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Second only to lung cancer, breast cancer is the leading cause of cancer-related deaths in 

American women. Breast cancer is a heterogeneous set of diseases characterized by aberrant genetic 

and epigenetic states, often leading to the ablation of tumor suppressors. Loss of tumor suppressor 

function has been established as a driver of disease progression in breast cancer patients. Thus, 

understanding the deregulation of tumor suppressor activity may lead to the identification of potential 

therapeutic targets whose inhibition can restore tumor suppressor function and, consequently, an anti-

proliferative cellular state.  

The Sex-determining region Y-box (SOX) family of transcription factors plays important 

roles in development, and several of its members have also been heavily implicated in a variety of 

cancers. In particular, SOX7 downregulation and tumor suppressive activities have been reported in a 

variety of epithelial tumors, including those of the lung, colon, and prostate. However, the precise 

functions of SOX7 as a DNA-binding transcription factor remained understudied. We set out to 
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interrogate the role of SOX7 in breast cancer and the mechanism behind its tumor-specific depletion. 

We report the frequent and striking downregulation of SOX7 in several breast cancer cell lines and 

breast tumor tissues, compared to normal mammary epithelia. The SOX7 promoter is frequently 

methylated in breast cancer cell lines, and SOX7 mRNA, but not protein, levels increase in response 

to pharmacologic or shRNA-mediated silencing of DNA methyltransferases (DNMTs). However, 

DNA methylation in breast tumor tissues is less common. Thus, we investigated the contribution of 

miRNAs to SOX7 downregulation and observed inhibition of a reporter plasmid with the SOX7 3’ 

untranslated region (UTR) in response to cotransfection with miR-182. Further, we correlated 

reduced SOX7 expression in breast cancer cell lines and tumor tissues with levels of a noncoding 

RNA transcript, reverse-SOX7. Importantly, SOX7 expression correlates with better distant 

metastasis-free survival in breast cancer patients, indicating its clinical relevance as a potential 

prognostic marker for breast cancer. To assess the functional role of SOX7 in breast cancer, we 

generated constructs to silence SOX7 expression using shRNA and introduced Doxycycline-inducible 

ectopic SOX7. With these tools, we demonstrated the tumor suppressive role of SOX7 in breast 

cancer cells both in vitro and in vivo. We explored the transcriptional activities of SOX7 using a 

microarray, and identified several cancer-related pathways that are regulated by SOX7.   

Collectively, our work demonstrates a critical role for SOX7 in antagonizing neoplastic 

transformation of mammary cells and explores multiple mechanisms by which breast tumors 

downregulate SOX7 expression.  
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I.1 SIGNIFICANCE AND MOLECULAR SUBTYPES OF BREAST CANCER 

 Breast cancer is the most commonly diagnosed non-skin cancer in American women, and 

over 230,000 new cases of invasive breast cancer are predicted to be diagnosed in 2014 in the United 

States (US) alone (www.cancer.org). Nearly 3 million women have been diagnosed with or have 

survived breast cancer in the US. Despite the improvement in breast cancer patient survival over the 

past few decades, which is largely attributable to better screening and improved treatment, it remains 

the second-leading cause of cancer-related deaths in US women (www.cancer.org). Histologically, 

tumors of the breast are classified as ductal or lobular carcinomas, depending on whether they 

develop in the ducts or lobules of the breast, respectively. Considerations of the size of the primary 

tumor (T), lymph node involvement (N), and distant metastasis (M) determine the stage of breast 

tumors, classified as stage 0 through IV. Importantly, the five-year survival rates of breast cancer 

patients drop off significantly in individuals diagnosed in later stages. Thus, it is critical to identify 

disease as early as possible to ensure the best survival rates.  

 In recent years, advanced analysis of the molecular profiles of breast tumors has been utilized 

to classify different breast cancers into subtypes based on the expression of particular molecular 

markers. Notably important drivers of breast cancer progression include the deregulated hormone 

receptors: estrogen receptor alpha (ERα) and progesterone receptor (PR). Over 70% of breast cancers 

overexpress ERα and are dependent on its proliferative activity for survival, leading to the first 

successful targeted cancer therapy with the development of Tamoxifen in the 1980s [3]. Meanwhile, 

PR detection by immunohistochemistry (IHC) is an established clinical marker, but its functional role 

in breast cancer remains unclear [4, 5]. Tumors that are positive for the expression of ERα and PR 

tend to respond more favorably to hormone-ablation therapies, such as selective estrogen receptor 

modulators (SERMs) or inhibitors of aromatase, an enzyme critical for estrogen production [6]. 

Epidermal growth factor receptor type 2 (ERBB2, also known as HER2) is overexpressed in 

approximately 25% of breast tumors and predicts a poor outcome relative to those patients 

overexpressing ERα and PR [7]. However, patients with HER2 overexpression had significantly 
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improved outcomes upon the development of an anti-HER2 monoclonal antibody, trastuzumab 

(Herceptin®) [8-10].  

 Despite the development of targeted therapeutics for the treatment of breast cancers, patients 

often develop secondary disease that is refractory to these first-line agents [11, 12]. This highlights 

the vastly heterogeneous nature of breast cancers, with different clonal populations arising prior to, 

during, and after treatment [13-15]. Furthermore, 15 – 20% of breast cancers, classified as triple 

negative breast cancers (TNBCs), do not express any of these three receptors, producing a patient 

population with significantly diminished clinical outcome due to a lack of targeted therapeutics [16]. 

Thus, the elucidation of additional molecular markers that can serve as targetable points of 

therapeutic intervention is critical to eliminating these residual or resistant diseases. Better 

understanding not only targetable markers, but prognostic ones as well is also important. As stated 

above, the improved survival of breast cancer patients is largely due to advances in early detection. 

However, approximately 30% of breast cancer patients are over-diagnosed at the time of presentation 

[17]. The treatment of these indolent tumors that produce no life-threatening symptoms decreases 

quality of life for these patients with no benefit, leading to the increasingly-accepted model of 

balancing cancer detection with therapeutic intervention. Importantly, this equilibrium is enlightened 

by prognostic markers that predict not only differential responses to therapeutics, but also suggest the 

course of disease progression.  

 The heterogeneity of breast cancers was definitively demonstrated in seminal studies using 

microarray gene expression analyses [18, 19]. These reports indicated differential patient outcomes 

among five molecular subtypes that were classified based on their gene expression signatures as 

either Normal-Like, Luminal A, Luminal B, Her2-Enriched, or Basal-Like. Those patients 

(approximately 10%) with the best prognosis fall in the Normal-Like category and have gene 

signatures resembling those of adipose tissue. However, some suggest that this observation is an 

artifact of poor tissue sampling, and these tumors more likely misrepresent other subtypes [20]. 

Luminal A and B subtypes express luminal cell markers and commonly express ERα and PR; 
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however, low-proliferating Luminal A tumors were associated with better prognosis than high-

proliferating, poor-grade Luminal B [19]. While HER2-enriched patients have poorer prognosis due 

to more proliferative and less differentiated tumors, their survival rates have significantly improved in 

the past decade or so, due to advancements in targeted therapies (e.g. Trastuzumab). Those tumors 

with the poorest prognosis are in the basal-like subtype and have gene signatures similar to mammary 

basal cells. Although this category strongly correlates with the clinically-defined TNBCs, they are not 

synonymous. In fact, one study found that 21.4% of TNBCs were not profiled as basal-like, and 

31.5% of basal-like cancers were not categorized as TNBC [21]. Nevertheless, the positive 

correlation between TNBCs and the basal-like category does lend to the more aggressive disease. 

This is further due to a high frequency of p53 mutations and lack of therapeutic options that would 

otherwise inhibit hormone-dependent or Her2-expressing tumors [19, 22].  

 Since the initial stratification of breast cancer patients into 5 subtypes based on molecular 

profiling, additional subtypes have begun to be identified. Closely clustering with basal-like tumors 

are the newly-discovered claudin-low breast cancers that express low levels of cell adhesion proteins 

(claudins) [23, 24]. Their gene expression profiles resemble those of mammary stem cells and 

mammary tissues undergoing an immune response. Predictably, patients with claudin-low breast 

cancer also have poor clinical outcome. Additional subtypes, such as apocrine carcinoma, adenoid 

cystic carcinoma, medullary carcinoma, and metaplastic carcinoma are all TNBCs with better 

prognosis than those in the basal-like or claudin-low subtypes [25]. The broad heterogeneity within 

and among breast cancer subtypes, coupled with refractory disease and prevalence of tumors lacking 

any targetable or predictive molecular markers, calls for better understanding of the molecular 

pathways whose alterations lead to breast cancer development and progression.  

 

I.2 SOX7: FROM A DEVELOPMENTAL REGULATOR TO AN EMERGING TUMOR 

SUPPRESSOR 

I.2.1. Abstract 
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SOX7 belongs to the SOX (SRY-related HMG-box) family of transcription factors that have 

been shown to regulate multiple biological processes, such as hematopoiesis, vasculogenesis and 

cardiogenesis during embryonic development. Recent studies indicate that several SOX family 

members play important roles in tumorigenesis. In this review, we introduce SOX7 gene and protein 

structures, and discuss its expression and functional role in cancer development and progression. 

SOX7 is frequently downregulated in many human cancers and its reduced expression correlates with 

poor prognoses of several cancers. Functional studies reveal many tumor suppressive properties of 

SOX7 in prostate, colon, lung, and breast cancers. To date, although a few target genes of SOX7 have 

been identified, SOX7-mediated gene expression has not been investigated in a cancer-relevant 

context. Our recent studies not only for the first time demonstrate a tumor suppressive role of SOX7 

in a xenograft mouse model, but also unravel that many genes regulating cell death, growth and 

apoptosis are affected by SOX7, strongly supporting a pivotal role of SOX7 in tumorigenesis. Thus, 

currently available data clearly indicate a tumor suppressive role of SOX7, but the mechanisms 

underlying its gene expression and tumor suppressive activity remain undetermined.  The research of 

SOX7 in cancers remains a fertile area to be explored. 

 

I.2.2. Introduction 

The founding member of the Sex-determining region Y-box (SOX) family of transcription 

factors is Sry (sex-determining region Y), the principal determinant of male sex development [26]. 

Sry contains a high-mobility group (HMG) domain responsible for its DNA-binding at the specific 

sequence 5’ A/T A/T CAA A/T G 3’ [27, 28]. The HMG box domain is highly conserved among 

SOX proteins in the same subfamily, but the homology considerably decreases among more distantly 

related SOX members. The SOX-F subfamily is comprised of three SOX proteins: SOX7, SOX17, 

and SOX18. These genes have pivotal roles in cardiovascular development during embryogenesis 

[29], but SOX7 in particular has also been greatly implicated in a number of human cancers [30-38].  
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 Cancer is a complex disease driven by both genetic and epigenetic alterations. Frequently, 

aberrant changes in oncogenes and tumor suppressors can initiate and promote tumorigenesis by 

altering signaling networks involved in cell proliferation, apoptosis, angiogenesis, invasion, and 

metastasis [39].  Current literature suggests that SOX7 acts as a tumor suppressor in multiple cancers, 

including colon, prostate, lung, and breast cancers.  Consistently, SOX7 downregulation has been 

shown in advanced tumors, and correlates with poor outcome in cancer patients [30, 31, 33-38]. 

Meanwhile, ectopic SOX7 expression antagonizes cell growth and promotes apoptosis in a number of 

cancer cell lines, whereas its knockdown leads to increased capability of nontumorigenic cells to form 

colonies in colony formation assays, indicative of neoplastic transformation [33, 36].  While SOX7 

has been demonstrated to negatively regulate the stability and function of β-catenin, the full 

mechanism underlying SOX7-mediated tumor suppression, especially the role of its transcriptional 

activity, has yet to be well understood [30, 33, 36, 40, 41].  

 In this review, we discuss the structure and function of SOX7, its role in development and 

human cancers, and potential mechanisms underlying SOX7’s tumor suppressive activities.  

 

I.2.3. Structure and Function of SOX7 

 The human SOX7 gene is located in a region of chromosome 8p23.1 and is approximately 7.7 

kilo base pairs (bps) in length (Fig. 1A). Two exons comprise the mRNA product with a coding 

region of 1,165 bps and a nearly 2 kilo bps long 3’ untranslated region (UTR).  The promoter region 

of the SOX7 gene contains a frequently methylated CpG island that plays a role in regulating SOX7 

gene expression. The human SOX7 protein is 388 amino acids in length, characterized by a C-

terminal transactivation domain and an N-terminal HMG domain (amino acids 44 - 122) [41] (Fig. 

