the animals 

were randomized and treated with 100mg/kg KCC-07 as depicted in Figure 5C. Our results 

show that treatment with KCC-07 caused a significant reduction in mammary tumor 

growth in the animals from the treatment arm compared to the DMSO-treated control arm, 

which is consistent with the results from a previous study done using medulloblastoma 

xenografts(Zhu et al., 2018) (Figure 5D). In addition, analyses of different biochemical 

measurements (Kidney and liver function test, measurement of electrolytes and minerals) 

did not show any discernible difference between the two groups except a downregulation 

of ALT level upon KCC-07 treatment (Supplementary Table S1). 
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Discussion 

           In this study, we genetically depleted Mbd2 in the well-characterized transgenic 

MMTV-PyMT mouse model that recapitulates the stepwise progression of tumors from 

localized to metastatic variant and share similar pathology and biomarkers found in patients 

with metastatic breast cancer (Lin et al., 2003). Since the gene is depleted preconception, 

gene loss certainly precedes tumor initiation, and thus this study design provides definitive 

conclusions on the causal role of Mbd2 in breast cancer.  

 Our data demonstrate that the PyMT oncogene driven spontaneous mammary 

tumor formation is delayed upon homozygous depletion of the Mbd2 gene (Figure 1D). 

Mbd2 might not be involved in tumor initiation as tumors are delayed but nevertheless 

appear in the KO animals, but it is required for tumor growth since tumor growth is 

significantly delayed by Mbd2 deficiency (Figure 1E). The late appearance of tumors in 

Mbd2-/- mice might be a consequence of slowing down tumor growth, and therefore tumors 

reach detection size later. This conclusion is further supported by the significant decrease 

of Ki67 positive cells in the homozygous KO group suggesting reduced proliferation of the 

KO cancer cells (Figure 1H). Moreover, we found that even at a haploinsufficiency state 

where one of the allele is not present, the heterozygous PyMT;Mbd2+/- group is still able 

to cause a significant reduction in primary breast tumor burden, further implicating the role 

of Mbd2 in tumor growth. 

In addition to tumor growth, lung metastasis is significantly reduced upon the 

genetic ablation of the Mbd2 gene (Figure 1J). This is consistent with previous results 

implicating Mbd2 in breast cancer metastasis (Cheishvili et al., 2014a; Pakneshan et al., 
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2004); our results provide evidence that Mbd2 plays a causal role in breast cancer 

metastasis. These results indicate a multifaceted role of Mbd2 during mammary tumor 

progression.  

 Mbd2 is upregulated by PyMT, and upregulation of Mbd2 precedes tumor 

formation consistent with the idea that Mbd2 is mediating the effects of PyMT on cellular 

pathways that precipitate uncontrolled growth and metastasis; Mbd2 depletion blocks 

activation of these pathways.  PyMT activates a panel of downstream oncogenic signaling 

pathways (for example, Src, PI3K/Akt) that are involved in tumor cell proliferation, 

survival, inhibition of apoptosis, and promotion of metastasis (Fluck and Schaffhausen, 

2009). Our analyses of the proteins obtained from the primary tumors revealed that Mbd2 

deletion represses the activation of the PI3K/Akt axis (Figure 2), which has been previously 

shown to be essential for mammary tumorigenesis (Webster et al., 1998). Furthermore, 

Mbd2 depletion interferes with the oncogenic NF-κB signaling pathway, which results in 

the repression of critical cancer-related downstream targets of NF-κB like Plau, Mmp2, 

Mmp3 and several others. These targets are also involved in breast cancer invasion and 

metastasis. It is unclear how Mbd2 alters signaling cascades since it seems to affect 

phosphorylation. This is intriguing since Mbd2 is a well-established regulator of gene 

expression. Is it possible that Mbd2 has an additional role in signaling? Alternatively, it 

might regulate signaling cascade through the regulation of genes that control the signaling 

events described in our study. This question needs to be addressed in future studies.  

 Transcriptome analyses provide insights into the global gene expression changes 

mediated by Mbd2 KO. Although Mbd2 is generally believed to be a suppressor of gene 
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activity through recruitment of the nucleosome remodeling and deacetylase (NuRD) 

complex and histone deacetylase to methylated promoters (Zhang et al., 1999) and a 

previous study in an isogenic model of breast cancer transformation showed that the 

majority of genes whose expression changes following Mbd2 knockdown are upregulated 

(Devailly et al., 2015), we show here that the majority of genes are silenced rather than 

activated by Mbd2 depletion. Many of these genes play an active role in cancer growth and 

metastasis. Thus, Mbd2 serves as an activator of several cancer genes in our model. 

However, although the silencing activity of Mbd2 has been emphasized in past studies, 

several studies have shown that Mbd2 is involved in gene activation as well. For example, 

Baubec et al., show that Mbd2 plays a bimodal role in embryonal stem cells and that Mbd2 

binds to methylated regions in the genome which are enriched with repressive marks as 

well as to active unmethylated regulatory regions that are enriched with DNAse 

hypersensitive sites and activating chromatin marks (Baubec et al., 2013). Several studies 

have shown that Mbd2 activates promoters and induces hypomethylation (Alvarado et al., 

2013; Angrisano et al., 2006; Detich et al., 2002; Ego et al., 2005; Fujita et al., 2003; 

Shukeir et al., 2006; Stefanska et al., 2013;  Wang et al., 2013a; Weaver et al., 2014). 

Relevant to our studies, we have previously shown that depletion of Mbd2 leads to 

silencing and hypermethylation of prometastatic genes in breast cancer cells (Cheishvili et 

al., 2014a; Pakneshan et al., 2004). Mbd2 is most probably targeted by different factors to 

either activate or silence gene expression. It was proposed that the NuRD complex targets 

Mbd2 to active unmethylated regions in embryonal stem cells (Baubec et al., 2013). 

