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Abstract: 

 

Sox2, an embryonic stem cell marker, is involved in the pathogenesis of breast 

cancer (BC). Sox2 expression is associated with a poor clinical outcome in BC 

patients. Based on the differential Sox2 transcriptional activity, we have identified 

the two phenotypically distinct cell subsets, namely reporter responsive (RR) and 

reporter unresponsive (RU) cells. RR cells are more tumorigenic and stem-like 

than RU cells. The goal of this study is to understand the mechanisms of regulating 

Sox2 transcriptional activity. By using liquid chromatography–mass spectrometry 

and co-immunoprecipitation, we found that DDX17 is a Sox2 binding partner in 

ER
+
 BC cell lines. The interaction between DDX17 and Sox2 was found to be 

significantly higher in the RR cell subset than in the RU subset. DDX17 was found 

to bind to the Sox2 promoter and regulate its expression in RR cells derived from 

the MCF7 cell line. Although, the protein level of Sox2 was unaffected in RU and 

RR cell subsets. Upon siRNA knockdown of DDX17, the transcriptional activity of 

Sox2 was significantly decreased in RR cells but not in RU cells. Correlating with 

these findings, siRNA knockdown of DDX17 drastically reduced the tumorigenic 

and stem-like properties in RR cells, as observed by decreased in colony formation 

and mammosphere formation efficiency. In conclusion, DDX17 regulates Sox2 to 

maintain tumorigenic and stem-like properties. The interaction between Sox2 and 
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DDX17 provides a novel mechanism underlying the functional dichotomy of BC 

cells, which carries potential therapeutic implications. 
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Overview: 

Breast cancer (BC) constitutes one of the most common malignancies in women 

worldwide and possesses the second highest mortality rate amongst all cancers (1). 

BC occurs predominantly in women and rarely in men (2), as only 0.7% of males 

have been diagnosed with BC (3). In 2015, BC represented one of the highest 

causes of death in Canadian women, accounting for 13.6% of all cancer deaths (4). 

One in nine women is expected to develop BC through their lifetime. The 

Canadian Cancer Society estimates 25,000 new BC cases, which comprises 26% of 

all cancer cases, in Canadian women in 2015. The incidence rates of BC will 

increase from 20,110 to 31,255 cases between 2015 and 2030 (4). Compared with 

other diseases, BC has been intensively studied. The improved understanding of 

BC pathophysiology has resulted in great improvement in its diagnosis, treatment, 

and prevention. One of the most commonly studied genes, Sox2, comprises a 

transcription factor that is expressed in embryonic stem cells. Among other solid 

tumours, Sox2 is highly expressed in the early stages of BC (5). This work focuses 

the mechanisms of Sox2 activation and the way in which it contributes to the 

characteristic phenotypes of BC. 
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1.1 Molecular subtypes of BC: 

 

BC is a heterogeneous disease in its view of their differential morphological 

features, clinical outcomes, and responses to treatments (6, 7). Based on its gene 

expression, BC is classified into the molecular subtypes: estrogen receptor positive 

(ER
+
, including luminal A and luminal B), triple negative (TN, including ER

-
, PR

- 

and HER2/neu
-
) and human epidermal growth factor receptor 2 (HER2/neu

+
) (8, 

9). All of these molecular subtypes correlate with biological features and clinical 

outcomes (10).  

1.1.1 Estrogen receptor positive (ER
+
): 

 

Estrogen receptor positive contains two subtypes: luminal A and luminal B. 

Researchers distinguish between these subtypes on the basis of Ki67 expression, 

with luminal A having low Ki67 expression, and luminal B having high Ki67 

expression (11). 

1.1.1.1 Luminal A: 

 

Luminal A is the most common BC subtype. Immunohistochemical studies have 

shown that 50–60% of BC are of Luminal A (7, 12). Specifically, the luminal A 

phenotype is characterized by the expression of ER, a lack of HER2 expression, 

and a low expression of genes associated with cell proliferation, such as the Ki67 

nuclear protein (13). GATA-3 is another marker involved in breast luminal cell 

differentiation and is a marker of luminal A (14). Patients with luminal A BC have 
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a fairly high survival rate and significantly lower relapse rate as compared to 

patients with other BC subtypes (15). The treatment for patients with the luminal A 

subgroup includes surgery and hormonal therapy, such as tamoxifen (16), and 

usually does not require chemotherapy. 

1.1.1.2 Luminal B: 
 

Luminal B tumors represent 15%-20% of all BC. In addition, these tumors contain 

a more aggressive phenotype, a higher histological grade, a greater proliferative 

index (reflected by a higher Ki67 index), and a worse prognosis as compared to the 

luminal A tumors (17). One of the most relevant features of this tumor type entails 

the expressions of ER, a lack of HER2 expression and a high expression of Ki67. 

Moreover, a microarray study has examined 357 BC subtypes and utilized the 

proliferative index using the Ki67 threshold (14%), which differentiates luminal A 

(<14%) from luminal B tumors (>14%) (18). In clinical practice, Ki67 is a 

proliferation marker that is used to differentiate between both luminal subtypes 

(12). Although patients with luminal B have a worse prognosis than patients with 

luminal A (19), patients with luminal B tumors respond to neoadjuvant 

chemotherapy more successfully than those with luminal A BC (20). Moreover, the 

relapse rate is limited to the first 5 years of follow-up (21).  
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1.1.1.3 Triple negative BC: 

 

The triple-negative (TN) in subtype represents approximately 15% of all BC. This 

subtype is characterized by the absence of ER and progesterone receptor (PR) 

expression as well as the overexpression of HER2; accordingly, there is a lack of 

targeted therapy currently for this cancer subtype (22). Moreover, TNBC involves 

the worse prognosis of all the subtypes as well as high rates of relapse and death 

within the first 3–5 years after diagnosis (23, 24).  

1.1.1.4 Human epidermal growth factor receptor2 (HER2)-positive: 
 

Tumors with the HER2 molecular profile constitute between 15% and 20% of all 

BC subtypes. HER2 is a tyrosine kinase, and it is located in chromosome 17q21 

(12). These tumors contain a high expression of HER2 membrane protein, usually 

secondary to gene amplification, and a low expression of ER and PR genes (25). 

Moreover, this subtype exhibits an overexpression of genes related to cellular 

proliferation (7). Accordingly, these tumors show a high degree of proliferation, 

and 75% of them have a high histological grade (26). Although HER2 tumors have 

a poor prognosis, two forms of treatment for this subtype currently exist. 

Specifically, patients with HER2 positive and hormone receptor-positive BC 

receive anti-HER2 therapy (which is antibody that can bind the HER2 receptor and 

block its activity) combined with chemotherapy and endocrine therapy while 
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patients with only HER2 positive receive chemotherapy and anti-HER2 therapy 

(27). 

1.2 Sox2 in Embryonic Stem Cells (ESCs): 

 

Sex-determining Region Y-box (SOX) genes encode a family of highly conserved 

DNA-binding domains known as high mobility group (HMG) transcription factors, 

which fulfill critical roles in embryonic development. For example, Sox2 is 

initially expressed in the inner cell mass (ICM); thus, zygotic Sox2 deletion causes 

early embryonic death as a result of the failure to produce pluripotent epiblasts 

(28). SOX genes have been investigated in humans and mice through a 

determination of their DNA-binding domain, which is highly homologous to the 

SRY box, a sex determining factor located on the Y-chromosome (29, 30). The 

Sox family contains 20 members divided into 8 groups, ranging from A to H. 

These subtypes are categorized as the shared HMG box DNA-binding domain 

(31). Moreover, members within a group usually share more than 80% of the 

amino acid identities in their HMG-domain, while members of different groups 

share fewer than 80% of these identities (32). However, all members of the Sox 

family are involved in different types of cancer (33).  

 

 

The Sex-determining Region Y-box Protein 2 (Sox2) is a key member of the Sox 

genes, which are highly expressed in ESCs (34). Sox2 binds to target DNA in 
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specific sequences: C (T/A) TTG (T/A)(T/A)). These sequences identify the 

applicable HMG domain and regulate the expression of target genes. Sox2 fulfills 

the necessary function of self-renewal and contains pluripotent ESCs (35, 36). 