1B).  Previous studies suggested that phosphorylation within the HMG domain markedly reduces the 

DNA binding affinity of HMG domain-containing proteins [42, 43]. Within the HMG domain of 

SOX7, there are four putative phosphorylation sites (S76, S82, S89 and T87) that may contribute to 

SOX7 binding to DNA.  The SOX7 protein bears 70% and 51% homology to SOX17 and SOX18,  
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Fig. 1. Structure of the SOX7 gene and protein. (A) The SOX7 gene is illustrated, beginning 1kilo 

bp upstream of the transcription start site (1,001). Two exons (filled sections) flank a single intron 

(vertical bars). The two coding regions (1080 - 1317 and 4847 - 5775) are indicated in brackets. (B) 

The SOX7 protein is depicted, with its N-terminal HMG domain (amino acids 44 – 122) and C-terminal 

β-catenin interaction site (328 – 335) indicated.  
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respectively. Although SOX7 shares its DNA binding element with many other SOX proteins, it has 

little homology with them outside the HMG box region, with the highest homology (58%) to SOX17. 

This suggests that SOX7 may have interacting partners and biological functions distinct from other 

SOX proteins. Many SOX proteins have been shown to interact with β-catenin, and either inhibit or 

promote its transcriptional activity [44]. SOX7 directly binds β-catenin and negatively regulates its 

activity. Guo et al. mapped a specific β-catenin binding site to the residues D
328

RNEFDQY
335

 of 

SOX7 and suggested that E
331

 and F
332

 are essential to β-catenin binding [33]. Interestingly, both 

SOX7 and SOX17 antagonize SOX4-mediated activation of β-catenin’s transcriptional activity and 

inhibit Wnt signaling in endometrial carcinoma cells, likely through competitive binding to β-catenin 

[40, 45].  

 SOX7 possesses various functions in development, such as the initiation and maintenance of 

arterial identity [46]. Additionally, the transcriptional activity of SOX7 plays a role in parietal 

endoderm differentiation through inducing the expression of the fibroblast growth factor 3 (Fgf-3), 

Gata-4, Gata-6, vascular endothelial (VE)-cadherin, and laminin-α1 (Lama1) genes [32, 47-49].  

SOX7 modulates the balance between proliferation and differentiation in mesodermal precursors and 

its knockdown inhibits hematopoietic differentiation [50]. Seguin et al demonstrated that ectopic 

SOX7 expression can transform human embryonic stem cells into stable endoderm progenitors, 

suggesting a critical role for SOX7 in lineage determination [51]. SOX7 is integral to cardiogenesis, 

and mice with homozygous deletion of the SOX7 exon 2 (SOX7
Δex2/Δex2

) showed embryonic lethality 

with features indicative of cardiovascular failure [46, 52]. SOX7 also regulates angiogenesis and 

vasculogenesis through mechanisms that are redundant with those of SOX18, implicating its 

relevance to cancer [46, 53, 54].  Consistent with its important role in normal development, SOX7 

dysregulation has been implicated in different diseases. Wat et al reported that mice with the 

homozygous deletion of SOX7’s exon 2, comprising 79% of its coding region, are embryonically 

lethal and those with the heterozygous mutation develop congenital diaphragmatic hernia [52]. These 
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data suggest that SOX7 haploinsufficiency may contribute to development of congenital 

diaphragmatic hernia in humans.  

 

I.2.4. The Role of SOX7 in Human Cancers 

As many well-characterized tumor suppressors, SOX7 expression is reduced in human 

cancers compared with normal tissues. Most studies demonstrated frequent downregulation of SOX7 

in a variety of human cancers, including breast, lung, colon, and prostate [30, 33, 34, 36, 38, 55, 56], 

while only one report suggested increased SOX7 transcript levels in several pancreatic, gastric, and 

esophageal cancer cell lines, and four cases of primary gastric cancer [56]. Multiple mechanisms 

contribute to the suppression of gene expression, including allele deletion, promoter methylation, 

histone modifications, mRNA translation or stability, and protein turnover rates [57]. SOX7 

downregulation has predominantly been attributed to the hypermethylation of its promoter that 

correlates with poor prognosis in myelodysplastic syndrome (MDS) and lung cancer patients [31, 35]. 

Recently, we demonstrated that shRNA-mediated silencing of DNA methyltransferase 1 (DNMT1), 

the key enzyme that maintains DNA methylation patterns during cell division, results in elevated 

SOX7 mRNA levels in MCF-7 and MDA-MB-231 breast cancer cells [38]. Consistently, SOX7 

mRNA expression is restored upon pharmacological inhibition of DNMTs by 5-aza-2’-deoxycytidine 

in multiple cancer cell lines [33, 36, 38], indicating that SOX7 is a common target of aberrant tumor 

epigenetics. However, while SOX7 protein levels are consistently increased in prostate and colon 

cancer cells upon DNMT inhibition, we were unable to detect concomitant protein increase in breast 

cancer cell lines, suggesting that additional mechanisms are involved in downregulating SOX7 

expression [38].  

The SOX7 gene is deleted (both homozygously and hemizygously) in multiple non-small cell 

lung cancer (NSCLC) cell lines [34]. Additionally, loss of heterozygosity (LOH) at the 8p22-23 locus 

that houses the SOX7 gene was found in 36% of ductal carcinoma in situ breast cancer patients [58]. 
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Collectively, these reports indicate that several human cancers preferentially downregulate SOX7 

through epigenetic and genetic mechanisms.  

 The effects of overexpressing SOX7 on cancer cells in vitro have been extensively studied by 

several groups. In prostate and colon cancer cells, forced SOX7 expression inhibits proliferation and 

colony formation [33, 36], and induces apoptosis in NSCLC, colon, endometrial, and prostate cancer 

cells [30, 34, 36]. We demonstrated that ectopic SOX7 expression through a Doxycycline (Dox)-

inducible system significantly reduces MDA-MB-231 breast cancer cell proliferation and their 

xenograft tumor growth in athymic nude mice [38]. Importantly, SOX7 silencing conferred a growth 

advantage to HEK293 cells [36] and significantly increased proliferation, migration and invasion of 

nontumorigenic breast cells [38]. The proliferative effects of SOX7 depletion provide strong support 

to its tumor suppressive role, because these studies can truly recapitulate the scenario of SOX7 

downregulation during tumorigenesis.  

Despite the growing body of evidence for SOX7’s tumor suppressive role in many cancers, 

the precise molecular mechanism(s) by which it achieves these effects remains unclear. Currently, 

SOX7 has been demonstrated to activate the expression of FGF3, GATA4, GATA6, LAMA1, VE-

Cadherin and SOX4 [32, 40, 47-49].  Thus, the target genes of the transcription factor SOX7 are 

highly understudied. To date, only one report is relevant to SOX7-mediated gene expression in a 

cancer-relevant setting [40]; most SOX7-target genes were identified through developmental studies.  

SOX7 activates expression of the basement membrane component Lama1, a large glycoprotein that 

participates in regulating cell migration and other processes through its interactions with various 

receptors, such as integrins [59-61]. SOX7 activates Lama1 through binding its enhancer, and acts 

synergistically with other transcription actors (SP1/SP3, NF-Y, and SOX17) to mediate Lama1 

expression [49].  Coexpression of SOX7 with the Fgf-3 promoter-driven luciferase reporter led to 

increased luciferase activity, and mutation of the SOX7 binding site significantly reduced this 

activation, suggesting an activating role for SOX7 in Fgf-3 transcription [48]. Fgf-3 is critical to 

development [62-64] and suggested to act as an oncogene in mouse mammary tumors [65]; thus, its 
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activation by SOX7 in tumors would contradict the widely supported tumor suppressive function of 

SOX7. These functional discrepancies are likely due to the dependency of SOX7-regulated gene 

expression on the cellular and molecular contexts of a particular cell type. Consistent with this 

prediction, SOX7 activates Lama1 in undifferentiated mouse F9 embryonal cells, but not HeLa cells 

[49]. 

SOX7 also targets vascular endothelial (VE)-cadherin [47], an adhesion protein essential for 

maintaining endothelial cell contacts [66]. SOX7 binding to the VE-cadherin promoter led to its 

activation in a reporter assay in HEK293 cells, and the integrity of the SOX7 binding site proximal to 

the transcription start site is necessary for complete promoter activation in bEnd.3 endothelial cells 

[47]. Interestingly, stimulation by vascular endothelial growth factor (VEGF) that is frequently 

overexpressed in human cancers downregulates SOX7 [47], while the same treatment also increases 

the permeability of endothelial cell monolayers [67]. Thus, it is reasonable to hypothesize a feedback 

loop in human tumors with upregulated VEGF signaling and downregulated SOX7, in which VEGF 

signaling inhibits SOX7-mediated VE-cadherin expression, resulting in reduced endothelial cell 

contacts and increased intravasation of tumor cells into the bloodstream (Fig. 2). This predicted 

mechanism may explain the positive correlation between SOX7 expression and distant metastasis-free 

survival in prostate and breast cancers [68, 69]. Notably, the effects of SOX7 on its currently 

discovered target genes are all activating [32, 47-49]. This is consistent with a previous study 

indicating that SOX7 possesses a transactivation domain but lacks any well-defined transrepression 

domain [70].    

To better understand the role of SOX7 as a transcription factor in cancer, we performed a 

microarray study to analyze changes in gene expression in breast cancer cells upon ectopic SOX7 

expression for 6, 12, or 24 hours (h). Interestingly, we observed altered levels of multiple cancer-

relevant genes. We grouped genes affected by SOX7 expression into ontological categories based on 

their biological functions, and observed that genes involved in cell death and survival, movement, and  
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Fig. 2. Proposed role of SOX7 in early metastasis. (A) Overexpression of VEGF by the 

primary tumor inhibits SOX7 expression in endothelial cells (ECs), decreasing VE-cadherin 

gene expression and reducing endothelial cell contacts. (B) Elevated VEGF levels contribute 

to SOX7 downregulation in tumor cells, promoting their proliferation, migration and invasion 

through the more permeable EC wall.  
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growth and proliferation were highly and significantly altered (Fig. 3). These data support a 

regulatory role of SOX7 as a transcription factor in mammary oncogenesis. 

Multiple studies indicate SOX7 antagonism of Wnt/β-catenin signaling [30, 33, 36, 40, 41], a 

commonly upregulated pathway in human cancers involved in the regulation of cell proliferation, 

survival, and migration [71]. SOX7 was first found to inhibit TCF/LEF-β-catenin activation of the 

TCF/LEF-dependent TOPFLASH reporter in HEK293 cells [41], and this observation was later 

recapitulated in colon and prostate cancer cell lines [33, 36]. Further, SOX7 colocalizes and 

physically interacts with β-catenin in endometrial cancer cells [30]. As discussed above, the SOX7-β-

catenin interaction is mediated by D
328

RNEFDQY
335

 of SOX7 [33]; however, the SOX7-binding 

region in β-catenin has yet to be determined. Functionally, SOX7 overexpression reduces mRNA and 

protein levels of the Wnt-signaling targets cyclin D1 and survivin in colon cancer cells [36], but 

whether this regulation is through SOX7-mediated expression of these two genes is unclear. 

Interestingly, a SOX7-related protein, SOX4, may function as either an oncogene or tumor 

suppressor, depending on cellular contexts [72]. It acts as a positive regulator of β-catenin signaling 

through its upregulation of TCF4 transcription [40]. SOX7 transcriptionally activates SOX4 

expression in endometrial cancers, but also inhibits SOX4-mediated β-catenin/TCF4-driven 

transcription [40], indicating that a complex regulatory network likely exists in the tumor scenario 

among different SOX members. The well-characterized SOX7 inhibition of Wnt/β-catenin signaling 

suggests that SOX7 may have a tumor suppressive role that is independent of its DNA-binding 

ability, in addition to its activity in regulating gene transcription. 

Based on markedly decreased SOX7 expression in multiple human tumors, and its tumor 

suppressive effects on cancer cell lines both in vitro and in vivo, SOX7 can potentially serve as a 

prognostic marker for a number of human cancers. In prostate cancer, high serum levels of prostate-

specific antigen (PSA) and metastasis suggest poor clinical outcomes of the patients; SOX7 protein 

levels were markedly reduced in patients with these poor prognostic indicators [55]. Consistently, 

SOX7 downregulation was an independent predictor of decreased recurrence-free survival in prostate  
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Fig. 3. Ectopic SOX7 leads to changes in genes of multiple functional groups. SOX7 was 

overexpressed in breast cancer cells for 6, 12, or 24 h, and changes in gene expression were 

analyzed by a microarray. P values are given as “-log” values and tend to increase from left to 

right.  
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cancer patients [55]. In breast cancer, we observed that SOX7 expression was reduced in relatively 

aggressive breast cancer subtypes (e.g. HER2 enriched, Luminal B, and basal-like) compared to those 

subtypes with favorable prognosis (normal-like) [38]. We also found that reduced SOX7 transcript 

levels correlated with significantly decreased distant metastasis-free survival in an international breast 

cancer metacohort consisting of 674 patients [38], strongly supporting SOX7 downregulation as a 

prognostic marker for metastatic outcome of breast cancer patients. Similarly, reduced SOX7 

expression in lung adenocarcinomas correlated with multiple poor prognostic indicators and both 

overall and disease-free survival, and was further validated as an independent prognostic factor [35]. 