Stefanska et al. has shown that Mbd2 activates and triggers hypomethylation of cancer-
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promoting genes in liver cancer (Stefanska et al., 2011) and that the transcription factor 

CCAAT/enhancer-binding protein alpha (CEBPA) recruits Mbd2 to its targets to trigger 

transcription onset (Stefanska et al., 2013). Mbd2 is recruited to the Foxp3 gene in 

regulatory T cells, which results in loss of methylation possibly through the recruitment of 

Tet2 (Wang et al., 2013a). Thus, our data is consistent with previous data suggesting that 

Mbd2 plays a role in the activation of several cancer-related gene pathways, most probably 

through recruitment to specific genomic regions by transcription factors that are activated 

by triggers of cancer such as PyMT. Further studies are required to test this hypothesis. 

Our transcriptome analysis supports a bimodal role for Mbd2 in breast cancer, both 

activating genes that promote and silencing genes that suppress cancer. Importantly, our 

RNA-Seq results indicated that several key EMT pathway-related gene signatures 

encoding for mesenchymal markers like N-Cadherin, Osteopontin were significantly 

downregulated by Mbd2. EMT is a highly dynamic biologic process that directs the 

epithelial cells within a particular tissue to go through multiple biochemical changes 

rendering their transformation to more invasive mesenchymal cells (Roche, 2018). 

Therefore, a decrease in the expression of the mesenchymal marker reduces the metastatic 

spread of primary tumors. Proteomic analysis of the lysates obtained from wildtype and 

Mbd2 KO tumors further indicated and confirmed that the top pathways enriched by the 

differentially downregulated proteins in Mbd2 KO tumors are Osteopontin, N-cadherin and 

TGFR mediated signaling events- all of which involved in EMT (Figure 3J).  

 It is estimated that around 75% of the human genome can undergo active 

transcription; however, only 2% transcripts can be further translated into proteins (Djebali 
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et al., 2012; Zhang et al., 2019). This implies that a huge portion of the transcriptome does 

not have any known coding potential but undergo pervasive transcription (Birney et al., 

2007), and many of these non-coding RNAs play an important role in gene regulation and 

disease pathology (Zhang et al., 2019). Such pervasive transcription is also observed in 

other mammals, including mouse (Clark et al., 2011). Among the various types of non-

coding RNAs, the lncRNAs have gained much attention in the past few years. When we 

analyzed the differentially expressed lncRNA in Mbd2 depleted PyMT tumors, we found 

that the expression of 60 lncRNAs are significantly altered. We found that Pvt1, an 

evolutionarily conserved lncRNA with well-established oncogenic function (Onagoruwa 

et al., 2020), is downregulated in the PyMT;Mbd2-/- tumors (Figure 3B). The Pvt1 and Myc 

genes are adjacently localized in the mouse (chromosome 15) and human (chromosome 8) 

genomes and are frequently seen to be overexpressed together in many cancer-types 

(Onagoruwa et al., 2020). It has been shown that Pvt1 provides stability to Myc protein 

from undergoing proteasomal degradation through the blockade of GSK3-β mediated Myc 

phosphorylation at Thr-58 residue (Tseng et al., 2014). Moreover, the PVT1 promoter 

contains two E-box regions where Myc can bind and subsequently promote PVT1 

transcription (Onagoruwa et al., 2020).  This positive feedback loop between Myc and Pvt1 

expression synergizes to promote tumorigenesis (Jin et al., 2019), all of which are reversed 

in transgenic MMTV-PyMT mice upon the depletion of Mbd2. Since there is a high degree 

of conservation in the synteny between coding and non-coding genes across species 

(Ulitsky et al., 2011), we speculate a similar regulation in the human counterpart.  
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   It has been shown that the depletion of Xist lncRNA promotes EMT through the 

downregulation of E-cadherin and upregulation of Vimentin in breast cancer (Xing et al., 

2018). Our data shows that Mbd2 depletion upregulates Xist expression with the 

downregulation of Vimentin (from proteomics analyses), which might contribute to the 

reversal of the mesenchymal state. Taken together, the results from the proteomics and 

transcriptomics studies showed congruence with the anti-tumorigenic and anti-metastatic 

phenotype mediated by the Mbd2 depletion in vivo. Mbd2 coordinately activates and 

suppresses gene expression leading to tumor growth and metastasis. Although the PyMT 

model used in this study share similar molecular signatures found in the human luminal B 

subtype of breast cancer (Fluck and Schaffhausen, 2009), the broader incidence of elevated 

Mbd2 expression in the publicly available human breast tumor dataset (Figure 1A) indicate 

a similar regulation by the Mbd2 protein in the case of other breast cancer subtypes as well.  

 Our data show that Mbd2 bimodally regulates a broad panel of tumor-suppressing 

genes that block cancer and activating genes that promote tumor growth and metastasis, 

positioning it as a candidate target for breast cancer therapeutics. To assess the feasibility 

of using a therapeutic agent targeting the Mbd2 pathway, we used a small molecule 

inhibitor called KCC-07 and found a significant decrease in breast tumor cell growth in 

vitro and in vivo. The dose and bioavailability of the KCC-07 have been previously 

established in the case of highly aggressive medulloblastoma tumors (Zhu et al., 2018), 

and our data in breast tumors further confirm the anti-cancer potential of the drug. During 

this study, another group reported the discovery of two lead compounds targeting MBD2 

to reduce metastasis in vivo (Kim et al., 2019), which further confirms that Mbd2 is a 
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druggable target. However, further research is warranted to compare the anti-breast cancer 

therapeutic activity of different Mbd2 inhibitors in preclinical and clinical settings as well 

as long term adverse effects. 

 To our knowledge, this is the first report describing the multifaceted function of an 

epigenetic reader during mammary tumor progression and metastasis. Since Mbd2 depleted 

animals are viable and fecund, it would be similarly interesting to test whether targeting 

Mbd2 and/or its methylated DNA binding ability would produce a similar anti-cancer 

effect in patients with breast cancer to reduce cancer-associated morbidity and mortality. 

It will also open a novel avenue for the use of targeted epigenetic therapies against 

methylation abnormalities in cancer as single-agent monotherapy or in combination with 

standard of care treatment regimens. 