Moreover, Sox2 represents one of the key factors that assist in the generation of 

induced pluripotent stem (iPS) cells from mouse embryos or adult humans 

fibroblasts (37). Chromatin immunoprecipitation (ChIP) studies have found that 

Sox2 binds to the promoters of hundreds of genes in ESCs. Many of these genes 

contribute to the regulation of cell development and differentiation. However, the 

mechanisms regulating Sox2 transcription activity remain only partially 

understood. A recent study has demonstrated that the phosphorylation of Sox2 at 

threonine 118 (T118) can regulate Sox2 activity in mouse ESCs (38). Moreover, 

PARP1 has been shown to regulate Sox2 activity in mouse ESCs (39). 

In normal adult tissues, Sox2 expression is exclusively restricted to somatic stem 

cells and arises from fetal Sox2
+
 progenitors (40). Arnold et al. have reported the 

expression of Sox2
+
 in many adult epithelial tissues, such as colon, stomach, and 

cervix, which fulfill a key role in the regeneration and survival of normal tissue 

(41). In this study, Arnold et al. used animal models and knock-in mice with Sox2-

GFP reporters to identify the expression of Sox2. In normal human mammary 

glands, Sox2 mRNA expression occurs exclusively in stem cell populations (42). 
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1.2.1 Sox2 biological structure: 

 

In 1994, researchers discovered Sox2 in humans by determining its location on 

chromosome 3q26.3–q27 (43). Sox2 consists of 317 amino acids (43) and contains 

three primary domains: HMG, the N-terminal, and the transactivation domain, or 

C-terminal (Figure 1.1) (44). 

The HMG domain can regulate Sox2 by mediating nuclear translocation, which 

involves binding with nuclear import signals (NIS) and nuclear export signals 

(NES). In addition, this domain can provide potential binding sites for protein 

partners (45). The C-terminal can stimulate or repress target genes by responding 

to the promoter binding region (44). The function of the third domain, the N-

terminal, involves the activation of transcription (46). 
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 Figure 1.1: Structure of Sox2 protein and its domains. Sox2 has three domains including the 

HMG domain, the N-terminal and C-terminal domains. The HMG domain is a potential binding 

region for protein-protein interaction. The N-terminal functions to activate transcriptional 

activity of Sox2 and the C-terminal functions to activate or repress target genes. 

 

 

 

 

 

Reused from (Sox2 and cancer: current research and its implications in the clinic. Kasia Weina 

and Jochen Utikal. Copyright © 2014 Kasia Weina and Jochen Utikal.) with permission. Journal 

of Clinical and Translational Medicine is open access journal, which permits unrestricted use, 

distribution and reproduction in any medium is permitted, provided the author/editor is properly 

attributed. 
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1.2.2 Sox2 in cancer biology: 

 

Sox2 is normally expressed in ESCs and somatic stem cells (28, 40). However, 

aberrant expression of Sox2 has been involved in various cancer types, including 

lung (47), gastric (48), pancreatic (49), prostate (50), and BC (33, 51, 52). Many 

studies have reported the importance of Sox2 in cancer biology and development, 

including cellular proliferation (50, 53) as well as the promotion of invasion and 

metastasis (54, 55). For example, in pancreatic cancer, Sox2 regulates cellular 

proliferation. The siRNA knockdown of Sox2 in pancreatic cancer cells resulted in 

the inhibition of cell growth, (49), thus showing the role of Sox2 in pancreatic 

cancer. Moreover, Sox2 knockdown led to significant cell death in lung cancer 

cells and reduced tumor growth in mice models, indicating that Sox2 expression 

promotes cell proliferation and survival (56). Likewise, in glioma cells, the 

overexpression of Sox2 induced cancer invasion and migration, while the siRNA 

knockdown of Sox2 significantly reduced its invasion and migration properties 

(57). Clinically, several immunohistochemical (IHC) studies have demonstrated 

that the expression of the Sox2 protein correlated with different clinicopathological 

parameters, such as the clinical stage and overall outcome of the disease (58, 59). 

1.2.3 Sox2 in BC: 
 

Three different IHC studies have detected the aberrant expression of Sox2 in BC. 

Specifically, these investigations demonstrated that 16-30% of the breast tumors 
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expressed Sox2 (33, 52, 60), while adult benign breast tissue revealed an absence 

of Sox2 expression (33). Additionally, research has determined that Sox2 is 

expressed in all 4 major BC molecular subtypes: luminal A, luminal B, HER2-

positive, and triple negative (51). 

Our laboratory has previously reported that the aberrant expression of Sox2 

occurred in 6 out of 10 BC cell lines, including MCF7, ZR751, T47D (ER
+
); 

BT474 (HER2-positive); MB468 and MB435S (triple-negative). Using western 

blots, this study found the highest expression of Sox2 in ER
+
 MCF7 and ZR751 

cell lines (Figure 1.2A). Specifically, Sox2 was localized in both the cytoplasm and 

nucleus (Figure 1.2B) (61).  

Recent studies have reported the biological importance of Sox2 in BC, including 

its roles in cell proliferation, mammosphere formation, colony formation, and 

metastasis in vitro (33, 51, 61). For instance, Sox2 knockdown prevented 

mammosphere formation in ER
+ 

BC cell lines (51), and Sox2 knockdown 

significantly decreased the colony number of MCF7 cells (33, 61). Research has 

shown that Sox2 knockdown led to a reduction in cell proliferation for MCF7 and 

basal-like BC cell lines MDA-MB-231(33).  
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    Figure 1.2: Sox2 protein expression and localization in BC cell lines. A) Sox2 expression was 

determined in BC cell lines including MB435S, BT474, T47D, MB468, ZR751 and MCF7. B) 

Sox2 expression was detected in nuclear and cytoplasmic fractionations of ER
+ 

BC cell lines. 

Ntera2 used as a positive control while MCF10A used as a negative control. 

 

 

 

 

   

 

 

 

Reused from (Identification of two novel phenotypically distinct breast cancer cell subsets based 

on Sox2 transcription activity.Fang Wu, Jingdong Zhang, Peng Wang, Xiaoxia Ye, Karen Jung, 

Kathleen M. Bon, Joel D. Pearson, Robert J. Ingham, Todd P. McMullen, Yupo Ma, Raymond 

Lai.Copyright © 2012  Elsevier Inc) with permission (license number 3767870017569) 
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1.2.3.1 Sox2 transcriptional activity in BC: 
 

The activation of Sox2 has been demonstrated in T47D and MCF7 BC cell lines as 

well as breast tumour initiation and correlated with the efficiency of sphere 

formation (51). These findings highlight the idea that Sox2 activation comprises 

part of the malignant progression of cancer (33, 60). From this perspective, 

previously published work from our laboratory has determined Sox2 transcription 

activity in BC cell lines. Our lab model used a Sox2 reporter construct, which has 

three tandems of Sox2 regulatory region 2 (SRR2). Sox2 binds to SRR2 in mouse 

and human ESCs (62)  and transfects the ER
+ 

MCF7 and ZR751 BC cell lines, 

which, as previously mentioned, contain the highest Sox2 expression. The 

expression of green fluorescence protein (GFP) and luciferase represents the read-

outs of Sox2 transcription activity. Accordingly, our group identified two distinct 

populations with different responses to the Sox2 reporter in both MCF7 and ZR751 

cells: reporter responsive (RR), which is associated with high Sox2 transcription 

activity, and reporter unresponsive (RU), which is associated with low Sox2 

transcription activity (figure 1.3). We found small RR subsets in both cell lines: 

6% for MCF7 and 14% for ZR751 (Figure 1.4). These cells were sorted by using 

the flow cytometric cell sorter. Importantly, in RR cells, the Sox2 reporter activity 

depends upon Sox2 expression, as the knockdown of Sox2 abrogated the reporter 

activity. 
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Figure 1.3:  A model depicting the Sox2 transcription activity heterogeneity in ER

+ 
BC cell 

lines. In RU cells, Sox2 weakly binds to SRR2 and does not regulate the transcriptional activity 

while in RR cells Sox2 binds to SRR2 and regulates the transcriptional activity. 
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Figure 1.4: Identification of two cell subsets in MCF7 and ZR751 BC cell lines with different 

responses to the Sox2 reporter.  