Finally, SOX7 promoter methylation, the most studied mechanism of its downregulation in human 

cancers, is strongly correlated with shorter overall and cumulative survival in MDS patients [31]. 

Taken together, these data strongly suggest that SOX7 serves as a prognostic marker for disease 

progression in a number of human cancers, and warrant its study in additional tumor types. 

 

I.2.5. Conclusions and Future Directions 

 SOX7 is a member of the SOX family of transcription factors and has critical roles in 

multiple developmental processes. Many SOX proteins, such as SOX2, SOX4, and SOX9, have been 

demonstrated to have oncogenic activities in human tumors [73]. However, an increasing body of 

evidence supports a tumor suppressive role of SOX7 in human cancers.  First, its downregulation has 

been reported in several cancers, including prostate, colon, breast and lung cancers.  Second, SOX7 

overexpression in multiple cancer cell lines inhibits their proliferation, invasion and colony formation 

while promoting apoptosis; consistently, SOX7 knockdown confers a growth advantage to 

nontumorigenic cells [33, 36, 38].  Third, frequent SOX7 promoter hypermethylation was detected in 

human tumor tissues and cell lines [30, 33-36, 38, 55].  Finally, decreased SOX7 expression 

frequently correlates with poor disease outcomes of cancer patients, indicating its potential as a 

valuable prognostic marker [31, 35, 38, 55].  
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While SOX7 appears to execute a tumor suppressive function in a broad range of cancers, the 

precise molecular mechanism behind these effects remains unclear. As a transcription factor, SOX7 

target genes in the context of cancer have not been extensively studied. However, multiple reports 

indicate that SOX7 inhibits proliferative β-catenin signaling through direct protein interaction, 

suggesting that it antagonizes tumor growth, at least in part, by its activities independent of DNA 

binding [30, 33, 36, 40, 41]. It is likely that additional, complex regulatory networks exist between 

SOX7 and other SOX factors, and their disruption contributes to cancer progression.  Future studies 

should be aimed at identifying SOX7 transcriptional targets and protein interaction partners in 

cancers. This is necessary to fully understand the mechanisms underlying SOX7-mediated tumor 

suppression.  
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I.3 NONCODING RNAs AND THEIR ROLE IN BREAST CANCER 

I.3.1. Introduction 

 Traditionally, the flow of genetic information was considered to be unidirectional, according 

to the central dogma of molecular biology. In this schema, most RNAs, except a small portion of 

well-characterized RNAs, such as tRNA and rRNA, were merely a passive intermediate step between 

the encoding genes and the functional proteins. Thus, most efforts of early cancer research were 

aimed at elucidating the functions of protein-coding genes. However, 80 – 90% of the human genome 

can be transcribed, while only about 2% of it encodes protein products [74-78]. Thus, increasing 

attention has been shifted in the past decade to the realm of noncoding RNAs (ncRNAs), transcripts 

that are not translated into proteins. Rather than being transcriptional noise, these transcripts have 
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been discovered to have a number of biological functions, including regulation of chromatin 

modification, epigenetics modulating gene transcription, and mRNA translation [79-81].  

 There are three types of ncRNAs, structurally classified according to their lengths [82]. 

Transcripts between 17 and 30 nucleotides in length are considered short ncRNAs, the most studied 

of which are microRNAs (miRNAs). Middle-size ncRNAs vary in length but are typically between 20 

and 200 nucleotides. Long ncRNAs are over 200 nucleotides, including well-characterized transcripts 

like Xist and HOTAIR [83, 84]. These classes of ncRNAs are nicely reviewed elsewhere [85]. Thus, 

here we will focus only on microRNAs and long noncoding RNAs that are pertinent to our studies. 

 

I.3.2. MicroRNAs 

MiRNAs are small ncRNAs between 18 and 25 nucleotides long and regulate normal 

biological processes, such as development [86, 87], differentiation [88-91], and stem cell maturation 

[92-94]. Their biosynthesis begins with the production of primary transcripts (pri-miRNAs) by RNA 

polymerase II. Complementary sequences in the pri-miRNA transcript cause the formation of a stem-

loop structure that is recognized by the ribonuclease DROSHA and its partner, DGCR8, which 

modify the transcript to form a pre-miRNA intermediate that is exported to the cytoplasm by 

exportin-5/Ran-GTP. Further processing by the ribonculease DICER1 in the cytoplasm produces a 

double-stranded miRNA molecule. One strand (the passenger strand) is degraded, while the other (the 

guide strand) is associated with Argonaute proteins. This produces an RNA-induced silencing 

complex (RISC) that targets the miRNA to the 3’ untranslated region (3’-UTR) of a target mRNA 

transcript. Binding of the miRNA to its target mRNA results in either mRNA degradation or 

translational inhibition. MiRNAs have a small 7-nucleotide region called the seed sequence that 

actually binds complementarily to the target mRNA. Because of the short length of the seed sequence, 

a single miRNA may target multiple mRNA transcripts to repress their expression [95, 96]. 

 Over 2,500 human miRNAs have been identified thus far and are cataloged by the Sanger 

Institute at miRBase (http://www.mirbase.org/). Currently, miRNAs are predicted to regulate the 

http://www.mirbase.org/
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expression of nearly one-third of human genes [95], and approximately 3% of the human genome 

encodes for miRNAs [97]. By targeting genes involved in the regulation of cell apoptosis, 

proliferation, and invasion, miRNAs have been heavily implicated in tumorigenesis as either tumor 

suppressive miRNAs or oncogenic miRNAs (oncomirs). The role and deregulation of miRNAs in 

breast cancer have been extensively reviewed [98-100]. A number of miRNAs have been 

demonstrated to contribute to tumorigenesis through their roles in regulating epithelial-to-

mesenchymal transition (EMT) and stemness [101-103]. While some miRNAs are tumor suppressive 

in breast cancer, such as the let-7 family that is frequently lost in early tumorigenesis [104], many are 

oncogenic. For example, overexpression of miR-10b leads to tumor invasion and distant metastasis in 

non-metastatic breast tumor cell lines, consistent with its suppression of E-cadherin expression [105, 

106]. MiR-21 is overexpressed in breast cancer cell lines and tissues compared to nontumorigenic 

cells [107, 108] and is known to promote EMT through its antagonism of PTEN [109]. These studies 

suggest that exploring miRNA regulation and functions is pivotal to a sound molecular understanding 

of breast cancer.  

 

I.3.3. Long Noncoding RNAs 

 Long ncRNAs were originally defined according to their length as being noncoding RNA 

molecules longer than 200 nucleotides [79, 110], conveniently excluding smaller RNAs in 

purification protocols [77, 111]. Long ncRNAs are transcribed by RNA polymerase II [112]. They 

may be polyadenylated and found in either the nucleus or cytosol, but they are not translated into 

protein. Understanding the exact mechanisms of how ribosomes differentiate coding and noncoding 

transcripts is an area of active research [113]. The GENCODE long ncRNA database houses nearly 

15,000 transcripts from over 9,000 loci in the genome [114]. However, these numbers are likely 

grossly underestimated given the frequent processing of larger transcripts into smaller ones [115]. 

Evolutionarily, long ncRNAs evolve rapidly and are generally less conserved than the sequences of 

protein-coding genes [116, 117]. Recently, the definition of long ncRNAs has shifted from a 
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structural to a functional classification [111], highlighting their regulatory activities in (1) epigenetics 

of gene transcription, (2) miRNA activity, (3) mRNA translation, and (4) protein function. The best 

characterized are the epigenetic mechanisms of long ncRNA function.  

The long ncRNA, HOX antisense intergenic RNA (HOTAIR), regulates gene transcription by 

inducing epigenetic changes. HOTAIR silences the HOXD locus on chromosome 2 by interacting 

with and recruiting Polycomb repressive complex 2 (PRC2) [84]. PRC2 instigates repressive 

methylation marks on lysine 27 on histone H3 via enhancer of zeste 2 (EZH2) and recruits additional 

epigenetic modifiers, like DNA methyltransferases, that maintain transcriptional silencing. HOTAIR 

also interacts with other histone modification complexes that demethylate lysine 4 on histone H3, 

thereby removing marks that would otherwise lead to transcriptional activation [118]. At the HOXD 

locus, HOTAIR is capable of silencing transcription across 40 kb, illustrating the influence that long 

ncRNAs can have on vast regions of gene expression. In breast cancers, HOTAIR is frequently 

overexpressed, and its ectopic expression increases metastatic ability of breast cancer cells [119].  

Long ncRNAs can also act as decoys of miRNAs that would otherwise target protein-coding 

mRNA transcripts due to the presence of miRNA binding sites. Thus, these long ncRNAs are also 

known as competing endogenous RNAs (ceRNAs) and have the ability to modulate miRNA activity, 

depending on their expression levels [120]. This produces a complex and influential RNA network, in 

which changes of long ncRNA expression alter miRNA function, leading to deregulation of miRNA 

target genes and contributing to a number of different pathologies, including cancers [121]. This 

concept was classically demonstrated by the Pandolfi group with phosphatase and tensin homolog 

(PTEN) expression. The PTEN pseudogene, PTENP1, lacks translational capacity but expresses a 

mRNA transcript that acts as a molecular sponge for PTEN-targeting miRNAs [122]. The depletion 

of PTENP1 frees miRNAs to target endogenous PTEN, silencing its expression and allowing 

constitutive activation of the prosurvival PI3K/AKT pathway.  

Other functions of long ncRNAs also exist, but are less studied. These include the regulation 

of protein translation, as by LincRNA-RoR, which interacts with heterogenous nuclear 
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ribonucleoprotein 1 (hnRNP1) to negatively regulate p53 in cells with DNA damage by repressing its 

translation [123]. The long ncRNA urothelial carcinoma-associated 1 (UCA1) also binds hnRNP1 

competitively with p27 (Kip1) transcripts, thereby reducing p27 levels [124]. In breast cancer, UCA1 

acts as an oncogene and its levels inversely correlate with p27 expression [124]. Long ncRNAs also 

modulate protein function by altering their ability to bind their substrates [125], inducing 

conformational changes [126], or altering subcellular localization [127]. Additionally, long ncRNAs 

can modulate alternative splicing patterns by pairing to their specific sense RNA [121]. Finally, long 

ncRNAs like prostate-cancer associated transcript 1 (PCAT1) can modulate double-strand DNA break 

repair pathways in breast cancer by repressing the BRCA2 tumor suppressor [128].  

 Each hallmark of cancer that defines a malignant phenotype is controlled by one or more long 

ncRNAs [129]. Thus, the diverse biological functions of long ncRNAs and their frequent deregulation 

in cancer suggest that their roles are fundamental to understanding tumor development and 

progression. While future research into their mechanistic roles promises to be fruitful, they have 

notable potential as diagnostic or prognostic molecular markers as well. Recent evidence indicates 

that short ncRNAs, like miRNAs, present in body fluids and extracellular spaces have clinical value, 

especially given the minimally invasive nature of sampling these fluids. Thus, it is reasonable to 

hypothesize that a search for long ncRNAs in these compartments may produce important 

conveniently accessible molecular biomarkers for early detection, diagnosis, or prognosis.  

 

I.4. OVERVIEW 

 Breast cancer is the most prevalent non-skin carcinoma in U.S. women. Different targeted 

therapies have been developed to treat particular subtypes of breast cancer. However, many of these 

tumors develop resistant disease, and there is a lack of markers in other tumor subtypes that precludes 

targeted therapeutic intervention. During breast tumorigenesis, multiple genetic and epigenetic 

aberrations occur that lead to destabilized expression of tumor suppressor genes. A tumor suppressive 

function for SOX7 has been implicated in a variety of other epithelial neoplasias, and its genomic 
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locus is frequently deleted in breast cancer patients. Thus, we hypothesized that SOX7 acts as tumor 

suppressor in breast cancer. In this dissertation, we pursued two objectives: (1) to determine the 

mechanisms by which SOX7 is silenced during tumorigenesis; and (2) to investigate the mechanism 

of SOX7-mediated breast tumor suppression. Our results enlighten future breast cancer therapies by 

offering points of therapeutic intervention for the restoration of SOX7 function or its regulated 

pathways.  
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II.1. ABSTRACT 

Both epigenetic silencing and genetic deletion of tumor suppressors contribute to the 

development and progression of breast cancer. SOX7 is a transcription factor important to 

development and its downregulation has been reported in tumor tissues and cell lines of prostate, 

colon and lung cancers. However, the regulation of SOX7 expression and its functional role in breast 

cancer have not been reported. Our current study demonstrates that SOX7 mRNA and protein 

expression are downregulated in breast cancer tissues and cell lines compared to adjacent normal 

tissues and nontumorigenic cells, respectively. The SOX7 promoter is hypermethylated in breast 

cancer cell lines compared to nontumorigenic cells and the inhibition of DNA methylation increases 

SOX7 mRNA levels. With shRNA-mediated SOX7 silencing, nontumorigenic immortal breast cells 

display increased proliferation, migration and invasion, and they form structures resembling that of 

breast cancer cells in a three-dimensional culture system. Conversely, ectopic SOX7 expression 

inhibits proliferation, migration and invasion of breast cancer cells in vitro and tumor growth in vivo. 