 

 

Materials and Methods 

Mouse strains and genotyping 

 The embryo straws for the Mbd2 heterozygous KO mice (Mbd2+/-) in the C57BL/6 

background were a kind gift by Dr. Brian Hendrich (Department of Biochemistry, 

University of Cambridge). The embryos were first recovered from the straws at the 

Transgenic Core Facility, Rosalind and Morris Goodman Cancer Research Centre, McGill 

University, and then they were implanted into two female foster mice to generate the 

heterozygous KOs (Mbd2+/-). Afterwards, the animals were bred and maintained at the 

Animal Resource Division of the Research Institute of the McGill University Health 
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Center. The breeder pair of male heterozygous MMTV-PyMT (in C57BL/6 background) 

carrying a single copy of the PyMT transgene and noncarrier wildtype C57BL/6 female 

were purchased from The Jackson Laboratory (Bar Harbor, ME, USA) and they were 

crossed to generate MMTV-PyMT (also denoted as PyMT) mice that are wildtype for the 

Mbd2 gene. The male PyMT mice were then crossed with female Mbd2+/- mice to generate 

the PyMT;Mbd2+/- (heterozygous KO for Mbd2) littermates. Next, male PyMT;Mbd2+/- and 

female Mbd2+/- mice were crossed to generate female PyMT;Mbd2+/+, PyMT;Mbd2+/-, and 

PyMT;Mbd2-/- (homozygous KO for Mbd2) for assessing tumors. All animals were 

heterozygous for the PyMT transgene. 

 For genotyping, DNA was extracted from the tails snips obtained from the mice 

followed by polymerase chain reaction (PCR) using primers for the detection of specific 

alleles. The PyMT allele was detected using the following primers: 

GGAAGCAAGTACTTCACAAGGG (forward) and GGAAGTCACTAGGAGCAGGG 

(reverse). The Mbd2 mice were genotyped using a combination of three primers: 

TTGTGAGCTGTTGGCATTGT, GTCAACAGCATTTCCCAGGT, and 

TGTCCTCCAGTCTCCTCCAC. The wildtype Mbd2 mice showed a single band with a 

size of 377 bp; the homozygous KOs amplified a single 250 bp product while the 

heterozygous showed bands for both 377 and 250 bp products when the PCR amplified 

products were run on an agarose gel.  

 Once the animals start to develop palpable mammary tumors spontaneously, the 

size of the tumors were measured at weekly intervals using a Vernier caliper and the tumor 
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volume was calculated by the following formula: V= (length × Width2)/2, as described by 

us before (Mahmood et al., 2020a).  

 

Cell culture  

 For PyMT-R221A and E0771 cells, Dulbecco’s modified Eagle’s medium 

(DMEM) (Wisent, Saint-Jean-Baptiste QC, Canada; Cat# 319-015-CL) complemented 

with 10% fetal bovine serum (FBS) (Wisent; Cat# 085450), and antibiotic-antimycotic 

solution (Wisent; Cat#450-115-EL) was used as the growth medium. For Hs578T, the 

conditions were the same as the other two cell lines, except an additional 1.25 mg/mL 

insulin was supplemented to the cell culture medium. 

 

Cell proliferation and colony assay 

 PyMT-R221A, E0771, and Hs578T cells were treated with different doses of KCC-

07, and the number of cells was counted 1, 2, and 3 days post-treatment using a Coulter 

counter (Model ZF; Coulter Electronics, Hertfordshire, UK). 

           For colony assay, cells were treated for three days with either vehicle (DMSO as 

control) or 10µM KCC-07 for three days, trypsinized, and 5x103 cells were plated onto six-

well plates. Replenishment of the media was done every 2-3 days, and after 14 days from 

the time of plating, the cells were fixed, stained with 0.5% crystal violet, and colonies were 

counted directly under the microscope, as described before (Mahmood et al., 2020b). 
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RNA extraction and quantitative polymerase chain reaction (qPCR)  

 RNA extraction was done from frozen tissues and cell lines. The processing of 

frozen primary tumors and lung tissues had an extra step where they were first 

homogenized under cryogenic conditions using pre-chilled mortar and pestle before RNA 

isolation. Total RNA was extracted using the AllPrep DNA/RNA Mini Kit (Cat# 80204, 

Qiagen, Hilden, Germany). The RNA concentration was measured using BioDrop, and 2 

µg of total RNA from each sample was used for reverse transcription-polymerase chain 

reaction (RT-PCR) with random hexamer primers (Invitrogen, Waltham, MA, USA; 

Cat#58875). SYBR® Green (Applied Biosystems, Cat#A25742) based quantitative PCR 

(qPCR) assay was performed using an ABI StepOnePlus™ (Applied Biosystems) machine. 

The changes in gene expression between the control and different treatment groups were 

determined using the 2-ΔΔCT method as described by Livak and Schmittgen (Livak and 

Schmittgen, 2001). 

 

RNA-Seq and analysis pipeline 

 RNA extracted from the mammary tumors of PyMT;Mbd2+/+ and PyMT;Mbd2-/- 

animals were subjected to RNA-Sequencing (n=3/group). First, the integrity of the RNA 

was checked and confirmed with an Agilent 2100 Bioanalyzer, and then ribosomal RNA 

was removed from the samples by the Ribo-Zero kit (Illumina, San Diego, CA, United 

States). The sequencing library was prepared following the standard protocol for TruSeq 

Stranded Total RNA Sample Prep Kit (Illumina), and paired-ended [2x150 bp] sequencing 

was performed on NovaSeq 6000 sequencing system (Illumina). Once the sequencing run 
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was completed, the adaptor sequences, low quality and undetermined bases were removed, 

and the quality of the reads was verified by FastQC 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). The de-multiplexed reads 

were then mapped to the reference genome of Mus musculus (Version: v90) using Bowtie2 

(Langmead and Salzberg, 2012) and HISAT2 (Kim et al., 2015) aligners. Assembly of the 

mapped sequencing reads, and differential expression of the transcripts were estimated 

using StringTie (Pertea et al., 2015) and edgeR (Robinson et al., 2010). The known long 

non-coding RNAs (lncRNA) were identified based on sequence similarities. To identify 

the novel lncRNAs, we first filtered out the transcripts having an overlap with known 

mRNAs, known lncRNAs, and transcripts shorter than 200 bp. Then Coding Potential 

Calculator (CPC) (Kong et al., 2007) and Coding-Non-Coding-Index (CNCI) (Sun et al., 

2013) tools were used for predicting the transcripts having coding potential. The transcripts 

having CPC score <-1 and CNCI score <0 were then filtered out, and the remaining 

transcripts were considered as novel lncRNAs. The known and novel lncRNAs were then 

combined together and used for downstream analyses. For both mRNAs and lncRNAs, the 

transcripts passing the following two criteria: (1) log2 (fold change) greater than 1 or log2 

(fold change) less than -1, and (2) P-value < 0.05 (parametric F-test comparing nested 

linear models) were considered as differentially expressed. Pathway analyses were 

performed by using ConsensusPathDB (Kamburov et al., 2013).  