 

 

 

 

Reused from (Identification of two novel phenotypically distinct breast cancer cell subsets based 

on Sox2 transcription activity.Fang Wu, Jingdong Zhang, Peng Wang, Xiaoxia Ye, Karen Jung, 

Kathleen M. Bon, Joel D. Pearson, Robert J. Ingham, Todd P. McMullen, Yupo Ma, Raymond 

Lai.Copyright © 2012  Elsevier Inc) with permission (license number 3767870017569) 
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1.2.3.2 Phenotypic differences between RR and RU cells: 
 

The RR and RU cell subsets show important biological differences. RR cells are 

associated with greater tumorigenic ability than RU cells, as RR cells form 

significantly more colonies in methylcellulose agar (61) and soft agar (63) than RU 

cells. Sox2 fulfills a crucial role in this formation, since the siRNA knockdown of 

Sox2 in RR cells caused a significant decrease in the colony number, while this 

process failed to yield any effect in RU cells. In addition, animal studies have 

found that three mice xenografted with 1x10
6 

MCF7-RR cells developed more 

tumors than three mice xenografted with 1x10
6 

MCF7-RU cells. Accordingly, our 

experiments found that RR cells form significantly more mammospheres than RU 

cells (63, 64). In addition, when we transfected primary BC tumor samples with 

SRR2 reporter, we found that this dichotomy also exists in patient samples (65). In 

addition, RR cells were more tumorigenic as compared to RU cells in 

methylcellulose assay of the patient samples (65). Overall, this study demonstrated 

that RR cells enhance tumourigenic properties, including the formation of 

methylcellulose colonies and mammosphere formation in BC cell lines and patient 

samples.  

Two recent publications have confirmed our model study in BC (66, 67). Lgesias 

et al. recently determined Sox2 activities in BC cell lines, including MCF7. In this 

study, they constructed Sox2 promoters from an LRT promoter, which originated 
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from an early mouse transposon (ETn), and four tandem repeats of SRR2. Based 

on the Sox2 promoter activities, the researchers isolated and classified the cells into 

GFP
+ 

cells (as we named RR cells)
 
and GFP

-
 cells (as we named RU cells). 

Xenograft experiments, which purported to determine the tumorigenic properties 

of these cells, found that in comparison to GFP
- 

cells, GFP
+ 

cells contained 

enhanced
 
tumorigenicity (66). 

In addition, other researchers have demonstrated Sox2 activities in BC cells, 

including, MCF7 and ZR751 (67). In this study, these authors synthesized Sox2 

promoters by selecting two Sox2 promoter regions (-789 to +253) and two 

regulatory regions (SRR1 and SRR2), which were amplified from the genomic 

DNA of MCF7 cell lines. These cells were sorted according to Sox2 promoter 

activities; cells with positive Sox2 promoter activity were labelled pSp-T
+
, which 

corresponds to RR cells, and cells with low Sox2 promoter activity were labelled 

pSp-T
low/-

, which corresponds to RU cells. The researchers used a sphere formation 

assay to detect BC stem-like cells in MCF7 cells. Specifically, they showed that 

pSp-T
+ 

cells contained a strong sphere formation, especially in comparison to pSp-

T
- 
or parent cells (67). 

1.2.3.3 Biochemical differences between RR and RU cells: 
 

Research has demonstrated evidence for biochemical differences between RR and 

RU cells, which may result in their phenotypic differences. 
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1.2.3.3.1 Phosphorylation of Sox2 detected in only RR cells: 
 

Sox2 displays biochemical differences between the two cell subsets based on their 

different responsiveness to the SRR2 reporter. In particular, Sox2 binds to SRR2 in 

RR cells rather than in RU cells. Interestingly, our research group found that Sox2 

phosphorylated at threonine 116 (T116) in RR cells yet failed to phosphorylate in 

RU cells. These results were confirmed by liquid chromatography-mass 

spectrometry analysis (LC-MS). Jeong et al. have shown that Sox2 is 

phosphorylated at threonine 118 (T118), which is homologous to T116, and 

enhances Sox2 transcription activity in mouse ESCs (38). Based on this finding, 

our lab group transfected MCF7 RU and RR cells with Sox2T116A, which mutates 

to alanine, or Sox2T116D, which mutates to aspartic acid, to abrogate 

phosphorylation at T116. Subsequently, we assessed Sox2 activity by measuring 

luciferase activity; these findings demonstrated significantly decreased luciferase 

activity while no change was detected in RU cells. Correlated with these findings, 

Sox2T116A significantly decreased the colony and mammosphere formation in RR 

cells. These results indicate that Sox2T116 fulfills important roles in Sox2 

transcription activity.  

1.2.3.3.2 The target genes of Sox2 in RR and RU cells are mutually exclusive: 
 

Sox2 regulates many genes, including Cyclin D1 (CCND1) (33), MUC15, and 

CD133 (65). Based on our model, Cyclin D1 comprises one of the Sox2 



 19 

downstream targets in MCF7 RR cells; by using a chromatin immunoprecipitation 

(ChIP) assay, we found that Sox2 bound to the Cyclin D1 promoter in RR cells but 

not in RU cells (61). A previous study from our laboratory performed a ChIP-on-

chip study and determined 463 gene targets in RR cells; among these targets, 94% 

of them are not found in RU cells. On the other hand, the same study discovered 

1866 target genes in RU cells, with 98% of these targets not occurring in RR cells 

(65). In addition, we identified 15 genes that have been associated with cancer 

stem cells, including CD133 (68, 69) and MUC15. More specifically, we have 

identified MUC15 as a novel target of Sox2 in RR cells; by either knockdown or 

overexpression, Sox2 significantly modulated the expression of MUC15 (65). In 

conjunction, these results suggest that Sox2 binds to other gene promoters and 

exerts transcription regulation differently in the two cell subsets of RR and RU 

cells (65). 

Since RR cells provide stem-like features, we will focus on genes that have been 

identified as Sox2 downstream targets and involved in oncogenesis in human 

ESCs. In this regard, La et al. used genome scale location analysis, which involves 

chromatin immunoprecipitation, to demonstrate that Sox2 binds to the promoter 

region of its target genes in human H9 ESCs (70). The results show that Sox2 

participates in pluripotency and self-renewal by activating or repressing its 

downstream target genes, which are essential to differentiation. However, this 
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study does not provide any functional findings. Consequently, we performed ChIP-

on-chip in MCF7 RU and RR cells and found 15 genes in MCF7 RR cells that 

overlapped in H9 ESCs.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 21 

1.3 Sox2 Protein-binding partner: 

 

As previously discussed, Sox2 protein binds to DNA in specific sequences: C(T/A) 

TTG (T/A)(T/A)). This pattern indicates that the HMG domains function as 

transcription factors to regulate the expression of targeted genes by the activation 

or repression of their expression (45, 71). In fact, the Sox protein family lacks the 

ability to independently bind to DNA because this family possesses low DNA 

binding affinity; hence, the Sox proteins require other protein partners for forming 

a stable Sox transcription factor complex (33). For instance, Sox2 constitutes one 

of the most common Sox proteins in the regulation of the targeted genes. A well-

recognized target of Sox2, δ-crystallin gene minimal enhancer in mouse ESCs 

(DC5), causes a lens-specific gene expression. Sox2 binds to the DC5 sequence at 

the 5′ half site to trigger the enhancer in the lens cells. Also, Sox2 affects the DNA 

sequence at the 3′ half of the DC5. In vivo, the 3′ site of lens cells is foot-printed 

and might represent the effect site of δEF3: the Sox2 partner factor (72). These 

studies used a ChIP assay to confirm that Sox2 and δEF3 bind to the DC5 enhancer 

(74).  