Importantly, we discovered that SOX7 transcript levels positively correlated with clinical outcome of 

674 breast cancer patients. Overall, our data suggest that SOX7 acts as a tumor suppressor in breast 

cancer. SOX7 expression is likely regulated by multiple mechanisms and potentially serves as a 

prognostic marker for breast cancer patients.  
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II.2 INTRODUCTION 

The Sex-determining region Y-box (SOX) family comprises over 20 transcription factors that 

are divided into subfamilies A through H based on their conserved structural motifs. The founding 

member of the SOX family, Sex-determining region Y (Sry), is the premiere sex-determining factor 

in male development [28, 130]. SOX proteins share homology with Sry both within and outside of 

their high mobility group (HMG) domain that recognizes and binds DNA at the SOX consensus site 

of 5’ A/T A/T CAA A/T 3’ [131]. 

Historically appreciated for their role in development, various SOX proteins are becoming 

increasingly recognized as important players in the genesis and progression of human cancers [73]. 

SOX7, a member of subgroup F along with SOX17 and SOX18, has been reported to regulate 

hematopoiesis and cardiogenesis [46, 54, 132, 133]. As a developmental regulator, SOX7 has more 

recently been demonstrated to regulate VE-cadherin expression during hematopoietic development, 

which implicates its role in human cancers [47]. Indeed, SOX7 downregulation has been observed in 

tumors of the colon, prostate and lung [33, 35, 36, 55]. Further, SOX7 overexpression suppressed cell 

proliferation and colony formation in prostate and colon cancer cell lines and induced apoptosis in 

colon cancer cells [33, 36]. Consistently, SOX7 silencing has been attributed to its hypermethylation 

in tumors and this effect correlated with poor prognosis in myelodysplastic syndrome patients [31]. 

The p38MAPK signaling pathway has also been shown to regulate SOX7. MAPK signaling-regulated 

transcription factors c-fos and c-jun upregulated SOX7 promoter activity in a reporter assay [37]. 

Although the precise molecular mechanism by which SOX7 exerts its tumor suppressive effects has 

yet to be definitively determined, SOX7 has been shown to interact with β-catenin and inhibit cell 

proliferation mediated by WNT signaling pathways [33, 54, 56]. 

The SOX7 gene is located on the p arm of human chromosome 8 at a locus frequently lost in 

breast tumors [58]. Additionally, significant downregulation of the SOX7 mRNA was reported in a 

group of 9 primary breast cancers [56]. 
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In this study, we investigated the mechanisms of SOX7 downregulation, and demonstrated its 

tumor suppressive role in breast cancer and positive correlation with favorable clinical outcome of 

breast cancer patients.  

 

II.3 MATERIALS & METHODS 

II.3.1. Antibodies and DNA Vectors for Gene Expression and Knockdown  

 The antibodies, their catalog numbers and vendors used in this study are SOX7 (AF2766; 

R&D Systems), Ezh2 (AC22; Cell Signaling Technology), glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) (10R-G109A; Fitzgerald Industries International), β-actin (MAB1501; 

Chemicon International), DNMT1 (5032; Cell Signaling Technology), and Ki-67 (sp6; NeoMarkers, 

Inc.).  

 We used our previously described lentiviral vector pSL5 with a puromycin selection marker 

to express any inserted cDNA under the control of the chicken β-actin promoter [134, 135]. For 

inducible SOX7 expression, we generated the pTetOn-7 vector using a minimal CMV promoter to 

drive cDNA expression with six copies of tetracycline-response element (TRE Mod) upstream of the 

promoter. The chicken β-actin promoter drives expression of the advanced reverse tetracycline 

response element (rtTA-Adv, Clontech Laboratories, Inc.) and a puromycin selection gene. Short 

hairpin RNAs (shRNAs) were designed based on our previously published methods [136-138]. The 

target sequences included a scrambled control (GGGACTACTCTATTACGTCATT), human SOX7 

(GGAATGTTCACTGACGTCTT), human EZH2 (GGTGATCACAGGATAGGTATT), and human 

DNMT1 (GGATGAGAAGAGACGTAGAGTT).  

 

II.3.2. Cell Culture, Lentiviral Production and Infection 

 Human mammary epithelial cells (HMECs), nontumorigenic MCF-10A and tumorigenic 

MCF-7, MDA-MB-231, SK-BR-3, ZR-75-1, BT-474, BT-549, CAMA-1, HS-578T, and SUM159PT 

breast cells were cultured according to the protocol of the American Type Culture Collection or cited 
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literature. Immortalized, nontumorigenic 184B5 breast cells were generated and cultured as 

previously described [139, 140]. 

 Lentivirus was produced by transfecting 293FT cells with a plasmid encoding the lentivirus 

and three packaging plasmids (pMDLg/pRRE, pVSV-G, and pRSV-REV) using the calcium 

phosphate precipitation method [136, 141]. Cells were infected with concentrated lentivirus and 

incubated 6 h with 8 µg/mL of hexadimethrine bromide (Polybrene) before reverting to normal 

medium. Cells were subjected to antibiotic selection for at least 48 h post-infection prior to further 

studies.  

 

II.3.3. Proliferation, Migration, Invasion and 3-D Matrigel Assays 

 We carried out WST-1, migration, invasion, and three-dimensional Matrigel assays as were 

previously described [142]. In these assays, cells were infected by lentivirus expressing either 

shRNAs or cDNAs. For inducible SOX7 expression, we first generated clonal MDA-MB-231 cell 

lines stably expressing rtTA-adv and then infected them with pTetOn-7 lentivirus carrying Dox-

inducible SOX7 cDNA.  

 

II.3.4. Xenograft Study  

 We performed the xenograft study in athymic nude mice according to a protocol approved by 

the Institutional Animal Care and Use Committee of Wake Forest Health Sciences. MDA-MB-231 

cells (4 x 10
6
) carrying Dox-inducible SOX7 were injected subcutaneously into the mammary fat 

pads of 8- to 10-week old female athymic nude mice at two sites per mouse. Mice were supplied with 

either 2.0 µg/mL Dox in their drinking water or normal water (n = 5 mice per group). Tumors were 

measured twice weekly using a Vernier caliper and tumor volumes were calculated using the formula 

V = 0.5 (Length x Width) [143]. Four weeks after implantation, all mice were sacrificed and 

xenografts were isolated, weighed and analyzed by Western blot analysis.  
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II.3.5. Methylation Analyses 

 Patient samples were acquired from the Advanced Human Tissue Bank at Wake Forest 

Health Sciences and handled following a protocol approved by the Institutional Review Board of 

Wake Forest Health Sciences. Genomic DNA (gDNA) from human tissues and cell lines was isolated 

and converted using the EZ DNA Methylation Kit (Zymo Research, D5001). The methylation status 

of the SOX7 promoter in these gDNA samples was determined by methylation-specific PCR 

following a published procedure [33]. PCR was performed using Taq Polymerase (Zymo) under the 

following parameters: 95 ºC 10min; 35 cycles of 95 ºC for 30 sec, 54 or 58 ºC for 30 sec, and 72 ºC 

for 30sec; and 72 ºC for 7 min.  

 To study the effects of methyltransferase inhibition on SOX7 mRNA levels in MCF-7 and 

MDA-MB-231 cells, we treated cells with 1 µM 5-aza-2’-deoxycytidine (5-Aza) for 72 h. Other 

drugs used to determine the effects of inhibiting histone deacetylase or histone methyltransferase 

activity included 400 nM Trichostatin A (TSA) for 24 h and 3 µM BIX01294 for 72 h, respectively.  

 

II.3.6. Reverse Transcription-qPCR Analysis 

Total cellular RNA was extracted using the TRIzol protocol (Invitrogen) and subsequently 

analyzed by reverse transcription-quantitative PCR (RT-qPCR). SOX7 mRNA levels were 

determined using 1 µg RNA that was incubated with 0.5 µg/µL oligo dT primer (Promega Corp., 

Madison, WI) at 70 ºC for 5 min.  Meanwhile, we prepared the reverse transcription (RT) mix and left 

it at room temperature until the annealing step was complete. The RT mix was immediately added 

and incubated at 40 ºC for 1 h: 5 µL 5x MMLV (Moloney murine leukemia virus) buffer, 5 µL 

10mmol/L deoxyribonucleotide triphosphate, 0.6 µL ribonuclease inhibitor (RNasin; Promega Corp.), 

1 µL reverse transcriptase, and 13.4 µL nuclease-free water. Quantitative PCR analysis using Taqman 

gene expression arrays was then performed for SOX7 expression and data were normalized to 

GAPDH levels and determined by the ΔΔCT method (Applied Biosystems Inc., Foster City, CA) 
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[144]. All analyses were performed using the ABI7000 Sequence Detection System (Applied 

Biosystems). 

 

II.3.7. Half-Life of SOX7 Study 

 Experiments were performed as described previously [145]. To test the effects of various 

mutations on SOX7 protein stability, we infected MDA-MB-231 cells with lentivirus expressing the 

pSL5 vector or pSL5/SOX7. Cells were treated with 60 µg/mL cycloheximide for the indicated time 

points. Lysates were collected and analyzed by Western blot. 

 

II.3.8. Statistical Analyses 

 Data in RT-qPCR, invasion, WST-1 and xenograft assays are indicated as the mean +/- 

standard deviation (SD). Comparisons between two groups for a single parameter were performed 

using Student’s t-test. All analyses were performed using commercially available software 

(SigmaStat; Systat Software Inc., San Jose, CA and Microsoft Excel). A difference was considered 

statistically significant at P < 0.05.  

 

II.4. RESULTS 

II.4.1. Downregulation of SOX7 in Breast Cancer 

Previous reports suggested reduced SOX7 expression in prostate, lung and colon cancers [33, 

35, 36, 55]. To determine its expression in breast cancer, we first evaluated SOX7 mRNA and protein 

levels in a panel of breast cell lines. Using Western blot analysis and reverse transcription-

quantitative PCR (RT-qPCR), we found that both SOX7 protein and mRNA were downregulated in 

nearly all breast cancer cell lines compared to normal finite-lifespan human mammary epithelial cells 

(HMECs), and nontumorigenic, immortal MCF-10A and 184B5 [139, 140] breast cell lines (Figure 

1A & 1B; p < 0.05). Previous studies suggested that SOX7 promoter methylation contributes to its 
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reduced expression [31, 33, 36]. We also observed DNA methyltransferase 1 (DNMT1) upregulation 

in several breast cancer cell lines relative to normal or nontumorigenic breast cells (Figure 1A).  

We next analyzed SOX7 mRNA levels in human breast tumors from the GSE10780 [146] 

dataset. SOX7 transcript levels were markedly decreased in 42 invasive ductal carcinoma tissues as 

compared to 143 normal tumor-adjacent tissues from 90 patients (Figure 1C; p = 1.64 x 10
-16

). These 

data suggest a consistent and frequent downregulation of SOX7 expression in human breast cancer 

cell lines and tumors.  

 

II.4.2. Regulation of SOX7 in Breast Cancer 

Previous studies suggest that promoter methylation is an important mechanism of SOX7 

downregulation in prostate and colon cancers [31, 33, 35, 36]. Thus, we tested the methylation status 

of the SOX7 promoter in breast cancer using methylation-specific PCR (MS-PCR) as described 

previously [33]. While normal or nontumorigenic HMECs, MCF-10A and 184B5 breast cells [140] 

did not show detectable methylation, we observed SOX7 promoter methylation in 6 out of 9 breast 

cancer cell lines (Figure 2A). These data suggest that methylation is a common mechanism of SOX7 

silencing in breast cancer cell lines.  