 

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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Immunoblotting 

 Immunoblotting was performed from snap-frozen mouse primary tumor tissues and 

cell lines. Like the RNA extraction procedure, frozen tumors' processing had an extra 

homogenization step under cryogenic conditions. We used a radioimmunoprecipitation 

assay (RIPA) buffer supplemented with a mixture of appropriate protease and phosphatase 

inhibitors to prepare cell lysates. Following quantification, an equal amount of proteins 

was electrophoresed on 8 to 15% sodium dodecyl sulfate-polyacrylamide gels prepared in-

house and transferred to polyvinylidene difluoride (PVDF) (Bio-Rad, Hercules, CA, USA; 

Cat# 1620177) membrane at 4°C. The membrane was soaked into 5% milk in Tris-buffered 

saline (TBS) to block non-specific antibody binding. Then appropriate primary and 

secondary antibodies were used, and an enhanced chemiluminescence detection kit 

(Amersham, GE Healthcare Life Sciences, Cat# RPN2232) was used for the visualization 

of different proteins by a ChemiDoc MP Imaging System (Bio-Rad Laboratories, Inc., 

Hercules, CA, United States). 

 

Proteomics analyses of the tumor samples 

 Cell lysates obtained from the homogenized mammary tumors of PyMT;Mbd2+/+ 

and PyMT;Mbd2-/- animals were subjected to proteomic profiling using an Ultra 

performance liquid chromatography-tandem mass spectrometer (uHPLC/MS-MS) at the 

RI-MUHC proteomics core (n=3/group). For the identification of peptides and proteins, 

Scaffold (version 4.9) was used (Searle, 2010). The cut-off probability for peptide 

identification was set at 90% minimum. For the identification of proteins, the threshold 
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was set at 95.0% minimum and at least two peptides minimum. For identification of protein 

with differential abundance in the two groups, a P-value cut-off of less than or equal to 

0.05 was considered statistically significant. 

 

Lung isolation and analyses of metastasis 

 For the analyses of metastasis, whole lung tissues were first collected at the time of 

sacrifice, fixed in formalin for 3-4 days at room temperature, and then stored in 70% 

ethanol at 4 °C until they were embedded in paraffin. The deparaffinized lung tissue slides 

were then stained with H&E and scanned using Leica Aperio AT Turbo digital pathology 

scanner (Leica Microsystems, Wetzlar, Germany) at the RI-MUHC Histopathology 

platform. 

 

Ki67 staining 

 The formalin-fixed mammary tumor tissues were stained with a monoclonal 

antibody against Ki67 (Dako, Cat# M7240), and the number of ki67 positive cells was 

determined from the photomicrographs of five randomly selected fields for each sample by 

‘ImmunoRatio’ (Tuominen et al., 2010).  

 

Mammary fat pad implantation of tumor cells 

 For this experiment, 5x105 PyMT-R221A cells were implanted into the fourth 

mammary fat pad of 6-8-week-old female syngeneic FVB mice. Three days post-

implantation, the animals were randomized and treated with either vehicle (DMSO) or 
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100.0 mg/kg of KCC-07 via intraperitoneal injection (i.p.) 3 days/week for 3 weeks. The 

doses used for KCC-07 were the same as previously described (Zhu et al., 2018). The tumor 

volumes were measured at weekly intervals from week one until sacrifice on week 3 post-

tumor cell implantation.  

 

Statistical analyses 

 Results in different graphical representations are shown as the mean ± standard 

error of the mean (SEM) unless mentioned otherwise. Depending on the number of groups 

during analyses, a student’s t-test or ANOVA was done to measure statistical 

significance. A P-value of less than or equal to 0.05 was considered statistical significance. 
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Figure 1: MBD2 is upregulated in breast tumors, and knockout of the Mbd2 gene 

affects tumor and progression in transgenic PyMT mice. 

(A) MBD2 protein levels in normal subjects and different subtypes of breast cancer 

according to the CPTAC database. (B) Immunoblot of the mouse Mbd2 protein from 

lysates obtained from the mammary fat pad of 11-week-old female C57BL/6 (lane 1) and 

PyMT mice (lane 2), and mammary tumors 20-week-old PyMT mice (lane 3). GAPDH 

was used as a loading control. The right panel shows normalized densitometric 

quantification of the total Mbd2 signals (n=3 animals/group). (C) Schematic representation 

of the endpoints of this study. (D) A Kaplan-Meier curve showing tumor emergence in the 

three groups. (E) Tumor volumes were measured at weekly intervals until sacrifice (n=15 
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animals/group). (F) Violin plot showing the distribution of tumor weight in each group 

measured at week 20. At least eight animals in each group were sacrificed at this point in 

addition to the ones that researched to a level requiring humane sacrifice. The rest of the 

animals were used for Kaplan-Meier survival analysis in (G) until they required humane 

sacrifice. (H) Immunohistochemical staining of the primary tumors from each group of 

animals with an antibody against Ki67 proliferation marker (left panel). The percentage of 

Ki67 positive tumor cells was determined from five high-power fields for each sample and 

plotted as a bar graph in the right panel (n=3 animals/group). (I) qPCR of several known 

cancer-related genes using RNA extracted from primary tumors (n=3 animals/group). (J) 

H&E staining of formalin-fixed lung tissues obtained at experimental endpoint at week 20. 