 

Moreover, Sox2 interacts with another partner, the Oct-3 transcription factor. This 

complex activates the Fgf4 enhancer, which is stimulated in ESCs and embryonic 

carcinoma cells (ECCs) (73, 74). The collaboration between Sox2 and Oct-3 is also 

represented in the expression of the UTF1 gene, which constitutes a co-activator in 
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ES-cells (75). The UTF1 enhancer depends on the interaction between Sox2 and 

Oct-3; this concept was confirmed through a mutation at the site of either Sox2 or 

Oct-3. This manipulation resulted in a significant decrease in UTF1 enhancer 

activation (75). Overall, members of the Sox family have a specific functionality 

for each tissue. The functionality is determined through the diverse partnership of 

Sox proteins with other proteins (33, 45). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 23 

1.4 DDX17 structure and function: 

 

The DEAD box contains the amino acid sequence D-E-A-D (Asp-Glu-Ala-Asp), 

which accounts for the name of the family. This protein group comprises a 

subfamily of RNA helicases (76). The DEAD box family contains 37 members in 

humans (77). These proteins have been involved in RNA metabolism, including 

transcription, translation, and mRNA degradation, which constitutes pre-mRNA 

splicing, ribosome biogenesis, RNA turnover, and mRNA export as well as the 

translation and modulation of complex RNA structures (78, 79). DEAD box genes 

can be mutated, resulting in the deregulated expression of several proteins, such as 

DDX17, which has been linked to cancer development (80).  

 

DDX17 mRNA can undergo translation into two isoforms: p72 and p82. Between 

these two isoforms, p82 is larger than p72 because alternative translation initiates 

the codons in a non-AUG fashion, while the translation site of p72 starts at the 

AUG codon (81, 82). Whether these two isoforms have different functions 

unknown; however, most studies investigating p72 (DDX17) do not  differentiate 

the two isoforms. 

Like other DEAD box members, DDX17 contains nine conserved motifs, 

including motif II, also known as Walker B, which consists of the Asp-Glu-Ala-

Asp motif (83, 84). Notably, DDX17 has a remarkable homology to DDX5, with a 
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90% amino acid sequence across the conserved core of the protein; however, the N 

and C-termini contain significant differences (81) (Figure 1.5). 

In addition, another function of DDX17 relates to the unwinding of RNA. 

Research has shown that DDX17 binding to double-stranded and single-stranded 

RNA cases stimulates their ATPase activity, which supplies energy to unwind 

RNA duplexes in both the 3’    5’ and 5’    3’ and direction (85). Moreover, 

DDX17 performs annealing actions in addition to RNA helicase activity, which, in 

combination, can stimulate the rearrangement of RNA secondary structures (86). 

DDX17 also affects the alternative splicing of exons containing AC-rich exon 

enhancer elements. An increase in the concentration of DDX17 in transient 

transfections augmented the enhancer-containing CD44 alternative exons, v4 and 

v5, while the mutation of DDX17 in either the ATP-binding site or in the deletion 

of the carboxy-terminal region of the protein decreased the capacity of the 

transfected protein to impact CD44 variable exon splicing. These findings 

highlight the importance of DDX17 as a regulatory factor for alternative splicing 

(87).  

Moreover, DDX17 functions as a co-regulator of many transcription factors of 

myogenesis, such as MyoD, which is a master regulator of muscle differentiation. 

The knockdown of DDX17 and its close relative, DDX5, inhibited the expression 

of MyoD and its target genes, Myog and Mef2c, the master regulators of 
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myogenesis (88). DDX17 also serves as a co-regulator of SMAD, which mediates 

the transforming growth factor β (TGF- β); this factor induces the epithelial to 

mesenchymal transition (EMT). The knockdown of both DDX17 and DDX5 

caused a reduction of SMAD 2/3 and its target genes SNAI1 and SNAI2, the 

master regulators of EMT. In conjunction, these results highlighted the importance 

of DDX17 in cell differentiation as transcriptional co-regulators of the MyoD and 

SMAD transcription factors (88). 
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Figure 1.5: DDX17 and DDX5 protein domains.  DDX17 shares 90% identity with DDX5 in the 

conserved core, which includes the nine conserved motifs (Q, I, Ia, Ib, II, III, IV, V and VI) 

while they are different in the N and C-termini. The numbers in the N-terminal, C-terminal and 

conserved core represent amino acids while the percentages show the similarity of these domains 

in P72 (DDX17), p82 (DDX17) and DDX5. 
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1.4.1 DDX17 in cancer: 
 

Studies have shown that DDX17 is overexpressed in 72-76% of BC (89). ER-α is 

positively expressed in approximately 70% of breast tumors (90). In BC, DDX17 

interacts with ER-α through co-immunoprecipitation experiments and co-activates 

ER-α in luciferase reporter assays. These two experiments provide evidence of the 

way in which DDX17 functions in breast carcinogenesis (89). Moreover, DDX17 

formed a complex with the steroid receptor co-activator (SRC-1) and the steroid 

receptor RNA activator (SRA), thus suggesting that DDX17 may stimulate ER-α 

activity by acting as a link between ER-α and SRA/SRC1 to enhance the activation 

(89). Unlike the case in wild type DDX17, mutations in the helicase domain of 

DDX17 possess the ability to stimulate estrogen-dependent transcription, 

demonstrating that DDX17 lacks the need for RNA helicases to stimulate ER-

dependent transcription. The knockdown of DDX17 significantly decreased the 

expression of estrogen–regulated genes, including pS2 and cathepsin D, at both the 

protein and mRNA levels (90). Furthermore, the knockdown of DDX17 resulted in 

significantly reduced cell growth in both MCF7 and ZR751 (89). In conjunction, 

these findings show the necessity of DDX17 for the estrogen-dependent 

transcription of ER-responsive genes and estrogen-dependent cell growth (89). On 

the other hand, DDX17 lacked the ability to affect the transcriptional activity of the 

p53 tumor suppressor from responsive promoters in luciferase reporter assays (93). 
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However, DDX17, in comparison with its close relative, DDX5 (p68), displays a 

decreased interaction with p53. Moreover, the siRNA knockdown of DDX17 fails 

to affect the p53 response to DNA damage in MCF7 BC cell lines, hence 

indicating that DDX17 lacks involvement in tumor suppressor roles (91). 

 

DDX17 has been reported to coactivate NFAT5, which is a transcription factor that 

controls cell migration and coimmunoprecipitate with NFAT5 in MDA-MB-231 

BC cells. The overexpression of DDX17 and the related DDX5 protein increased 

the transcriptional activity of NFAT5 by measuring luciferase reporter genes 

driven by the NFAT5-responsive promoter. Moreover, the knockdown of DDX17 

resulted in the inhabitation of cell migration through decreased NFAT5 expression 

levels. The knockdown of both DDX17 and DDX5 resulted in the decrease of the 

target genes of NFAT5, which is involved in BC progression. This study identified 

DDX17 as a co-activator of the NFAT5 transcription factor and its role in cell 

migration. 

 

In colon cancer, DDX17 is overexpressed; an immunohistochemistry study 

detected DDX17 in 30-90% and 90-100% of adenomas and adenocarcinomas 

respectively, indicating the association between the level of its expression and the 

progression of the adenoma-carcinoma sequence (93). Importantly, the degree of 
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DDX17 overexpression was highly correlated with increased β-catenin expression 

in colon cancer cells. Moreover, DDX17 and its close relative, DDX5 (p68), form 

complexes with β-catenin and function as transcriptional co-activators through 

their interaction with gene promoters of the β-catenin target genes, including cyclin 

D1, c-MYC, c-Jun, and Fra-1 (93). In addition, the knockdown of DDX17 and 

DDX5 resulted in the decreased expression of β-catenin regulated genes and 

inhibited colon cancer cell proliferation as well as preventing the formation of 

tumors in vivo (92). However, the individual roles of DDX17 in various cancers 

remain unclear (93). 
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1.5 Rationale and objectives of this study: 
 

The normal expression of Sox2 is found exclusively in ESCs and somatic stem 

cells. However, research shows that Sox2 was aberrantly expressed during tumor 

progression. In this study, our main objective seeks to investigate the mechanism 

that regulates Sox2 transcriptional activity in ER
+
 BC cells. To achieve this goal, 

we focused on Sox2 downstream targets in human ESCs and tumor cells. 