To determine whether DNA methylation plays a role in reduced SOX7 expression in breast 

cancer, we treated MCF-7 and MDA-MB-231 cells with 5-aza-2’-deoxycytidine (5-Aza), a DNA 

methyltransferase (DNMT) inhibitor. As shown in Figure 2B, this treatment led to a significant 

increase of SOX7 transcript levels in both cell lines (p < 0.05). To further investigate the role of DNA 

methylation in SOX7 downregulation, we infected MCF-7 and MDA-MB-231 cells with lentivirus 

expressing a shRNA specific to DNMT1 (shDNMT1) or a scrambled control (shCont) and analyzed 

SOX7 mRNA levels at both one and two weeks post-infection. SOX7 mRNA levels were 

significantly increased in MDA-MB-231, but not MCF-7 cells, one week after infection; however, 

both cell lines showed significantly elevated SOX7 mRNA levels after two weeks (Figure 2C). 

DNMT1 knockdown was validated by RT-qPCR analyses (Figure 2C).  
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To determine whether SOX7 promoter methylation occurs in the tumors of human breast 

cancer patients, we analyzed the genomic DNA from 27 frozen breast tumor tissues and their matched 

adjacent normal tissues. Among these samples, we clearly observed SOX7 promoter methylation in 5 

tumor samples (19%) (samples 1, 3, 4, 5 and 23 in Figure 2D and Supplemental Figure 1A). 

Interestingly, we also detected weak signal of the methylation in two tumor-adjacent normal samples 

(patients 1 and 26). To examine whether this standard PCR condition was too stringent, thus causing 

the relatively low detection of SOX7 promoter methylation compared to previous reports in other 

cancers [31, 33, 36]. We reduced the annealing temperature from 58 ºC to 54 ºC and repeated the MS-

PCR for samples 6, 8, 9, 16, and 17. With this reduced stringency, we found that most normal 

samples, as well as MCF-10A cells, became positive in the PCR using the methylation-specific 

primers (Supplemental Figure 1B), suggesting that using 54 ºC as the annealing temperature could 

produce false positive results.  

To determine whether the methylation status of the SOX7 promoter correlated with its 

transcription in human tumors, we compared SOX7 mRNA levels of six tumor samples with their 

matched normal tissue. We observed SOX7 mRNA downregulation in all tumor samples regardless 

of their promoter methylation status (Figure 2E).  

The relatively infrequent promoter methylation of SOX7 compared to that in prostate [33] 

and colon [36] cancer, and its consistently low mRNA expression suggest that additional epigenetic 

mechanisms or gene deletion are involved in SOX7 downregulation in human breast tumors. To 

determine whether histone deacetylation contributes to inhibiting SOX7 expression in breast cancer 

cells, we treated MCF-7 and MDA-MB-231 cells with 400nM Trichostatin A (TSA), an inhibitor of 

histone deacetylases (HDACs), and analyzed SOX7 transcript levels after 24h. Interestingly, TSA 

significantly increased SOX7 transcript levels in MCF-7 cells but had an opposite effect on MDA-

MB-231 cells (Supplemental Figure 2A; p < 0.05). To determine whether histone methylation 

contributes to SOX7 silencing, we studied the effects of inhibiting the methylation of histone H3 

lysine 9 (H3K9) and H3 lysine 27 (H3K27), two well-characterized marks of gene repression, on 
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SOX7 transcription. The treatment of BIX01294, an inhibitor of methyltransferases mediating H3K9 

methylation, did not affect SOX7 transcription in MCF-7 cells, but modestly decreased that in MDA-

MB-231 cells (Supplemental Figure 2A). Additionally, we used two shRNAs (shEZH2-1 and 

shEZH2-2) to silence Enhancer of Zeste 2 (EZH2), a methyltransferase catalyzing H3K27 

methylation. Surprisingly, EZH2 knockdown in both MCF-7 and MDA-MB-231 cells apparently 

further reduced SOX7 mRNA levels, instead of increasing it (Supplemental Figure 2B), without 

causing any detectable change in SOX7 protein levels (Supplemental Figure 2C).  

We further explored SOX7 ubiquitination in mammary cells. To determine whether protein 

ubiquitination contributes to SOX7 degradation, we scanned the SOX7 amino acid sequence for 

potential ubiquitination sites using the CKSAAP_UbSite Prediction software [147] and found three 

potential ubiquitination lysines (39, 148 and 159). However, replacing these lysine residues with 

arginines did not extend the half-life of ectopically expressed SOX7 proteins in MDA-MB-231 cells 

(Supplemental Figure 3A). Consistently, treatment of MDA-MB-231 cells with two different 

proteasome inhibitors, MG-132 and AdaAhx3L3VS [148], did not lead to detectable SOX7 

accumulation (Supplemental Figure 3B), suggesting that proteaseome-mediated degradation is 

unlikely a major mechanism of SOX7 downregulation.    

 

II.4.3. Effects of Manipulated SOX7 Expression in Breast Cell Lines 

To study the effects of SOX7 depletion in nontumorigenic immortal breast cell lines, we 

stably infected MCF-10A and 184B5 cells with lentivirus expressing shCont or a SOX7-specific 

shRNA (shSOX7), and generated clonal cells from each. SOX7 knockdown was validated by Western 

blot analysis (Figure 3A). We assessed the cell proliferation of the 184B5 clones using WST-1 assays 

and observed a significantly increased average proliferation rate in these SOX7-depleted clones 

compared to that of the cells expressing shCont (Figure 3B; p < 0.05). Similar results were observed 

in MCF-10A cells (data not shown). Furthermore, SOX7 depletion in 184B5 cells enhanced their 

migration in wound-healing assays (Figure 3C) and increased their invasiveness in Boyden chamber 
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assays (Figure 3D; p < 0.01) compared to the control cells. SOX7 knockdown was routinely validated 

in the cells used in these assays.  

MCF-10A cells form polarized acinar structures when cultured in a three-dimensional 

Matrigel system, but this ability is lost when the cells are transformed by proliferative genes such as 

ERBB2 and YY1 [135, 142]. To study whether SOX7 depletion altered the morphology of MCF-10A 

cells, we cultured MCF-10A cells expressing shCont and shSOX7 in the 3-D Matrigel system [142]. 

While the cells with shCont generated well-shaped acini, SOX7 silencing by shSOX7 caused the 

MCF-10A cells to form irregular clusters (Figure 3E), suggesting that SOX7 depletion caused a loss 

of polarity in this 3-D culture system that resembles the morphology of tumorigenic MCF-7 cells.  

To study the effect of ectopic SOX7 expression on breast cancer cells, we generated 

doxycycline (Dox) inducible SOX7-expressing MDA-MB-231 cells and verified SOX7 induction 

(Figure 4A). Ectopic SOX7 significantly reduced cell proliferation in WST-1 proliferation assays 

(Figure 4B; p < 0.01), inhibited cell migration in wound-healing assays (Figure 4C), and reduced cell 

invasion in Boyden chamber assays (Figure 4D, p < 0.05). To investigate the effects of ectopic SOX7 

expression on breast tumor growth in vivo, inducible SOX7-expressing MDA-MB-231 cells were 

subcutaneously implanted into mammary fat pads of athymic nude mice at two sites per mouse. Mice 

received either normal drinking water or water containing 2.0 mg/mL Dox. Tumor volumes were 

significantly decreased in Dox-treated mice throughout the study (Figure 4E; p < 0.01). Tumors from 

Dox-treated mice weighed significantly less than the control mice (Figure 4F; p < 0.01). We 

previously demonstrated that Dox treatment alone did not affect the xenograft tumor growth in 

athymic nude mice [135]. In our immunohistochemical studies, the mice supplied with regular water 

were SOX7 negative in their xenograft tumors, while the mice with Dox-containing water showed 

positive SOX7 staining (left panel, Figure 4G). Additionally, Ki-67 staining was markedly stronger in 

these SOX7 negative tumors (no Dox) than the tumors expressing induced SOX7 (+Dox) (middle 

panel, Figure 4G). These results suggest that ectopic SOX7 reduced cell proliferation in these 
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xenograft tumors, consistent with our in vitro data in Figure 4B. The Dox-induced SOX7 expression 

in these tumors was also verified by Western blot analyses (Supplemental Figure 4).  

 

II.4.4. SOX7 Expression Correlates with Clinical Outcome in Breast Cancer Patients 

Our in vitro and in vivo results strongly suggested a tumor suppressive function of SOX7 in 

breast cancer. To examine the clinical relevance of our discovery, we analyzed SOX7 expression in 

an international metacohort (BrCa759) consisting of six microarrays with data from 759 breast cancer 

patients [149]. The SOX7 intensity detected by the two probes 224013_s_at and 228698_at in these 

arrays was highly correlated (Supplemental Figure 5; Pearson Correlation Coefficient = 0.69); thus, 

we used their average intensity as a measure of SOX7 mRNA levels in these patients. Since 674 

patients in this metacohort had at least five or more years of follow-up post-surgeries, we grouped 

them into four quartiles based on their SOX7 transcript levels (Figure 5A). Patients in quartiles 1 and 

2 with lower SOX7 expression had a significantly decreased distant metastasis free survival (DMFS) 

compared to the patients in quartiles 3 and 4 with higher SOX7 expression (Figure 5B), suggesting 

that SOX7 downregulation correlated with poor clinical outcomes of breast cancer patients. We also 

compared the relative SOX7 transcript levels for five different breast cancer subtypes among all 759 

patients. As shown in Figure 5C, SOX7 mRNA levels were significantly decreased in patients of 

more aggressive breast cancer sub-types (e.g. Basal, Her2+) when compared to those with more 

indolent disease (e.g. Normal-like) (Figure 5C; p < 0.0001).  

 

II.5. DISCUSSION 

 We discovered SOX7 downregulation in breast cancer cell lines and tumors and explored the 

mechanisms underlying its reduced expression. Our functional studies suggested a tumor suppressive 

role of SOX7 in breast cancer both in vitro and in vivo. Importantly, we revealed a positive 

correlation between SOX7 expression and clinical outcomes of breast cancer patients. Based on these 

data, we conclude that SOX7 acts as a tumor suppressor in breast cancer pathogenesis. 



34 
 

 A karyotype analysis indicated that MCF-10A cells contain an additional chromosome 8 

derivative with structural abnormalities in these cells, which may at least partially contribute to their 

high SOX7 expression [150]. Nonetheless, SOX7 expression in breast cancer cell lines remained 

markedly reduced when compared to two other nontumorigenic normal finite or immortalized breast 

cells (Figure 1A and 1B). Promoter methylation has been suggested as a major mechanism of SOX7 

downregulation in human cancers [31, 33, 36]. Consistently, we detected SOX7 promoter methylation 

in 6 out of 9 breast cancer cell lines. However, although we clearly detected SOX7 promoter 

methylation in some human breast cancer samples, the frequency (5 of 27) was relatively low 

compared to that in prostate and colon cancers [31, 33, 36]. We predict that several reasons may 

contribute to these observations. First, breast cancers have high heterogeneity and SOX7 promoter 

methylation may occur in some tumor cells or at specific stages of tumor progression. Thus, the 

tumor sections used for our genomic DNA extraction could have various relative portions with SOX7 

promoter methylation. Second, the amplified region of the MS-PCR contains multiple cytosine 

residues that may be differentially, but not necessarily simultaneously, methylated. Thus, our two sets 

of PCR primers that were designed to detect the completely unmethylated or methylated sequences, 

respectively, would not be able to generate signals from the samples with partially methylated SOX7 

promoter. Future studies using DNA methylation sequencing should more conclusively determine the 

methylation status of the SOX7 promoter in breast cancer. Third, the downregulation of SOX7 in 

breast cancer is likely be mediated by additional mechanisms to promoter methylation.  

Pharmacological and shRNA-mediated inhibition of DNMT1 restored SOX7 mRNA but not 

protein levels in multiple breast cancer cell lines (Figure 2B and data not shown). These results 

suggest that additional regulatory mechanisms are involved in reducing SOX7 in breast cancer. Our 

further studies excluded the contribution of histone deacetylation, H3K9 and H3K27 methylation, and 

protein ubiquitination to SOX7 downregulation. Unexpectedly, EZH2 knockdown apparently further 

reduced SOX7 mRNA levels, which is likely an indirect effect on SOX7 expression. At this point, we 

cannot exclude that other histone modifications, including methylation at other residues, are involved 
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in inhibiting SOX7 expression. Furthermore, regulation of SOX7 mRNA stability or translation rate, 

such as by microRNAs, can also play a role in this process, and these hypotheses deserve further 

investigation.  