The number of micrometastases were counted and plotted as a bar graph (n=6 

animals/group). Results are represented as the mean ± SEM, and statistically significant 

differences were determined using ANOVA followed by post hoc Tukey’s test. P < 0.05. 
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(A) Immunoblots from whole tumor lysates obtained from four distinct animals/group 

(upper panel). Densitometric quantification of the bands for each protein was determined 

and plotted as mean ± SEM (n=4 tumors/group) (lower panel). (B) Schematic diagram of 

PyMT-mediated oncogenic signaling pathways downregulated by Mbd2 depletion.  (C) 

qPCR of several NF-κB regulated genes (n=3/group). Statistical significance was 

determined using the student’s t-test. *P < 0.05.  
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Figure 2: Mbd2 depletion interferes with the PyMT-dependent activation of the 

PI3K/Akt/NF-κB axis. 
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Figure 3: Transcriptomic and proteomic analyses of wildtype and Mbd2 KO tumors. 

(A) RNA extracted from mammary tumors of control and knockout mouse were subjected 

to RNA-Sequencing (n=3 samples/group). A volcano plot showing the DEGs (332 

-10 -5 0 5 10

0

2

4

6

Log2(FoldChange)

-L
o

g
1

0
(p

-v
a

lu
e

)

Mbd2 KO vs WT

Mmp2

Cdh2

Spp1

Sparc

Cxcl12

Muc4

Mmp3

Gsn

Esr1

Cav1

Postn

Foxq1

Fgf2

Ccr2

Bdnf

Serpinf1

Efemp1

Cd36

Adipoq

Stc2

Axin2

Acta2

Mdk

Cxcl14

Tnxb

Sftpc

S100a8

Ptn

Gipc2

Ntrk3

Dkk3

Cspg4

Vcan

Ccr5

Fstl1

35 EMT genes

WT

Homo KO

Groups
Z-score

-2    0     2 

A B C

D

Top signaling pathways enriched by the DEGs 

0 2 4 6 8

Alpha4 beta1 integrin signaling events

PTR of adherens junction stability & dissassembly

Syndecan-4-mediated signaling events

Endogenous TLR signaling

Beta1 integrin cell surface interactions

E F

Normal
(n=114)

Tumor
(n=1097)

S
P

A
R

C
E

xp
re

s
s
io

n
 

1000

0

-1000

2000

*

3000

4000

5000

S
P

P
1

E
xp

re
s
s
io

n

200

0

-200

*

Normal
(n=114)

Tumor
(n=1097)

400

600

800

1000

C
D

H
2

E
xp

re
s
s
io

n

-2

*

Normal
(n=114)

Tumor
(n=1097)

0

2

4

6

8

DNA strand 

elongation

Metabolism of 

RNA

Telomerase RNA 

localization

Cytoplasmic 

translational 

initiation

Cellular amino 

acid metabolic 

process

G

0 1 2 3 4 5

ERBB1 receptor proximal pathway

TGFBR pathway

Aurora B signaling

N-cadherin signaling events

Osteopontin-mediated events

-Log10(p-value)

Top pathways mediated by downregulated proteins
J

H

K

Z-score

-3.385
2.668

2.143

-2.740
-2.135
-2.635
-2.558

-3.768
-2.557
-2.057

Molecule type

Cytokine
Other

Transcription regulator
Transcription regulator
Transcription regulator
Transcription regulator

Chemical drug
Chemical drug
Growth Factor

Chemical

Inhibited
Activated

-30 -20 -10 0

Β-estradiol
TGFB1

Lipopolysaccharide
Mifepristone

SRF
CTNNB1

JUN
MEF2C

SMTNL1
IL1B

-Log10(p-value)

Upstream regulator

Sparc Spp1 Cdh2

0.0

0.5

1.0

1.5

2.0

G
e
n
e
 e

x
p
re

s
s
io

n

(R
e
la

ti
v
e
 f
o
ld

 c
h
a
n
g
e
) * * *

WT Mbd2 KO

I

WT Mbd2 KO

2016 15857

1149 35 297

EMT genes

from public database

Genes downregulated 

in Mbd2-/-

N-cad

55 kD

OPN

#1  #2   #3   #4   #1   #2   #3   #4

WT Mbd2 KO

24 kD

130 kD

43 kD β-actin

0.0 0.5 1.0 1.5

N-cad/-Actin

OPN/-Actin

Relative expression in Mbd2 KO
(Normalized to wildtype)

*

*



 

293 

 

downregulated and 121 upregulated) in the Mbd2 KO vs. wildtype groups. (B) Pathway 

enrichment analysis (PID database) of the DEGs in Mbd2 KO tumors. (C) Venn diagram 

of the 332 downregulated genes in Mbd2 KO tumors with the complete repertoire of genes 

from the epithelial–mesenchymal transition (EMT) database showed an overlap of 35 

genes that are presented in the heatmap in (D). (E) qPCR validation of the selected EMT-

related genes (Sparc, Spp1, Cdh2) obtained from RNA-Seq was done using tumoral RNA 

from at least three animals/group. (F) The gene expression pattern of the human orthologs 

of the qPCR validated genes in normal and breast tumors according to the TCGA database. 

(G) Top ten upstream regulators of the DEGs obtained from RNA-Seq as predicted by IPA 

upstream regulator analyses tool. (H) Venn diagram of the common and unique protein 

hits in wildtype and Mbd2 KO animals according to the proteomics analyses. (I) Protein-

protein interaction network of the obtained hits from wildtype and Mbd2 KO animals. (J) 

Pathway enrichment analysis (PID database) of the significantly downregulated proteins 

in Mbd2 KO tumors. (K) Analysis of Osteopontin and N-Cadherin proteins in the 

immunoblots of whole tumor lysates. The right panel shows the densitometric 

quantification of the immunoblots plotted as mean ± SEM (n=4 tumors/group). Statistical 

significance was determined using the student’s t-test. *P < 0.05. 
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(A) Heatmap of differentially expressed lncRNAs in Mbd2 KO tumors with known 

biological function(s) or known human orthologs in the TCGA breast cancer patient 

dataset. (B) qPCR validation of the selected lncRNAs (Xist, Cct6a, Pvt1) obtained from 

RNA-Seq was done using tumoral RNA from at least three animals/group. (C) The gene 

expression pattern of the human orthologs of the qPCR validated genes in normal and 

breast tumors according to the TCGA database. (D) Pearson correlation between human 

PVT1 and MYC genes using data obtained from 4307 patients in TCGA, GSE81538, and 

GSE96058. (E) Schematic of the chromosomal location of Myc and Pvt1 genes revealing 

proximity of the genes on the mouse genome (not drawn to scale). (F-G) RNA and protein 

levels of Myc is significantly altered in Mbd2 KO tumors relative to wildtype counterparts. 