Nonetheless, the function of Sox2 in regulating ESC genes in the stemness of 

cancer cells remains largely unknown. Therefore, this work hypothesizes that the 

Sox2 transcription factor can regulate ESC genes in ER
+
 BC cell lines. There 

are two aims for testing this hypothesis: 

 To detect the expression of ESC genes in BC and subsequently compare 

their expression in RU and RR cells. 

 

 To determine the regulatory role of Sox2 downstream ESC genes in RU and 

RR by knocking down Sox2. 

 

Sox proteins lack the ability to independently bind to promoters, hence requiring 

the presence of a partner that can achieve stable DNA binding (71). Thus, the 

functional specificity of the Sox proteins depends on the partnership of other 

proteins (73). For instance, a study has identified that in embryonic development, 

PARP1 functions as one of the Sox2 binding proteins that regulates the 

transcriptional activity of Sox2 mouse embryonic stem cells (39). In addition, our 

previous study of BC has shown that β-catenin constitutes one of the Sox2 binding 
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partners. This protein negatively regulates Sox2 transcription activity, which was 

evident by an increase in the luciferase activity of Sox2. As well, Sox2 increased 

the expression of target genes, such as Cyclin D1, in MCF7 RR cells after the 

knockdown of β-catenin (64).  This finding supports the notion that Sox2-binding 

proteins can also regulate the transcriptional activity of Sox2 in cancer cells. To the 

best of my knowledge, existing studies have not yet identified protein partners for 

Sox2 that could activate Sox2 transcription activity in BC. Accordingly, our lab 

has established a novel model to study the transcriptional activity of Sox2 in BC 

cell lines. Our aims include the following: 

 To identify Sox2 protein partners in ER
+ 

RU and RR BC cell lines. 

 To determine the localization of binding between Sox2 and DDX17 in RU 

and RR cells. 

 To examine how DDX17 regulates the transcription activity of Sox2 in ER
+ 

RU and RR BC cell lines. 

 To investigate the role of DDX17 in regulating the tumorigenic properties in 

RR cells as compared to RU cells. 
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CHAPTER2: Material and Methods 
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2.1 Cell lines 
 
 

The MCF7 and ZR751 BC cell lines were purchased from the American Type 

Culture Collection (ATCC, Rockville, MD, USA). Both cell lines, sorted into RR 

and RU cells, were cultured in high glucose Dulbecco's Modified Eagle Medium 

(DMEM) (Life Technologies, Grand Island, NY) and supplemented with 10% fetal 

bovine serum (FBS) (Sigma, Oakville, ON, Canada), puromycin, and streptomycin 

under conditions of 5% CO2 at 37 °C. 

2.2 Short interfering RNA transfections 
 

ER
+ 

BC cell lines (MCF7 and ZR751) were transfected with SMARTpool short 

interfering RNA (siRNA) designed against Sox2 (Thermo Scientific Company, 

Rockford, U.S.A) or DDX17 (Fisher Scientific). The use of scrambled non-

targeting siRNA (Thermo Scientific) served as the negative control. For each 

reaction, 40 pmol of siRNA (20 nM final concentration) and 5 μL of 

Lipofectamine RNAiMAX (Life Technologies) were added to 0.5 mL of 

OptiMEM media (Life Technologies) and reverse transfected to 1X10
6 

cells/ well 

in a normal culture medium with a 6-well plate format. Subsequently, cells were 

incubated with siRNAs for 48 hours before harvesting.  
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2.3 Plasmid transfections 
 

MCF7 and ZR751 cells were transfected with 18 μg of pMXs Flag-tagged Sox2 

(Addgene, MA, USA), pDEST MYC-tagged DDX17 (Addgene, MA, USA) or an 

empty vector with 30 μL of Lipofectamine 2000 (Life Technologies) in 3 mL of 

OptiMEM media (Life Technologies) to 5 million cells in a 100 mm tissue culture 

dish. Then, cells were incubated for 48 hours before harvesting. 

2.4 Nuclear cytoplasmic fractionation 
 

MCF7 cells were extracted for nuclear and cytoplasmic proteins by using the NE-

PER Protein Extraction Kit (Thermo Scientific) according to the manufacturer's 

protocol. Briefly, after harvesting and washing the cells, 1 ml of CER I reagent was 

added and vortexed on the highest setting for 15 seconds. The samples were 

ietabucnd  e itn i n 01 sieacnm. nene, 55 μL of CER II reagent was added and the 

samples were x ncnvnd i n 5 mnt edm  e cen eisenmc mnccies ,nen cabn  um 

ietabucnd  e itn i n 0 sieacn; mabmnuanecus, cen muslunm  nnn x ncnvnd i n 5 

mnt edm ued tnecniiasnd i n 5 sieacnm uc suvisas mlnnd ie u sitn tnecniiasn 

(00,511 s × .)yieuuus,  the samples were cnueminnnd in s cen malnneucuec ,cen 

tsc luumsit nvcnutc, c  u tunue cabn. n  lnni ns eatunun nvcnutci e ,cen lnuuncm  nnn 

 umend  ice ffub baiinn c  nns xn cen nnsuiednn  i cen tsc luusit nvcnutc bni nn 

511 μL of NER reagent was added. The samples were x ncnvnd i n 05 mnt edm  e 

cen eisenmc mnccies ued ietabucnd  e itn i n 01 sieacnm .neim mcnl  um nnlnucnd i an 
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cisnm ued cen muslunm  nnn tnecniiasnd i n 01 sieacnm uc suvisas mlnnd ie cen 

sitn tnecniiasn (00,511 s × .)yieuuus,  the nuclear extracts were cnueminnnd c  tunue 

cabnm ued mc nnd uc -01C°. For western blotting analyses, α-tubulin and histone 

deacetylase 1 (HDAC1) were used as cytoplasmic and nuclear loading controls 

respectively.  

 

2.5 Western blotting: 

2.5.1 Cell lysate preparation: 
 

 Cells were grown until they reached a stage of approximately 95% confluency. 

Then, the cells were washed with PBS and trypsinized before undergoing transfer 

to 15 mL conical tubes. The cells were harvested by centrifugation at a rate of 300 

xg for 5 min at 4°C. Pelleted cells were washed with cold PBS and lysed by a 

radioimmunoprecipitation assay (RIPA); the protease and phosphatase inhibitors as 

well as the samples were kept on ice at all times. Protein concentrations were 

determined using a bicinchoninic acid (BCA) assay (Thermo Scientific). Samples 

were heated with Laemmli 4X buffer dye to 95°C for 5 min and then loaded into 

the gel. 

 

Next, sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 

separated the protein sample. SDS-PAGE consists of two layers: a top layer known 

as the stacking gel and a lower layer referred to as the separating or resolving gel. 
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Ten percent separating gel was prepared by adding a 7.9 ml of H2O with 6.7 ml of 

30% Acrylamide Mix, 5 ml of 1.5 M Tris (pH 8.8), 200 µl of both 10% SDS, APS 

and 8 µl of TEMED. The stacking gel was prepared by adding 4.1 ml of H2O, 1 ml 

of 30% Acrylamide Mix, 750 µl of 1.0M Tris (pH 6.8), 60 µl of both 10% SDS 

and APS, and 6 µl of TEMED.    