 The SOX7 gene is located on the p arm of chromosome 8 that is frequently deleted in cancers 

[58], which may at least partially contribute to SOX7 downregulation in breast cancer. Based on 

currently available literature, SOX7 homozygous deletion in cancers is rare. In our current study, the 

PCR amplification of the SOX7 promoter in breast cancer samples always showed positive detection 

for either methylated or unmethylated form. However, we cannot conclude that the tumor samples in 

our study did not contain any SOX7 homozygous deletion, although the SOX7 gene is only about 7.7 

kb in length. This is because stromal or other non-neoplastic cells could contribute to the positive 

PCR reading when the unmethylated primers were used. In addition, our PCR amplification would 

not be able to detect any minor mutation or deletion of the SOX7 gene outside of the primer binding 

regions that could genetically diminish SOX7 expression. 

While Guo, et al [33] demonstrated SOX7 promoter methylation in prostate cancer 

xenografts, to our knowledge we are the first to demonstrate tumor suppressive effects of SOX7 in 

vivo for any cancer. The precise molecular mechanism by which SOX7 antagonizes tumor growth 

remains unclear, in part due to its understudied transcriptional targets. In murine F9 embryonal 

carcinoma cells, SOX7 activates transcription of the basement membrane component laminin-α1 

(Lama1) and competes with GATA-4 to activate fibroblast growth factor-3 (Fgf-3) [48, 49]. 

However, these genes are not anti-proliferative; thus, SOX7-mediated transcription in cancers 

warrants further study. Multiple reports indicate that SOX7 interacts with and inhibits β-catenin in 

colorectal cancers with frequently altered WNT signaling [33, 36, 151], indicating that the tumor 

suppressive function of SOX7 may be, at least in part, mediated by its activities independent of its 

DNA-binding ability. 

 Collectively, our data suggest that SOX7 downregulation is likely regulated by multiple gene 

expression mechanisms in breast cancer. SOX7 acts as a tumor suppressor and has a great potential to 
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serve as a prognostic marker for breast cancer patients. Future efforts should endeavor to elucidate 

mechanisms behind SOX7-mediated tumor suppression, including its transcriptional targets, and its 

tumor-specific downregulation.  
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Figure 1. SOX7 is downregulated in breast cancer. A: Western blot analyses of SOX7, DNMT1 

and GAPDH expression in normal, nontumorigenic, and tumorigenic breast cell lines. B: RT-qPCR 

analyses of SOX7 mRNA levels in breast cell lines. Data represent the mean; *p< 0.05 when 

compared to HMECs. C: Analyses of SOX7 transcript levels in samples from invasive ductal 

carcinomas (n = 42) and normal adjacent tissues (n = 143) of patients from the GSE10780 dataset; p = 

1.64 x 10
-16

. 
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Figure 2.  The SOX7 promoter is hypermethylated in human breast cancer cells and 

tumors.  A: Genomic DNA (gDNA) from breast cell lines was analyzed by methylation-

specific PCR using primers specific for the unmethylated (“U”) or methylated (“M”) SOX7 

promoter. Tumorigenic breast cell lines with SOX7 promoter methylation are indicated by 

open arrow heads.  B: RT-qPCR analyses of MCF-7 and MDA-MB-231 cells treated with 

DMSO or 1µM 5-aza-2'-deoxycytidine (5-Aza) for 72 h. Data represent the mean +/- 

standard deviation from two experiments; *p < 0.05.  C: RT-qPCR analyses of MCF-7 and 

MDA-MB-231 cells infected with lentivirus expressing either a DNMT1-specific shRNA 

(shDNMT1) or a scrambled control (shCont). Data represent the mean; *p < 0.05.  D: 

Methylation-specific PCR of gDNA from human breast tumor (“T”) samples or their 

matched adjacent normal (“N”) tissue as described in “A”. Patients are de-identified as #1-10 

with MCF-10A and MCF-7 indicated as negative and positive controls, respectively. Samples 

with SOX7 promoter methylation in tumor and tumor-adjacent normal samples are indicated 

by open and closed arrow heads, respectively.  E: RT-qPCR analysis of SOX7 levels in six 

patient samples from “D”. Data represent the mean; *p < 0.05. 
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Figure 3. Effects of SOX7 knockdown on mammary cells.  A: Western blot analyses of SOX7 

in MCF-10A and 184B5 cells after infection with lentivirus expressing SOX7-specific shRNA 

(shSOX7) or shCont.  B: WST-1 proliferation assays of 184B5 shCont and shSOX7 clones. Data 

represent the mean proliferation of four shSOX7 clones and two shCont clones; *p < 0.05.  C: 

Representative images of a wound-healing assay of 184B5 cells expressing shCont and shSOX7 at 

the time of the scratch and two days after. The dashed lines mark the edges.  D: Boyden chamber 

invasion assays of 184B5 cells expressing shCont and shSOX7 after 48 h of incubation. Data were 

derived from two individual experiments and each had triplicated samples; *p < 0.05.  E: Effects 

of SOX7 silencing on morphology of MCF-10A cells in three-dimensional Matrigel. MCF-7 cells 

were used as a control. 
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Figure 4. Effects of ectopic SOX7 expression on breast cancer cells.  A: Western blot 

analyses of Dox-inducible SOX7 in MDA-MB-231 cells cultured in the absence and 

presence of 1.0 µg/mL Dox for 24 h.  B: WST-1 proliferation assays of MDA-MB-231 cells 

with Dox-inducible SOX7. Data were derived from triplicated samples; *p < 0.01.  C: 

Representative images of wound-healing assays of MDA-MB-231 cells with Dox-inducible 

SOX7. Images were taken at the time of the scratch and after 24 h. The dashed lines mark the 

edges.  D: Boyden chamber invasion assays of MDA-MB-231 cells with Dox-inducible 

SOX7 incubated for 48 h. Data were derived from two individual experiments with triplicate 

samples in each; *p < 0.05.  E: Weekly tumor volumes of mouse xenografts derived from 

MDA-MB-231 cells with Dox-inducible SOX7. The mice received either regular drinking 

water or water with 2.0 mg/mL Dox; *p < 0.01.  F: Xenograft tumor weights described in 

“E” at 4 weeks; *p < 0.01. G: IHC staining to detect SOX7 expression (left) and Ki-67 

(middle) in xenografts. The control without primary antibody (1
st
 Ab) is on the right. Scale 

bars: 100 μm. 
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  Figure 5. SOX7 expression correlates with clinical outcomes in breast cancer patients.  

A: 759 breast cancer patients from an international metacohort (BrCa759) were grouped into 

four quartiles based on their SOX7 transcript levels within their tumors. Shaded regions 

define the interquartile ranges. The midline of each rectangle marks the median value. T-bars 

extending from the interquartile range mark the 5
th
 and 95

th
 percentiles; outliers are indicated 

by filled circles.  B: Correlation between SOX7 expression and the distant metastasis-free 

survival (DMFS) by Kaplan-Meier analysis; *p < 0.001 (log-rank test).  C: Relative SOX7 

mRNA levels among different breast cancer subtypes (Basal, HER2-enriched) when 

compared to those subtypes with favorable prognosis (Normal-like, LumA); *p < 0.0001. 

LumA = Luminal A; LumB = Luminal B.  
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Supplemental Figure 1. Methylation-specific PCR analyses of breast cancer patient samples. A: 

Analysis of gDNA from human breast tumor (T) samples and their matched adjacent normal (N) tissue 

by methylation-specific PCR using primers specific for the unmethylated (U) or methylated (M) SOX7 

promoter, as described in Materials and Methods. Samples with SOX7 promoter methylation in tumor 

and tumor-adjacent normal samples are indicated by open and closed arrowheads, respectively. 

Samples presented here are in addition to those shown in Figure 2D. B: The same analyses at a reduced 

annealing temperature (54°C) for the gDNA of some paired human breast tissue samples by SOX7 

promoter methylation-specific PCR. 
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Supplemental Figure 2. Effects of inhibiting histone deacetylation and methylation on SOX7 

expression in breast cancer cells. A: RT-qPCR analyses of RNA from MCF-7 and MDA-MB-231 

cells treated with dimethyl sulfoxide (DMSO), 400 nmol/L TSA for 24 hours, or 3 μmol/L BIX01294 

for 72 hours. Data were derived from two experiments (P < 0.05). B: RT-qPCR analyses of MCF-7 and 

MDA-MB-231 cells infected with shCont or two different EZH2-specific shRNAs (shEZH2-1 and 

shEZH2-2). Data represent means ± SD. P < 0.05. C: Western blot analyses of EZH2, SOX7, and 

GAPDH in MCF-7 and MDA-MB-231 cells from B. 



47 
 

  

  

Supplemental Figure 3. Effects of mutation of potential ubiquitin sites on SOX7 

stability. A: Western blot analyses of lysates from MDA-MB-231 cells infected with 

lentivirus expressing empty vector, wild-type SOX7 (wt-SOX7), or SOX7 mutants K39 

and K148/159 treated with 60 μg/mL of cycloheximide (CHX) for the indicated time 

points. B: Western blot analyses of the contribution of protein ubiquitination to SOX7 

down-regulation in breast cancer cells. MG-132: 20 μmol/L for 4 hours. Ada (ie, 

AdaAhx3L3VS): 10 μmol/L for 6 hours.
32

 

http://www.sciencedirect.com/science/article/pii/S0002944013005464#bib32
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Supplemental Figure 4. Verification of Dox-induced SOX7 expression in 

MDA-MB-231 xenografts. Western blot analyses of SOX7 and GAPDH in 

xenograft tumors from the mice inoculated with MDA-MB-231 cells carrying 

doxycycline (Dox)–inducible SOX7 supplied with regular water (no Dox) or 

water containing 2.0 mg/mL of Dox (+ Dox). Numbers indicate mouse 

identifiers. R, right; L, left. 
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Supplemental Figure 5. The correlation between the SOX7 expression in 

BrCa759 detected by two probes. Probe 1, 224013_s_at; probe 2, 

228698_at. 
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III.1. ABSTRACT 

 The transcription factor Sex-determining region Y-box 7 (SOX7) is an important 

developmental regulator that has been implicated in a number of cancers. Its downregulation has been 

reported in tumors of the prostate, colon, and lung and is largely attributable to promoter methylation. 

However, our recent report of infrequent SOX7 methylation in breast tumors suggests that its 

regulation in breast cancer is likely more complex. Further, the mechanism behind SOX7-mediated 

tumor suppression has yet to be determined, including the elucidation of its transcriptional targets. 

Here, we demonstrate the downregulation of SOX7 protein expression in human breast tissues and 

investigate the contribution of microRNAs (miRNAs) to its tumor-specific depletion. We report that 

miR-182 decreases luciferase activity of a SOX7 3’ untranslated region (UTR) reporter, and 

endogenous SOX7 protein levels are reduced upon forced expression of multiple miRNAs. 

Additionally, we demonstrate a correlation between decreased SOX7 levels and reduced expression 

of the noncoding RNA reverse-SOX7 in breast tumor tissues and cell lines, compared to 

nontumorigenic breast cells. We also investigate the transcriptional activity of SOX7 through a 

microarray study and highlight multiple cancer-related pathways that are potentially subject to SOX7 

regulation. Importantly, several candidate targets correlate with SOX7 expression in breast cancer 

patient populations. Deletion of the domain responsible for SOX7 DNA binding abrogates its anti-

proliferative effects in breast cancer cells. Collectively, our data suggest that SOX7 is downregulated 

in breast cancer by multiple epigenetic programs, and its tumor suppressive effects are dependent on 

its transcriptional activities.  
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III.2. INTRODUCTION 

 The sex-determining region Y-box (SOX) family of transcription factors consists of over 20 

proteins involved in various developmental processes. SOX proteins are divided into eight 

subfamilies, A through H, based on their conservation within the DNA-binding region, the high 

mobility group (HMG) box domain. Through the HMG box domain, SOX factors recognize and bind 

the SOX consensus site of 5’ A/T A/T CAA A/T 3’ in order to execute their transcriptional regulation 

activities [131]. SOX7 is a member of subgroup F, along with SOX17 and SOX18 [56].  

 SOX7 is ubiquitously expressed in normal tissues [56] and has important roles in physiologic 

processes, such as hematopoiesis and cardiogenesis [46, 54, 132, 133]. More recently, its tumor 

suppressive properties have been demonstrated in multiple cancers, including colon, prostate, lung, 

and breast cancers, and its downregulation in these tissues has been reported [33, 35, 36, 55, 68]. The 

best characterized mechanism of tumor-specific SOX7 depletion is DNA methylation. 

Pharmacological inhibition of DNA methyltransferases (DNMTs) with 5-aza-2’-deoxycytidine (5-

Aza) restores SOX7 mRNA and protein levels in colon and prostate cancer cell lines [33, 36]. 