Results are shown as mean ± SEM (n=3 tumors/group). Statistical significance was 

determined using the student’s t-test. *P < 0.05. 
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Figure 4: Analyses of differentially expressed lncRNAs in Mbd2 KO tumors. 
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Figure 5: Effect of pharmacological inhibition of Mbd2 pathway using a small 

molecule inhibitor KCC07. 

(A) Mouse PyMT-R221A, E0771, and human Hs578T breast cancer cells were treated with 

different doses of MBD2 pathway inhibitor (KCC07) for three days, and cell number of 

determined by a Coulter Counter (n=3). (B) The number of colonies in vehicle-treated 

control and 10.0 μM KCC07 cells were counted under a microscope and represented as 

survival fraction (n=3). (C) Schematic representation of treatment protocol in PyMT-

R221A syngeneic mice. Three days post-implantation of the PyMT-R221A cells via the 

orthotopic route, the animals were randomized, and intraperitoneal injection with either 

DMSO-vehicle or 100mg/kg/ mice KCC-07 was administered three times per week until 

sacrifice. (D) Tumor volume was measured at weekly intervals and plotted as mean ± SEM 

(n=7 animals/group). Statistical significance was determined using the student’s t-test. *P 

< 0.05. 
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Supplementals for Chapter 5 

Supplementary Figure S1: Transcriptomic and proteomic analyses. IPA predicted (A) 

Top ten ‘molecular and cellular functions’ and (B) top five ‘diseases and disorders’ altered 

by the DEGs in Mbd2 KO tumors. (C) qPCR validation of the selected tumor suppressor 

genes (Brca1, Dusp5) obtained from RNA-Seq. (D) ChEA predicted upstream 

transcription factors for the DEGs identified in Mbd2 KO tumors. (E) Venn diagram 

showing the overlap of 10 genes between RNA-Seq and proteomics analyses. (F) Heatmap 

showing the overlapped genes showed concordant downregulation. 
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Supplementary Figure S2: Mbd2 regulated lncRNAs. (A) Heatmap of the 60 

differentially regulated lncRNAs in Mbd2 KO tumors. (B) Gene ontology (GO) enrichment 

analyses using the list of differentially regulated lncRNAs. 
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Supplementary Table S1: Biochemical analyses of the serum from DMSO and KCC-07 

treated animals (n=3/group). 

 

 

 

*ALT: Alanine aminotransferase; AST: Aspartate aminotransferase; CK: Creatinine kinase 

 

  

Parameter 
Reference 

Value 

DMSO-

treated mice 

KCC-treated 

mice 
P-value 

Total protein (g/L) 36-66 43 ± 0.47 41.33 ± 0.72 0.19 

Albumin (g/L) 25-48 22.33 ± 0.27 21.33 ± 0.27 0.1 

Albumin/Globulin ratio   1.1 ± 0 1.03 ± 0.02 0.12 

Glucose (mmol/L) 5.0-10.7 17.47 ± 0.98 15.93 ± 0.62 0.34 

BUN Urea (mmol/L) 6.4-10.4 8.0 ± 0.26 9.33 ± 0.83 0.28 

Total Bilirubin (µmol/L)  2-15 5.37 ± 0.14  4.83 ± 0.35 0.31 

ALT (U/L) 28-132 27.7 ± 0.17 21.70 ± 0.27 0.003 

AST (U/L) 59-247 107 ± 3.68 97.67 ± 3.06 0.19 

CK (U/L) 68-1070 318 ± 87.58 222.33 ± 16.13 0.43 

Cholesterol (mmol/L) 0.93-2.48 2.88 ± 0.12 2.7 ± 0.09 0.39 

Sodium (mmol/L) 124-174 140.67 ± 0.27 142 ± 0.47 0.12 

Potassium (mmol/L) 4.6-8.0 4.06 ± 0.07 4.26 ± 0.07 0.18 

Chloride (mmol/L) 92-120 111 ± 0.82 112 ± 0 0.37 

Calcium (mmol/L) 1.47-2.35 2.28 ± 0.00 2.27 ± 0.01 0.6 

Phosphorus (mmol/L) 1.97-3.26 1.74 ± 0.01 1.91 ± 0.23 0.61 

Magnesium (mmol/L) 0.33-1.60 1.15 ± 0.01 1.19 ± 0.05 0.59 
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Chapter Six: General discussion, conclusion, and future direction 
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 Abnormal DNA methylation is the first described epigenetic alteration in cancer 

(Feinberg and Vogelstein, 1983). Due to the technological constraints, the earlier studies 

mainly focused on site-specific methylation changes near the gene promoters. It was shown 

that the promoters of several known tumor suppressor genes are hypermethylated in cancer, 

resulting in their transcriptional repression (Esteller et al., 1999; Yoshiura et al., 1995).  

Using gene-knockout based studies, it was shown that genetic depletion of the DNA 

methylation writer (DNMT) protects animals from developing tumors (Laird et al., 1995). 

As a result, the research paradigm in epigenetic-based therapies mainly focused on 

targeting DNA hypermethylation in the 1990s and early 2000s (MacLeod and Szyf, 1995; 

Miki et al., 2001; Ramchandani et al., 1997), and two DNMT inhibitors targeting 

hypermethylation are already approved for the treatment of several hematological cancers.  