Samples were loaded in the gel with a running buffer at 100 V for 2 hours. Then, 

the proteins were transferred from the gel to the nitrocellulose membrane with a 

transfer buffer at 100 V for 2 hours. The membrane was blocked with 5% milk for 

1 hour at room temperature. Proteins on the membrane were incubated overnight 

with the following antibodies: SOX2, α-tubulin, and β-actin from Cell Signaling 

Technologies; DDX17 from Abcam; and HDAC1 from Santa Cruz Biotechnology; 

the dilution ratio for these antibodies was 1:1000. The membrane was washed in 

Tris-buffered saline and Tween 20 (TBST) for ten minutes. This procedure 

occurred three times, for a total of 30 minutes, removing the unbound antibody and 

incubating with the secondary antibody for one hour at room temperature; then, 

this step was repeated. Proteins were detected by using chemiluminescent (ECL) 

substrate and exposed to Kodak X-ray film (Fujifilm Corporation Company, 

Duesseldorf, Germany). 
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2.6 Co-immunoprecipitation (Co-IP) 
 

After transfecting the cells with flag SOX2 or Myc-DDX17 according to the 

previous steps, the cells were harvested and lysated with Cellytic M (Sigma) as 

well as protease and phosphatase inhibitors. Then, 1 mg of the protein lysates were 

combined with 40 μL of Anti-FLAG M2 Affinity gel beads (Sigma) and rotated for 

2 hours at 4 °C. A negative control, which involved a similar amount of protein 

lysate incubated with a non-specific IgG antibody, was used. After, the samples 

were  tnecniiasnd i n 0 sieacn uc  5111 vs ,ued cen bnudm  nnn  umend with 

CelLytic M and tnecniiasnd i n 0 sieacn uc 5111 vs ;ceim mcnl  um nnlnucnd cennn 

cisnm .yieuuus , the samples were eluted with Laemmli 2X buffer dye to 95°C for 5 

min. 

2.7 RNA extraction 

 

The total RNA was extracted from the MCF7 and ZR751 cell lines by using the 

Qiagen RNeasy Kit (Qiagen Canada) according to the manufacturer’s protocol. 

First, 350 µl of RLT buffer and 350 µl of 70% ethanol were mixed with the pellet 

and transferred to an RNeasy spin column. Then, the mixture was centrifuged for 

15s at 17,900 xg, and the flow-through was discarded after each centrifugation. 

The samples were washed by adding 700 µl of RW1 buffer, centrifuging the 

mixture, adding 500 µl of RPE buffer, and centrifuging. Finally, 30 µl of RNase-

free water was added to elute the RNA and the mixture was centrifuged. The 
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quality of the RNA samples was assessed by a spectrophotometer. 

2.7.1 Reverse Transcription 
 

cDNA synthesis was performed using SuperScript II Reverse Transcriptase (RT) 

(Invitrogen, Carlsbad, USA) according to the manufacturer’s protocol. 1 ug of total 

RNA, 1 µl of Oligo (Invitrogen), 1 µl of dNTP (Invitrogen), and 12 µl of ultra pure 

water were added to a nuclease-free microcentrifuge tube. Using PCR, the mixture 

was heated to 65°C for 5 min. Then, 4 µl of 5X First-Strand buffer, 2 µl of 0.1 M 

DTT and 1 µl of ultra pure water were added and incubated at 42°C for 2 min. 

Finally, 1 µl of SuperScript II RT was added and incubated at 42°C for 50 min 

followed by heating at 70°C for 15 min. 

2.7.2 Quantitative reverse transcriptase PCR (q-RT-PCR): 
 

Following reverse transcription, the expression level of 15 ESC genes and the 

target genes of SOX2 were detected by a real time PCR reaction (qRT-PCR) 

according to the SYBR Green assays protocol. This detection occurred under the 

following cycling parameters: hold at 95 °C for 10 min followed by 40 cycles of 

denaturing at 95°C for 15 s and an annealing or final extension at 60°C for 30 s. 

All genes were amplified with specific primer sequences, as shown in Table 1, and 

normalized to the GAPDH expression level. 
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Gene name Forward strand Reverse strand 

KCNJ1 CATCTTCGGAAATGGGTCGTC ATTGCCAAATTCTATGTTGCACC 

SLC25A18 CTCATCAATGGAGGTGTAGCA
G 

GAGCCGTCTTCATCAGGCA 

TSC22D1 CGGCAATGTTCCCTCGAA

G 

 

GGCGGAAAATCCTCGGAAGA 

DHDDS TGCCGAAACACATTGCATTCA GCGTAGACTGTCACCTCTAGGAT 

BUB1B AAATGACCCTCTGGATGTTTG
G 

GCATAAACGCCCTAATTTAAGCC 

NR4A2 GTTCAGGCGCAGTATGGGTC CTCCCGAAGAGTGGTAACTGT 

NBR1 AGATGGCAGTTAAACAGGGAA
AC 

GTGGGGCTTCATCAACGACA 

TBX5 GTACCTGCCGACGATCAC

AG 

 

CACGATGTGTAATCTAGGCTG

G 

PITX2 CGGCAGCGGACTCACTTT

A 

 

GTTGGTCCACACAGCGATTT 

 

PPP2RIB CTTGTGTCAGTATTGCCCA

GT 

 

TGCTGCTTGTCGAAGTGTAGG 
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DDX17 GATGTTTGTCCTAAACCCG

TGT 

 

CCAACGGAAATCCCTGGCA 

NEBL AGAGGCTTTACTCCCGTCG

T 

 

ACCCCTTTATAGGCAGCATCG 

 

REST GCCGCACCTCAGCTTATTA

TG 

 

CCGGCATCAGTTCTGCCAT 

FZD2 GTGCCATCCTATCTCAGCT

ACA 

 

CTGCATGTCTACCAAGTACGT

G 

 

GAPDH GTCTCCTCTGACTTCAACA

GCG 

 

ACCACCCTGTTGCTGTAGCCA

A 

 SOX2 GCTACAGCATGATGCAGG

ACCA 

TCTGCGAGCTGGTCATGGAGT

T 

Cyclin D1 GCTGCGAAGTGGAAACCA

TC 

 

CTCCTTCTGCACACATTTGAA 

MUC15 TATTCACTTCTATCGGGGA

GCC 

 

GGGAATGACTCGCCTTGAGAT 

 

Table 2.1: Primer sequences for RT-PCR. 
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2.8 Mammosphere assay 
 

The cells were counted and passed through a 40 μm cell strainer (BD, Franklin 

Lakes, New Jersey). Then, the cells were seeded at about 10,000 cells per well and 

plated into ultra-low adherent plates (Corning) in Mammocult media (StemCell 

Technologies, Vancouver, BC, Canada). The Mammocult media was provided 

with frozen supplements, Heparin solution, and hydrocortisone solution. 

Mammospheres were counted after 7-10 days of seeding. 

2.9 Colony formation assay 
 

The cells were counted and seeded at about 1000 cells per well. Then, the cells 

were plated in six-well plates and incubated for two weeks at 37°C in 5% 

humidified CO2. After incubation, the cells were fixed with 4% buffered formalin 

for 15 min and then stained with 1% crystal violet (Sigma Aldrich) for 30 min. The 

plates were washed with PBS and dried. Finally, visible colonies, which consisted 

of at least 50 cells, were counted. 
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2.10 Chromatin immunoprecipitation (ChIP): 

 

The EZ ChIP chromatin immunoprecipitation kit (Millipore catalog #17-371) was 

used according to the manufacturer’s protocol. Briefly, cells were transfected with 

scrambled siRNA or DDX17 knockdown for 48 hours and treated with 1% 

formaldehyde to cross-link proteins to DNA. Cells were lysed with protease 

inhibitors, sonicated to shear DNA into fragments (average size 200-1000pb) and 

incubated with antibody against Sox2 (Santa Crus #20088) or anti-rabbit IgG 

(negative control) overnight. The purified DNA and input genomic DNA was 

analyzed by real time PCR. The primers were used in this experiment are as 

following, promoter sequences for SRR2-1 are: 

 Forward: 5’- ACATTGTACTGGGAAGGACA-3’, Reverse:5’ 

AGCAAGAACTGGCGAATGTG-3’. Promoter sequences for SRR2-2 are: 

Forward: 5’- GGATAACATTGTACTGGGAAGGGAAGGG-3’, Reverse: 5’- 

GTGAGCAAGAACTGGCGAAT-3’. Promoter sequences for LGR5 are: 

Forward:5’-GCGCTGGGACACTTAAGATG-3’Reverse:5’-

CTTCCTATCTCTTGCGGGGT-3’. Promoter sequences for MUC15 are: 