However, we discovered that DNMT inhibition via 5-Aza or shRNA-mediated silencing elevates 

SOX7 mRNA, but not protein, levels in breast cancer cells [68], suggesting that additional 

mechanisms may contribute to SOX7 downregulation during breast tumor development. This 

hypothesis is further supported by the fact that we observed tumor-specific SOX7 methylation in 

breast cancer patient samples at a markedly reduced frequency than what has been reported for other 

tumor types, such as colon, prostate, and myelodysplastic syndrome [31, 33, 36].   

 The SOX7 3’ untranslated region (UTR) is nearly 2 kilo base pairs (bps) in length, which is 

markedly longer than the average 3’ UTR length (740 bp) of most eukaryotic mRNAs [152]. This 

indicates the vulnerability of the SOX7 mRNA transcript to regulation by microRNAs (miRNAs), 

small non-coding RNAs (ncRNAs) that negatively regulate gene expression by binding 

complementary sequences and inducing translational repression or degradation of their target 
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transcripts. In addition to miRNAs, long ncRNAs have also been implicated in the regulation of gene 

expression [111]. Thus, it is important to investigate the contribution of these epigenetic mechanisms 

to SOX7 downregulation.  

 To date, the precise mechanism of SOX7-mediated tumor suppression is unclear. SOX7 

interacts with β-catenin and promotes its degradation, thus antagonizing WNT signaling [33, 36, 56]. 

However, the role of SOX7 in cancers as a transcription factor has been strikingly understudied. Only 

a few transcriptional targets of SOX7 are currently known, including the expression of fibroblast 

growth factor 3 (Fgf-3), Gata-4, Gata-6, vascular endothelial (VE)-cadherin, and laminin-α1 (Lama1) 

[32, 47, 48]. Importantly, these transcriptional targets were identified through developmental studies, 

and SOX7’s transcriptional activity may be dependent on cellular and molecular contexts within 

certain cell types. Thus, it is critical to further explore SOX7-mediated gene expression, which will 

likely shed light on the mechanism of its tumor suppressive function.  

 Here, we study the expression of SOX7 in breast tumor tissues and report its downregulation 

by oncogenic miRNAs. Further, we explore the transcriptional targets of SOX7 and correlate their 

expression with SOX7 in breast cancer patients.  

 

III.3 MATERIALS & METHODS 

III.3.1. Antibodies and DNA Vectors for Gene Expression and Knockdown  

 The antibodies, their catalog numbers and vendors used in this study are SOX7 (HPA009065; 

Sigma) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (10R-G109A; Fitzgerald 

Industries International).  

 We used our previously described MDA-MB-231 cells with Doxycycline (Dox)-inducible 

SOX7 expression driven by the CMV promoter [68].  We also generated Dox-inducible MDA-MB-

231 cells expressing a mutant SOX7 construct lacking the HMG domain (ΔHMG). MicroRNA 
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(miRNA)-expressing constructs were inserted into our previously described pSL4 vector [153]. 

MiRNA sequences include a scrambled control (mir-Cont) 

(UCACAACCUCCUAGAAAGAGUAGA), miR-9 (UCUUUGGUUAUCUAGCUGUAUGA), miR-

21 (UAGCUUAUCAGACUGAUGUUGA), miR-181a (AACAUUCAACGCUGUCGGUGAGU), 

miR-182 (UGGUUCUAGACUUGCCAACUA) and miR-374a 

(UUAUAAUACAACCUGAUAAGUG). Short hairpin RNAs (shRNAs) were designed based on our 

previously reported methods [136-138]. The target sequences included a scrambled control 

(GGGACTACTCTATTACGTCATT) and the noncoding RNA Rev-SOX7-1374 

(GATATAGTTAGCCATACTGGTT) and Rev-SOX7-2171 

(GGAGTTCCACCTGGCTCAGTT). To generate a reporter construct, we amplified the 1970-

base pair (bp) portion of the SOX7 3’ untranslated region (UTR) from human genomic DNA. The 

SOX7 3’ UTR was subcloned downstream of Gaussia luciferase (G-Luc) that is driven by the 

phosphoglycerate kinase (PGK) promoter. Truncated versions of the SOX7 3’ UTR were generated 

by amplifying bases 587 to 812; 845 to 1243; and 1734 to 1978; bases are numbered with the first 

base of the 3’ UTR as “1.” 

 

III.3.2. Cell Culture, Lentiviral Production and Infection 

 Immortalized, nontumorigenic 184B5 breast cells were generated and cultured as previously 

described [139, 140].  Tumorigenic MCF-7 and MDA-MB-231 breast cells, and HeLa cells were 

cultured according to the protocol of the American Type Culture Collection or cited literature.  

 Lentivirus was produced by transfecting 293FT cells with a plasmid encoding the lentivirus 

and three packaging plasmids (pMDLg/pRRE, pVSV-G, and pRSV-REV) using the calcium 

phosphate precipitation method [136, 141]. Cells were infected with concentrated lentivirus and 

incubated 6 h with 8 µg/mL of hexadimethrine bromide (Polybrene) before reverting to normal 
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medium. Cells were subjected to antibiotic selection for at least 48 h post-infection prior to further 

studies.  

 

III.3.3. Luciferase Assays 

All transient transfections in HeLa cells were carried out using Lipofectamine 2000 

(Invitrogen) based on the manufacturer’s protocol. For luciferase assays, each well of a 24-well plate 

of HeLa cells was transfected with 100 ng of reporter plasmid carrying Gaussia luciferase (G-Luc), 

25 ng of a plasmid expressing secreted alkaline phosphatase (SEAP) driven by the β-actin promoter, 

and 1 µg of plasmid expressing either the control or an experimental miRNA. Aliquots of media from 

transfected cells were collected 48 h after transfection. 5 µL of media was mixed with 50 µL of 

substrate solution containing 0.5 µg/mL coelenterazine (CTZ) in G-Luc buffer (200 mM NaCl, 50 

mM Tris-HCl, and 0.01% Triton X-100 at pH 8.7). G-Luc activity was normalized to the expression 

of cotransfected SEAP [145].  

 

III.3.4. Proliferation Assays 

 We carried out WST-1 assays as previously described [142]. In these assays, cells were 

infected by lentivirus expressing either shRNAs or cDNAs. For inducible SOX7 expression, we first 

generated clonal MDA-MB-231 cell lines stably expressing rtTA-adv and then infected them with 

pTetOn-7 lentivirus carrying Dox-inducible SOX7 cDNA or SOX7-ΔHMG cDNA.  

 

III.3.5. Reverse Transcription-qPCR Analysis 

Total cellular RNA was extracted using the TRIzol protocol (Invitrogen) and subsequently 

analyzed by reverse transcription-quantitative PCR (RT-qPCR). SOX7 mRNA levels were 

determined using 1 µg RNA that was incubated with 0.5 µg/µL oligo dT primer (Promega Corp., 

Madison, WI) at 70 ºC for 5 min.  Meanwhile, we prepared the reverse transcription (RT) mix and left 

it at room temperature until the annealing step was complete. The RT mix was immediately added 
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and incubated at 40 ºC for 1 h: 5 µL 5x MMLV (Moloney murine leukemia virus) buffer, 5 µL 

10mmol/L deoxyribonucleotide triphosphate, 0.6 µL ribonuclease inhibitor (RNasin; Promega Corp.), 

1 µL reverse transcriptase, and 13.4 µL nuclease-free water. Quantitative PCR analysis using Taqman 

gene expression arrays was then performed for SOX7 expression and data were normalized to 

GAPDH levels and determined by the ΔΔCT method (Applied Biosystems Inc., Foster City, CA) 

[144]. For miRNA studies, total RNA was isolated as described above and reverse-transcription was 

conducted using the TaqMan MicroRNA Reverse Transcription Kit (4366596, Applied Biosystems). 

Mature forms of miR-9, miR-21, miR-181a, miR-182, and miR-374a were analyzed by TaqMan 

MicroRNA Assays (Applied Biosystems), and data were normalized to U6 expression (Applied 

Biosystems). All analyses were performed using the ABI7000 Sequence Detection System (Applied 

Biosystems). 

 

III.3.6. Microarray Analysis 

We treated MDA-MB-231 carrying Dox-inducible SOX7 with Dox for 6 h, 12 h, or 24 h in 

triplicate and isolated total RNA. As a control, we used parental MDA-MB-231 cells treated with 

Dox for 24 h. RNA was analyzed using the Affymetrix Human Genome U219 Array strips. Gene 

expression at each time point was normalized to that in the control. Microarray data was analyzed 

using the Ingenuity Systems software.  

 

III.3.7. Statistical Analyses  

 Data in RT-qPCR, WST-1, and luciferase assays are indicated as the mean +/- standard 

deviation (SD). Comparisons between two groups for a single parameter were performed using 

Student’s t-test. All analyses were performed using commercially available software (SigmaStat; 

Systat Software Inc., San Jose, CA and Microsoft Excel). A difference was considered statistically 

significant at P < 0.05. For microarray analyses, statistical significance was calculated using 

Bonferroni, Benamini, and false discovery rate tests.  
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III.4. RESULTS 

III.4.1. SOX7 Expression in Breast Cancer 

 SOX7 downregulation has been reported in prostate, lung, and colon cancers [33, 35, 36, 55]. 

We also reported its reduced mRNA and protein levels in breast cancer cell lines, and decreased 

mRNA expression in breast cancer patient samples [68]. However, the protein expression of SOX7 in 

breast tumor tissues has not been reported. Thus, we first analyzed SOX7 protein expression in 4 

breast cancer samples and their matched adjacent normal tissues. Due to the high heterogeneity of 

clinical samples, we did not observe consistent levels of GAPDH in Western blots, although the same 

amount of protein (26 µg) was loaded in each well. However, each tumor showed markedly reduced 

SOX7 protein levels compared to its matched normal tissue (Figure 1A). We also conducted IHC 

studies to determine SOX7 levels in 2 normal breast and 13 invasive breast cancer samples. Most 

normal mammary cells showed positive SOX7 staining (Figure 1B). Two tumor samples had a strong 

SOX7 signal (Figure 1C), four had medium SOX7 staining (Figure 1D), and seven samples showed 

very weak SOX7 expression (Figure 1E), similar to control tissues that did not receive the primary 

antibody (data not shown). Collectively, these data suggest that SOX7 protein levels are reduced in 

breast cancer tissues. 
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Figure 1. SOX7 Protein Levels in Human Breast Tissues. (A) Lysates from human breast 

tumors or their adjacent normal tissue were analyzed by Western blot for SOX7 expression. (B) 

Two normal breast tissues and (C-E) 13 tumor tissues were stained for SOX7 expression with 

immunohistochemistry. Representative tumor samples C, D, and E are shown to demonstrate 

strong, medium, or weak SOX7 expression, respectively.  
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III.4.2. MiRNA Regulation of SOX7 

 The SOX7 3’ UTR is nearly 2 kilo bps in length, which is over double the length of the 

average 3’ UTR of eukaryotic mRNAs. MiRNAs are known to target sequences in the 3’ UTR of 

their target transcripts; thus, we reasoned that the SOX7 transcript may be susceptible to miRNA 

regulation. We transfected HeLa cells with increasing amounts of plasmid expressing the SOX7 3’ 

UTR or an empty vector control. After 48 h, we collected lysates and analyzed SOX7 expression by 

Western blot. Forced expression of the SOX7 3’ UTR notably increased SOX7 protein levels, and this 

response was dose-dependent (Figure 2).  

  

 

Figure 2. Expression of the SOX7 3’ UTR increases endogenous SOX7 protein levels. 

HeLa cells were transfected using Lipofectamine 2000 with pSL4 vector or 1.0, 2.0, or 3.0 µg 

of pSL4 expressing the SOX7 3’ UTR. Lysates were collected 48 h post-transfection and 

analyzed by Western blot for SOX7 expression.  
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Next, we analyzed the SOX7 3’ UTR for potential miRNA binding sites using the mirSVR 

scoring system, a miRNA target prediction algorithm [154]. We found multiple miRNAs that 

potentially target the SOX7 3’ UTR in different regions (Figure 3A). Because current data suggests 

the tumor suppressive function of SOX7, we studied the effects of oncogenic miRNAs that have well-

characterized proliferative potential and / or upregulation in breast cancer: miR-9, miR-21, miR-181a, 

miR-182, and miR-374a. MiR-9 is induced by c-myc in breast cancer cells, in which it targets E-

cadherin and induces epithelial-to-mesenchymal transition (EMT) and stimulates angiogenesis [155]. 