 Our lab has previously shown that the DNMT inhibitors also induce the expression 

of prometastatic genes along with the tumor suppressor genes (Ateeq et al., 2008). This 

may lead to the increased ability of the tumor cells to metastasize to distant organs, which 

is the most morbid aspect of cancer. Recent advances in high-throughput sequencing 

technologies revealed that both hypermethylation and hypomethylation mediated 

epigenetic abnormalities are present in cancer (Cheishvili et al., 2015). Therefore, targeting 

one arm of the methylation abnormality is not always sufficient to achieve a potent anti-

tumor response. Moreover, the patterns of methylation abnormalities are cancer subtype 

dependent. For example, an integrative analysis of DNA methylation and gene expression 

in the TCGA breast cancer dataset revealed that the group with most hypomethylation 

overlapped with the highly aggressive basal-like TNBC gene expression patterns 
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(Network, 2012). Therefore, a rational strategy is needed to target the methylation 

abnormalities in cancer to achieve and maintain a balance between DNA hyper- and 

hypomethylation.  

 This thesis was aimed at examining the effectiveness of different types of anti-

cancer agents targeting the methylome. In line with that, we first tested the preclinical 

therapeutic potential of SAM in reversing the hypomethylated state in TNBCs using well-

established in vitro and in vivo models. Results from these studies provided the first-ever 

evidence for the potential anti-cancer effects of SAM in reducing breast tumor growth and 

metastasis in vivo.  

 We also assessed the global gene expression changes of the MDA-MB-231 

transcriptome upon SAM-treatment by Affymetrix microarray (Chapter 2) and RNA-Seq 

(Chapter 3). Regardless of the platform used for analyses, we have consistently found a 

significant repression of genes involved in metastasis, angiogenesis, and EMT in the SAM-

treated group. Several crucial prometastatic genes that are always downregulated upon 

SAM treatment include uPA, MUC1, SOX4, etc. More importantly, SAM treatment did not 

downregulate the expression of known tumor suppressor genes. We found that several 

tumor suppressor genes like DUSP1, TFPI2, SERPINB2 (encoding for PAI-2) were 

upregulated upon SAM-treatment. Since PAI-2 is a known inhibitor of uPA (Thorsen et 

al., 1988), these results further confirmed our previous observation that the anti-cancer 

effects of SAM are mediated through the modulation of the uPA-uPAR axis which could 

be potentially used as response-predicting biomarkers in future clinical trials. 



 

302 

 

 The RNA-Seq experiments related to the administration of SAM (Chapters 3 and 

4) were done using an average sequencing depth of 20 million reads per sample with read 

lengths of 43bps (paired-end), which is enough for differential gene expression calling but 

not enough to analyze the differential alternative splicing (AS) events that are seen in many 

types of cancer including breast tumors. Since the cost of sequencing is plummeting with 

time and more powerful algorithms to precisely analyze the AS events are becoming 

available, future RNA-Seq experiments with read lengths greater than 100 bp and 

sequencing depth beyond 50 million reads per sample would provide a more detailed 

picture of the splicing changes mediated by SAM.  

 To analyze the methylation changes induced by SAM-treatment, we performed 

both site-specific and genome-wide methylation assays. Our results demonstrated that 

SAM-treatment indeed caused more hypermethylation near the gene promoters (Figure 6, 

Chapter 3). Intriguingly, SAM also caused hypomethylation near the promoters of many 

genes. Similar bidirectional methylation changes were seen in the genome-wide 

methylation studies done in control and SAM-treated liver cancer cells (Wang et al., 2017). 

One possible explanation behind such observation might be an indirect effect of SAM, 

where it modulates the expression of downstream gene(s) involved in hypomethylation. 

However, further studies are warranted to understand how a methylating agent like SAM 

also causes hypomethylation. 

 Pathway enrichment analyses of the genes with differentially methylated CGs upon 

SAM-treatment revealed their involvement in negative regulation of cell proliferation and 

differentiation, regulation of cell adhesion etc. (Figure 6, Chapter 3). We also found that 
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SAM-mediated DNA methylation changes are not always congruent with the gene 

expression changes, as demonstrated by the pyrosequencing and qPCR experiments in 

Chapter 2. There are several possible explanations behind this observation. SAM is a 

pleiotropic agent that can also act as a methyl donor for other biological substrates than 

DNA. It is known that SAM can also methylate RNA, protein, and lipids (Chiang et al., 

1996). SAM is the methyl donor for histone methyltransferases and thereby affects the 

methylation status of histone proteins (Serefidou et al., 2019). These methylated histones 

are then recognized by the chromatin readers and thereby attract the recruitment of other 

factors of the chromatin remodeling complex to cause transcriptional activation or 

repression of genes in a context-dependent manner. Whether the chromatin would be 

accessible or repressed depends on the sites and degrees of histone methylation (Greer and 

Shi, 2012). Therefore, in-depth studies are needed in future to decipher the role of SAM on 

the methylation of the known active and repressive histone marks in the context of breast 

tumors. In addition, genome-wide changes in chromatin accessibilities need to be measured 

by Assay for Transposase-Accessible Chromatin using sequencing (ATAC-Seq). This will 

help to explain, in part, the transcriptomic changes seen upon SAM-treatment. 

Alternatively, SAM may also change the RNA methylation landscape of breast tumors. 

Emerging evidence indicates the involvement of RNA methylation, particularly at N6-

methyladenosine (m6A), during tumor progression and metastasis (Chen et al., 2019). 

Therefore, it will be equally interesting to check the effects of SAM on RNA methylation 

writers, readers, and eraser proteins and integrate those observations with the 

transcriptomic changes induced upon SAM-treatment. Another important aspect that is still 
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not fully explored is the role of SAM on the metabolome. Recent evidence suggests that 

there is a crosstalk between the epigenetic and metabolomic processes that drives multiple 

steps of tumor progression and metastasis (Wong et al., 2017). Since SAM itself is a 

product of one-carbon metabolism and have distinct epigenetic functions, it will be 

interesting to assess the metabolomic changes in breast tumors upon SAM-treatment in the 

future. 