Forward: 5’-GTCCTGCCCAATCATGTTCA-3’, Reverse:5’- 

AAGGCCCCTTCAGAGTTTGA-3’. 
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2.11 Statistical analyses: 

 

The data were analyzed using Student’s t-test to determine statistically significant 

differences. All graphs represent at least two independent experiments with 

triplicates. Using error bars to represent the standard error of the mean. 
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CHAPTER 3: Results 
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3.1 Embryonic stem cell genes differentially express in two different cell 

subsets of RR and RU cells: 

 
 

As mentioned before, we detected 15 ESC genes in MCF7 RR that overlap with 

H9 human ESCs including, REST, NBR1, DDX17, BUB1B, NR4A2, DHDDS, 

PITX2, KCNJ1, SLC25A18, FZD2, NEBL, FGFR1, TBX5, TSC22D1 and 

PPP2R1B. By using RT-PCR, we validated their expression in MCF7 RU and RR 

cells. As shown in Figure 3.1, all 15 of the ESC genes were expressed higher in RR 

cells as compared to RU cells. 
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  Figure 3.1: The mRNA levels of 15 ESC genes in MCF7 RU and RR cells. The experiment 

was performed by RT-PCR. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: embryonic stem cell gene expression in MCF7 

RU& RR  breast cancer cells 
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3.2 Sox2 down-regulated the ESC genes expressions in MCF7 RU and RR 

cells: 
 

This part of the investigation seeks to identify the regulatory roles of Sox2 in 15 

ESC gene candidates. Eight genes demonstrate significant expressions in RR cells 

(P  :)1.110≤REST, NBR1, DDX17, BUB1B, DHDDS, KCNJ1, SLC25A18 and 

FGFR1. A siRNA knockdown of Sox2 in MCF7 RU and RR cells revealed that 

Sox2 positively regulated 4 out of 8 genes, including REST, NBR1, DDX17 and 

BUB1B (Figure 3.2). 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 48 

 
 
 
Figure 3.2:  siRNA inhibition of Sox2 differentially regulates the ESC genes expression in 

MCF7 RU and RR. The experiment was performed by RT-PCR. 
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3.3 DDX17 is a Sox2 binding protein: 
 

Among the 15 genes, DDX17 showed the most significant decrease after the 

knockdown of Sox2 in RR cells. In addition, our group found that DDX17 

interacted with Sox2 by using chromatography-mass spectrometry. We validated 

the binding between Sox2 and DDX17 in MCF7 RU and RR cells by the 

overexpression of FLAG-Sox2 followed by co-immunoprecipition. As shown in 

Figure 3.3A, the anti-FLAG antibody pulled down a similar amount of Sox2 

protein between RR and RU cells while the amount of co-immunoprecipitated 

DDX17 protein was higher in RR cells as compared to RU cells. Concurrently, by 

using Myc tagged-DDX17 overexpression and Myc pulldown, we found co-

immunoprecipitated Sox2 in only RR cells (Figure 3.3B). Notably, β-catenin, a 

known SOX2 binding protein (64), was used as a positive control in these 

experiments. The same results were found in ZR751 RU and RR cells (Figure 

3.3C).  

 
 

A previous study reported that DDX17 localized in the nuclear fraction during 

colon cancer. As shown in Figure 3.4A, we performed a co-immunoprecipition 

experiment and detected the binding of DDX17 and Sox2 in the nuclear fraction of 

only RR cells. However, we did not observe that DDX17 binds to Sox2 in the 

cytoplasmic fraction of both RR and RU cells. Moreover, reverse co-
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immunoprecipitation experiments were performed (Figure 3.4B). Overall, DDX17 

expression was observed equally in the nuclear fractions of RR and RU cells while 

in the cytoplasmic fraction, DDX17 expression was higher in RU cells as 

compared to RR cells. 

 

 
 
 
Figure 3.3: Identification of DDX17 as a Sox2 binding protein. (A) The binding between 

DDX17 and Sox2 was confirmed by co-immunoprecipitation and western blotting. While the 

anti-FLAG affinity beads pulled down a similar amount of Sox2 between RR and RU cells, the 

amount of DDX17 protein co-immunoprecipitated was higher in RR cells than in RU cells. (B) 

Reverse co-immunoprecipitation experiment using anti-c-Myc magnetic beads to pull down a 

similar amount of DDX17 between RR and RU cells and the amount of Sox2 protein co-

immunoprecipitated was found only in RR cells. The input for transfection by either Sox2 and/ 

or DDX17 was confirmed by western blotting and β-Actin was used as a loading control. (C) Co-

immunoprecipitation and western blotting were performed in ZR751 RU and RR cells. 
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Figure 3.4: The binding between Sox2 and DDX17 in the nuclear fraction was detected only in 

RR cells. (A) The co-immunoprecipitation of flag-Sox2 pulled down SOX2 in the nucleus and 

cytoplasm of both RR and RU cells. In contrast, DDX17 occurred only in the nuclear fraction of 

RR cells. Reverse co-immunoprecipitation experiments using anti-DDX17antibodies for pull 

down showed similar findings. The input for transfection by either Sox2 and/or DDX17 was 

confirmed by western blotting; α-Tubulin and HDAC1 were used as loading controls in the 

cytoplasmic and nuclear fractionation. 
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3.4 DDX17 regulates the transcriptional activity of Sox2 in RR cells: 
 

Research studies have shown that DDX17 functions as a co-activator of various 

transcription factors, such as estrogen (e.g. receptor-α (ERα)). We speculate that 

DDX17 may activate the transcriptional activity of Sox2 in BC cells. Moreover, 

we also want to determine if Sox2 protein expression can be regulated by DDX17. 

As shown in Figures 3.5A and 3B, we found that upon siRNA knockdown of 

DDX17, the total protein level of Sox2 did not change in the RR and RU cell 

subsets of MCF7 and ZR751.  

Subsequently, we assessed the transcriptional activity of Sox2 by a luciferase 

assay. As shown in Figure 3.5A, we found that the siRNA knockdown of DDX17 

resulted in a significant decrease in the transcriptional activity of Sox2 in RR cells 

while no significant change was detected in the RU subset. Similar results were 

determined in ZR751 (Figure 3.5B). 
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Figure 3.5: DDX17 activated the transcriptional activity of Sox2 in only RR cells. (A) RR and 

RU cells derived from MCF7 were treated with a negative control, either DDX17 siRNA or 

scrambled siRNA, for 48 h. β-Actin was used as a loading control. Despite the decrease in the 

protein level of DDX17, the protein level of Sox2 remained unchanged. The siRNA knockdown 

of DDX17 resulted in an approximately 30% decrease in the luciferase activity of RR cells 

(p = 0.05) while causing no significant change in the luciferase activity of RU cells.  (B) The 

same experiment was performed in the RR and RU cells of ZR751. All of the experiments were 

performed in triplicates. 
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3.5 DDX17 regulates the DNA binding property of Sox2 in the RR cell subset: 

 

To further support the fact that DDX17 regulates Sox2 transcription activity in 

only RR cells, we used a biotinylated SRR2 probe carrying the Sox2 consensus 

sequence to evaluate the DNA binding ability of Sox2.  By using streptavidin-

conjugated beads to pull down SRR2 and bound proteins, we found that Sox2 as 

well as DDX17 was bound to SRR2 only in the nuclear fraction of RR cells. Of 

note, we used an SRR2 mutation to negate the binding of both DDX17 and Sox2 to 

the SRR2 probe (Figure 3.6A). As shown in Figure 3.6B, we found that the siRNA 

knockdown of DDX17 induced an observable decrease in the binding of Sox2 to 

the SRR2 probe. To validate these results, we performed ChIP-qPCR analysis and 

used an SRR2 promoter; consequently, we found a significant decrease in Sox2 

binding to the SRR2 promoter in RR cells (Figure 3.6C). To further support our 

ChIP-qPCR results, we also used two promoters of Sox2 target genes, Muc15 and 

Lgr5, and found that these genes were significantly decreased binding to their 

promoters in RR cells as compared to RU cells (Figure 3.6C). 
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Figure 3.6: DDX17 bound to the Sox2 promoter and regulated Sox2 transcription activity. (A) 