  One of the major advantages of using SAM as an anti-cancer agent is its long safety 

records when used in humans for depression and other disorders. More than 100 clinical 

trials have already been conducted using SAM for indications other than cancer (Sharma 

et al., 2017). At present, at least two clinical trials intended to test the anti-cancer 

therapeutic potential of SAM against liver cancer are at the initial stages of patient 

recruitment. Based on the promising anti-cancer effects of SAM in preclinical settings, as 

shown in Chapter 2, our group is currently assessing the feasibility and logistics of testing 

the efficacy of SAM administration for patients with breast cancer in phase 1 clinical trials.   

 Since there are intratumor and intertumor heterogeneity in breast cancer cells where 

the tumor cells are at different stages of aggressiveness and show differential DNA 

methylation patterns, we next tested whether concurrent treatment with demethylating 

(Decitabine/5AzadC) and methylating (SAM) agents would suppress breast tumor growth 

and metastasis in vivo (Chapter 3). Our results show that the SAM+5AzazdC combination 

treatment enhanced the anti-cancer effect in reducing breast tumor growth and lung 

metastasis compared to the monotherapy arms (Figure 2, Chapter 3). Furthermore, RNA-

Seq based transcriptome analyses revealed that the combinatorial treatment with SAM and 
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5AzadC does not nullify the molecular effects of each other, suggesting their potential use 

in clinical settings to target the heterogeneous population of breast tumor cells.  Taken 

together, the results from Chapter 2 and 3 demonstrated the anti-cancer therapeutic 

potential of SAM alone or in combination with an approved chemotherapeutic agent like 

5AzadC. 

 There is a growing consensus that the control of neoplastic growth should focus on 

both prevention and treatment (Noguchi et al., 1996). Approaches to prevent breast cancer 

has been attempted for decades with the earlier strategies involving prophylactic 

mastectomy for which little to no agreement exists at present (Noguchi et al., 1996). The 

advancement in our understanding of the molecular events during cancer progression paved 

the way for ‘chemoprevention’ where one or more drugs or nutraceutical agents are used 

to control or prevent the occurrence of cancer (Wattenberg, 1985). An often-desirable 

characteristic of an ideal chemopreventive agent is to show therapeutic efficacy at doses 

that elicit little or no toxicity (Steward and Brown, 2013). In line with that, we next assessed 

whether SAM alone or in combination with a known chemopreventive agent Vitamin D 

prohormone [25(OH)D] would prevent or delay the occurrence of breast tumor in 

transgenic MMTV-PyMT model (Chapter 4). Our results showed that combination 

treatment markedly delayed the appearance of palpable breast tumors, reduced tumor 

growth and lung metastasis compared to the control and monotherapy arms. Transcriptome 

analyses revealed the combination treatment significantly downregulated several key 

components of the HIF-1 signaling pathway like Egln1, Egln3, Cxcr4, Vegfa, and others. 

More importantly, the SAM+25(OH)D combination upregulated the genes from interferon-



 

306 

 

alpha/beta signaling that are crucial for mediating anti-tumor response as well as boosting 

the immune response. Emerging evidence suggests that epigenetic agents can prime the 

immune system and thereby enhance the anti-cancer therapeutic potential of immune 

checkpoint inhibitors (Dunn and Rao, 2017; Turpin and Vatner, 2019). It will be interesting 

to see if SAM alone or in combination with 25(OH)D would be able to sufficiently prime 

the immune system to maximize the effects of immune checkpoint inhibitors in reducing 

breast tumor growth and progression.  

 To gain further mechanistic insights into the SAM-mediated molecular events, we 

next aimed to target a downstream molecular effector of SAM. Our previous studies have 

demonstrated that SAM treatment inhibits DNA demethylation by increasing the DNMT 

activity and inhibiting the Mbd2 mediated demethylation (Detich et al., 2003; Pakneshan 

et al., 2004). Mbd2 is classically known to link DNA methylation to chromatin remodeling 

through the recruitment of the corepressor complex to the methylated regions of the 

genome (Le Guezennec et al., 2006). Moreover, Mbd2 has been suggested to be involved 

in promoting breast cancer growth and metastasis, however past studies were performed in 

cancer cell lines and xenografts in mice and used either antisense or siRNA knockdown 

approaches (Cheishvili et al., 2014; Mian et al., 2011). Since these methodologies are 

highly confounded, the main question that remained to be answered is whether Mbd2 plays 

a causal role in breast cancer. The previous studies could only address the role of Mbd2 

once the cancer has evolved but could not capture its role during the multistep process of 

malignant transformation and early stages of cancer. Therefore, in Chapter 5, we show that 

genetic depletion of Mbd2 in a well-established transgenic mouse model of breast cancer 
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caused a significant delay in mammary tumor emergence, reduced tumor burden and lung 

metastasis, and prolonged the survival rate. Transcriptomic and proteomic analyses of the 

primary tumors obtained from wildtype and Mbd2 depleted tumors demonstrated that 

several key molecular determinants of the EMT pathway (for example, osteopontin, N-

cadherin) were downregulated in Mbd2-/- tumors. Mbd2 depletion interfered with the PyMT 

mediated stimulation of the PI3K/Akt/NF-κB axis and thereby reduced the expression uPA, 

Mmp2, and other prometastatic genes. Moreover, administration of a small molecule 

inhibitor targeting the Mbd2 pathway significantly reduced breast tumor growth in vivo. 

These results may open new avenues for the development of targeted epigenetic therapies 

to block the aberrant expression of DNA methylation readers in breast cancer.  

 The global burden of cancer is expanding, and therefore, there is an urgent need for 

novel, cost-effective anti-cancer therapeutic strategies. In this regard, the idea of drug 

repurposing is becoming very popular in the recent times (Pushpakom et al., 2019). This 

not only reduces the time associated with the development and evaluation of new 

therapeutic agents but also allows their availability at a much-reduced cost. Our approach 

is particularly attractive as it demonstrates that a widely used nutraceutical agent SAM can 

be used alone or in combination with a clinically approved chemotherapeutic drug like 

decitabine or chemopreventive agent like Vitamin D prohormone would provide a 

sustained anti-cancer effect which can be translated in clinical settings at a much faster 

timeframe and reduced cost to reduce the morbidity and mortality associated with breast 

and other common cancers. 
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