The binding between DDX17 and SRR2 probe was performed by co-immunoprecipitation in the 

nuclear fraction of RR and RU cells. DDX17 was detected in both RU and RR cells while Sox2 

was detected only in RR cells. (B) The knockdown of DDX17 decreased the binding of Sox2 to 

the SRR2 probe in RR cells. (C) A ChIP-qPCR experiment was performed after the siRNA 

knockdown of DDX17 and used promoter-specific primers for Sox2, Muc15 and Lgr5. The 

results were normalized to the IgG signal as well as to the RU and RR input signal. 
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3.6 DDX17 knockdown results in different gene expression patterns in RU and 

RR cells:  

 

Since we determined that DDX17 increases the transcriptional activity of Sox2 in 

only RR cells, we expected that the modulation of DDX17 would affect the 

downstream target of Sox2 differently in the two cell subsets. In performing qRT-

PCR analysis, we selected genes that are up-regulated by Sox2, including CCND1 

(Cyclin D1) (33), MUC15, and CD133 (65), Consequently, we found that DDX17 

knockdown significantly decreased the expression of these genes in RR cells. In 

addition, the same experimental manipulation slightly increased the expression of 

these genes in RU cells (Figure 3.7A). To further confirm our qRT-PCR findings, 

we used western blot analysis to validate the protein levels of these genes, and 

found a reduction of their expression in RR cells (Figure 3.7B). 
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Figure 3.7: DDX17 knockdown results in different gene expression patterns in RR and RU cells. 

(A) The siRNA knockdown of DDX17 was performed in RR and RU cells derived from MCF7 

for 48 h. The mRNA expression levels of Sox2, CyclinD1, and CD133 were measured by RT-

PCR. (B) The same experiment was performed in ZR751 RU and RR cells. 
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3.7 DDX17 inhibition differentially regulates tumorigenic properties in RR 

and RU cells: 

 

Based on our observation that DDX17 can regulates Sox2, we expected that the 

inhibition of DDX17 would differentially regulate the phenotypic differences in 

RR and RU cells, such as mammosphere formation and colony formation. As 

shown in Figure 3.8A, we performed a clonogenic assay and found that DDX17 

knockdown significantly reduced the number of colonies in MCF7 RR cells while 

no significant change occurred in RU cells. Moreover, as shown in Figure 3.8B, we 

performed a mammosphere formation and found that DDX17 knockdown 

significantly downregulated mammosphere formation in MCF7 RR cells while no 

significant change occurred in RU cells.  
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Figure 3.8: DDX17 knockdown causes different changes in the tumorigenic properties of RR 

and RU cells. (A, B) A clonogenic assay and mammosphere were performed after RR and RU 

cells were treated to either scrambled siRNA or DDX17 siRNA for 48 h.  
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4.1 Discussion: 

 

Sox2 functions as an ESC marker, which comprises one of the essential 

transcription factors that fulfills an important role in maintaining pluripotency and 

self-renewal (35, 36) as well as the generation of inducible pluripotent stem cells 

(37). Moreover, the inactivation of Sox2 leads to embryonic lethality, which 

highlights the importance of Sox2 in embryogenesis. On the other hand, Sox2 is 

expressed in several solid tumors, including lung (47), gastric (48), pancreatic (49) 

prostate (50) and BC (33, 51, 52). However, few studies have explored the role of 

Sox2 in cancer development. Clinically, Sox2 expression is associated with poor 

outcomes in BC patients (52). 

 

Cancer stem cells, also named cancer stem-like cells or tumor-initiating cells, have 

the ability to rapidly proliferate and invade tissues. Sox2 expression is reactivated 

during tumor generation (51). As previously mentioned, research has confirmed 

that Sox2 promotes cellular proliferation (50, 53), invasion, and metastasis in 

different types of cancers (54, 55). The biological roles of Sox2 in cancer remain 

only partially understood. In this study, I explored whether the mechanism of Sox2 

in regulating ESC genes resembles that in BC. To this end, a previous study from 

our laboratory reported that Sox2 transcription activity demonstrated phenotypic 

heterogeneity in ER
+
 BC cell lines, MCF7 and ZR751, despite their homogeneous 
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Sox2 expression (61). By using a lentiviral Sox2 transcription activity reporter, we 

detected a phenotypically distinct, tumorigenic, and stem-like cell subset with high 

Sox2 transcription activity, known as the RR cells (61). In contrast, the rest of the 

cells, known as the RU cells, demonstrated low or absent levels of Sox2 

transcription activity. In conjunction, these results highlighted the biological 

importance of Sox2 transcription activity in the development of breast tumors.  

 

In this study, we found that DDX17 binds with Sox2 in only MCF7 RR cells by 

using liquid chromatography-mass spectrometry and confirmed their binding 

through a co-immunoprecipitation experiment. This result corresponds with a 

previous study in which Sox2 binds with DDX17 in LN1299, a glioblastoma cell 

line, by using IP-mass spectrometry (93). Interestingly, the intracellular 

localization between Sox2 and DDX17 occurred only in the nuclear fraction of RR 

cells. This finding is consistent with a previous study that reported the localization 

of DDX17 in the nucleus of colon cancer (92). In addition, DDX17 is a nuclear 

protein (81). 

As a co-activator of transcription factors, DDX17 has been involved in the 

pathogenesis of cancer, including colon cancer (93) and BC (90). Specifically, a 

previous study has revealed the role of DDX17 as a transcriptional co-activator for 

ER-α in MCF7 and ZR751 BC cells (89). Furthermore, inhibition of DDX17 



 63 

significantly reduces the expression of estrogen-regulated genes, pS2, and 

cathepsin D, in the level of mRNA (90). This thesis shows that DDX17 regulates 

Sox2 transcription activity in MCF7 and ZR751 RR cells. In order to support the 

finding that DDX17 also regulates Sox2 target genes, I identified that the 

knockdown of DDX17 significantly decreases the expression of the Sox2 target 

genes, Cyclin D1, CD133 and MUC15, in RR cells. In contrast, the expression of 

these two genes slightly increased in RU cells, which entailed a rather unexpected 

finding. One possible explanation for this result may involve the fact that other 

transcriptional factors can regulate the expression of these genes.  

 

Prior to this investigation, existing research had not examined the biological 

function of DDX17 binding to Sox2 in BC. These findings show that DDX17 

regulates Sox2 transcription activity in MCF7 RR cells. In particular, the 

knockdown of DDX17 resulted in decreased luciferase expression in only RR cells 

while exhibiting a lack of change in the Sox2 protein level.  A previous study has 

shown that the siRNA knockdown of both DDX5 and DDX17 inhibits cell 

proliferation and decreases the cell’s ability to form tumors in colon cancer cells 

(92). In the present study, I have shown that the siRNA knockdown of DDX17 

resulted in decreased colony numbers and reduced mammosphere formation in 

MCF7 RR cells. The unique contribution of this study demonstrated, for the first 
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time, that the transcriptional activity of Sox2 is positively regulated by DDX17 in 

ER
+
 BC cell lines. 

4.2 Future directions and conclusion: 
 

Future studies are required to investigate the individual roles of DDX17 (P72) and 

its highly related isoform p82, since no existing studies differentiate between them. 

Furthermore, additional investigations are needed to confirm that DDX17 

promotes tumorigenesis. To this end, in vivo studies of knockout mice can be used 

to examine if a knockdown of DDX17 can suppress tumorigenesis. In addition, 

investigations with knock-in mice could examine the relationship between 

overexpression and tumorigenesis. 

In conclusion, the data of this study has identified DDX17 as a Sox2 binding 

partner in ER
+ 

BC cells. This work represents a novel study showing that DDX17 

activates the transcriptional activity of Sox2 in a small subset of BC cells (Figure 

4.1). 
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Figure 4.1. A model depicting the relationship between DDX17 and Sox2 in ER+ BC cell lines. 

In RU cells, DDX17 did not bind Sox2 and led to be Sox2 transcriptional inactive while in RR 

cells DDx17 did bind to Sox2 and led to be Sox2 transcriptional active. 
 
 
. 
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