Consistently, miR-9 is overexpressed in breast cancer and is associated with distant metastasis [156, 

157]. Mir-21 upregulation in breast cancer has been demonstrated in multiple studies [107, 108, 158, 

159]. Mir-181a is upregulated in breast cancer [160-162] and promotes cancer-initiating cell 

formation [162] and breast cancer cell migration and invasion [161]. Mir-182 is upregulated in breast 

cancer [163] and promotes distant metastasis [164], and has been implicated as a biomarker in breast 

cancer [165]. Finally, miR-374a activates WNT/β-catenin signaling to promote breast cancer 

metastasis [166], a pathway that SOX7 is known to antagonize. 

We co-transfected plasmids expressing either miR-Cont or each miRNA into HeLa with a 

SOX7 3’ UTR reporter plasmid expressing Gaussia luciferase (G-Luc). 48 h after co-transfection with 

miR-9, miR-21, miR-181a, and miR-374a, we did not observe a significant reduction in G-Luc 

activity, although there is a trending decrease in the latter three (Figure 3B). However, co-transfection 

with miR-182 significantly reduced G-Luc activity (Figure 3B; P < 0.05), suggesting that miR-182 

may target the SOX7 3’ UTR. We dissected the reporter into three constructs, each containing the 5’ 

most, middle, or 3’ most thirds of the SOX7 3’ UTR, and compared their G-Luc activity in MCF-7 

breast cancer cells to the reporter with the full-length 3’ UTR (Figure 3C). In MCF-7 cells, we 

observed very low expression of the full-length reporter and the reporter with the middle portion of 

the SOX7 3’ UTR. However, reporter constructs with the 5’ and 3’ thirds of the SOX7 3’ UTR had 

20- to 40-fold higher G-Luc activity compared to the full-length (Figure 3C). These observations are 
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consistent with the inhibitory effects of miR-182, which targets in the middle third of the SOX7 3’ 

UTR (Figure 3A). 

 To further explore the role of miRNAs in the downregulation of SOX7, we generated 

lentivirus stably expressing the miR-Cont or different miRNAs and used them to infect 

nontumorigenic 184B5 cells. Following antibiotic selection, we analyzed the SOX7 mRNA and 

protein expression by RT-qPCR and Western blot, respectively. Infection of 184B5 cells with any 

miRNA-expressing lentivirus did not reduce SOX7 mRNA levels (data not shown). However, 

infection with miR-9, miR-181a, and miR-374a all reduced endogenous SOX7 expression (miR-182 

has not yet been tested). The expression of the mature miRNAs in these infections was verified by 

RT-qPCR (Figure 3E).  
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Figure 3. MiRNA Regulation of SOX7. (A) Schematic of the SOX7 3’ UTR with predicted miRNA 

binding sites. (B) HeLa cells were co-transfected with the SOX7 3’ UTR reporter plasmid expressing 

Gaussia luciferase (G-Luc) and miRNA-expressing constructs. Media was collected 48 h after 

transfection and analyzed for G-Luc activity.  Data represent the mean +/- standard deviation from 

three independent experiments; P < 0.05. (C) MCF-7 cells were transfected with a reporter plasmid 

expressing either the full length SOX7 3’ UTR or three truncated versions (5’ third, middle third, or 3’ 

third). Luciferase activity was analyzed 24 h after transfection. (D) 184B5 nontumorigenic breast cells 

were infected with lentivirus stably expressing either a scrambled control miRNA (miR-cont) or other 

miRNAs. Following antibiotic selection, cell lysates were analyzed by Western blot for SOX7 

expression (indicated by the arrow). (E) Expression of mature miRNAs in 184B5 infections were 

analyzed by RT-qPCR; P < 0.05.  
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III.4.3. Long ncRNAs and SOX7 

 Long ncRNAs have been demonstrated to regulate gene expression through a variety of 

mechanisms [111], so we investigated whether they may contribute to SOX7 downregulation in 

breast cancer. The strand of the SOX7 gene that does not encode protein does produce a mRNA 

transcript. We observed downregulation of this noncoding transcript in both breast cancer cell lines 

(Figure 4A) and tumor tissues (Figure 4B) compared to nontumorigenic breast cells and matched 

normal tissues, respectively (P < 0.05). Importantly, SOX7 expression is reduced in all of these breast 

cancer cell lines and tissues [68]. These results suggest that decreased expression of the noncoding 

transcript correlates with SOX7 downregulation during breast tumorigenesis.  
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Figure 4. The long ncRNA Rev-SOX7 is downregulated in breast tissues. (A) RT-qPCR of a 

panel of breast cancer cell lines reveals reduced expression of the long ncRNA Rev-SOX7 

using two independent sets of primers. (B) RT-qPCR of total RNA isolated from human breast 

tumors and matched adjacent normal tissue using two independent primers for Rev-SOX7. Data 

represent the mean +/- standard deviation; P < 0.05. 
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III.4.4. Transcriptional Activity of SOX7  

 SOX7 expression and functional studies suggest its tumor suppressive role, but analyses of its 

transcriptional targets in cancer are lacking. We sought to study SOX7 regulation of gene expression 

using a microarray of RNA isolated from MDA-MB-231 cells with Doxycyline (Dox)-inducible 

SOX7. Inducible MDA-MB-231 cells were treated with Dox for 6 h, 12 h, or 24 h in triplicate, and 

total RNA was isolated. As a control, we used parental, non-inducible MDA-MB-231 cells treated 

with Dox for 24 h. SOX7 expression over our time course was validated by Western blot (Figure 5A). 

RNA was analyzed using the Affymetrix Human Genome U219 Array strips. Gene expression data 

from each of the three time points was normalized against that in the control. We detected highly 

significant changes in the expression of genes from different ontological categories (Figure 5B). 

Importantly, the expression of genes involved in the regulation of cancer-related processes, such as 

cell death, survival, growth and proliferation were highly affected, implying that deregulated SOX7-

mediated gene transcription is a contributor to oncogenesis. We generated a heat map through 

hierarchical clustering for genes with altered expression between the Dox-induced SOX7 samples and 

the control (Figure 5C). The samples of Dox-induced SOX7 showed markedly higher gene expression 

(more red or dark areas) than the control for most gene clusters, suggesting that more genes were 

induced than repressed. This observation is consistent with a previous study showing that SOX7 

possesses a transactivation domain but lacks any well-defined transrepression domain [70]; 

consistently, the effect of SOX7 on its reported target genes in the literature is also activating [32, 47-

49].  
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Figure 5. SOX7 regulates cancer-related transcriptional pathways. (A) Ectopic SOX7 

expression was induced with Doxycycline (Dox) for 6, 12, or 24 hours in MDA-MB-231 cells 

and verified by Western blot. RNA from each condition was isolated in triplicate and analyzed 

by an Affymetrix microarray. (B) P-values of cancer-related ontological categories that 

exhibited altered expression profiles upon SOX7 induction are indicated. (C) Heat map of gene 

expression changes (green indicates degreased expression; red indicates increased expression).  
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 In order to determine the clinical relevance of our candidate SOX7 targets, we correlated their 

expression with SOX7 in human breast cancer patients (BrCa759 dataset) [149] and compared the 

correlation back to our observations from the microarray (SOX7-U219 dataset). Consistent with the 

increase in SPRY1 and slit homolog 2 (SLIT2) observed in the microarray upon SOX7 expression, 

these genes’ expression positively correlate with SOX7 levels in breast cancer patients (Figure 6A-B; 

P < 1×10
-10

).  Likewise, the inhibition of Tribbles homolog3 (TRIB3) and methylenetetrahydrofolate 

dehydrogenase 2 (MTHFD2) by SOX7 in the microarray was consistent with an inverse correlation 

between their expression and that of SOX7’s in breast cancer patients (Figure 6C-D; P < 1×10
-10

). 

Importantly, multiple SOX7 consensus sites exist within each of these genes’ promoters (defined as 

the first 2 kilo bps upstream of the transcription start site) (Figure 6E). Collectively, these data 

suggest that many genes identified as candidate SOX7 transcriptional targets deserve further 

investigation as subjects of SOX7 regulation, and offer multiple potential mechanisms by which 

SOX7 exerts its tumor suppressive effects with clinical significance. 

  



68 
 

  

 

Figure 6. Candidate targets of SOX7-mediated transcription have clinical correlation with 

SOX7. Ectopic SOX7 expression increases SPRY1 and SLIT 2 and decreases TRIB3 and 

MTHFD2 by microarray analysis (SOX7-U219 dataset) (A-D, left panels). Consistently, SOX7 

levels positively correlate with SPRY1 and SLIT2 and negatively correlate with TRIB3 and 

MTHFD2 in 759 breast cancer patients (BrCa759 dataset) (A-D, right panels). (E) Multiple 

SOX7 consensus sites in the promoter regions of SPRY1, TRIB3, SLIT2, and MTHFD2 are 

present, as determined by TF SiteScan.  
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III.4.5. The HMG Domain is critical for SOX7 Tumor Suppression  

 Previously, SOX7 was demonstrated to antagonize β-catenin stability and function [33, 36, 

56], suggesting that SOX7 has functions that are independent of its DNA binding ability. However, 

the contribution to these transcription-independent roles to SOX7’s tumor suppressive activity of 

SOX7 remains unclear. Through our microarray studies, we identified multiple cancer-related 

pathways that are potentially transcriptionally regulated by SOX7. Thus, we asked if the tumor 

suppressive function of SOX7 could be abrogated by inhibiting its DNA-binding abilities. To this 

end, we generated Dox-inducible MDA-MB-231 cells expressing a SOX7 mutant lacking the HMG 

domain (SOX7-ΔHMG) and compared the effects of its ectopic expression on proliferation with those 

by the wild-type SOX7 (SOX7-wt). While the induction of SOX7-wt inhibited cell proliferation of 

breast cancer cells (Figure 7A), no effect on proliferation was observed upon expression of SOX7-

ΔHMG (Figure 7B). These data suggest that the anti-proliferative effects of SOX7 in breast cancer 

are dependent upon its DNA-binding ability. 
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Figure 7. SOX7 is dependent on its HMG domain for its anti-proliferative effects. MDA-

MB-231 cells were infected with Doxycycline (Dox)-inducible lentivirus carrying either wild-

type (wt) SOX7 or a SOX7 mutant lacking the HMG domain (ΔHMG-SOX7). WST-1 assays 

were performed to analyze the effects of wt-SOX7 (A) or ΔHMG-SOX7 (B) on proliferation (P 

< 0.05; N.S. = not significant). Experiments were conducted three times; data represent the 

mean +/- standard deviation. A representative experiment is shown.  
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III.5. DISCUSSION 

 We demonstrated a reduction of SOX7 protein levels in breast tumor tissues compared to 

matched normal samples and explored the contribution of miRNAs and long ncRNAs to its 

downregulation. Our microarray analyses suggest multiple pathways that are transcriptionally 

regulated by SOX7, and many candidate targets correlate with SOX7 expression in breast cancer 

patient populations. Based on these data, we conclude that SOX7 depletion in breast cancer is likely 

accomplished by concerted mechanisms and lead to deregulated transcriptional profiles that 

contribute to neoplastic progression. 

 SOX7 downregulation in most tumor tissues has been attributed to its hyper-methylation [31, 

33, 36]. However, we observed a reduced frequency of tumor-specific methylation in breast cancer 

patients, and were unable to restore SOX7 protein levels with DNA methyltransferase inhibition [68]. 

Thus, SOX7 downregulation in breast tumors is likely more complex. We initially studied the effects 

of miRNAs on SOX7 by luciferase assays in transfected MCF-7 cells, as we felt these breast cancer 

cells were more relevant. However, we had great difficulty obtaining consistent results, likely due to 

the difficulty in transfecting these cells. While we observed decreased reporter activity of the SOX7 

3’ UTR upon co-transfection with miR-182 in HeLa cells, we did not observe significant reduction 

with any of the other miRNAs that we tested. We moved the reporter to different plasmids, under the 

control of a stronger promoter to achieve more reliable results (data not shown). However, these 

experiments produced such strong expression of the reporter that any inhibition was likely masked by 

its overproduction. Because of the tumorigenic nature of HeLa cells, it is possible that the transfected 

miRNAs were already present at high endogenous levels, minimizing the effects of our exogenous 

miRNAs. In the future, it will be necessary to determine the levels of these miRNAs in HeLa cells, or 

to perform these studies in nontumorigenic breast cells (such as MCF-10A), or more easily 

transfectable HEK293T cells. We will also study the effect on reporter inhibition of mutating the 
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predicted miR-182 binding site in the SOX7 3’ UTR, to validate miR-182 as a bona fide suppressor 

of SOX7 translation.  

Surprisingly, ectopic expression of miR-9, miR-181a, and miR-374a in nontumorigenic 

184B5 breast cells reduced endogenous SOX7 protein levels. There are a couple of possibilities to 

explain the discrepancy between these data and our observations in luciferase assays. First, the 

ectopic introduction of miRNAs saturates the miRNA processing machinery, so it is unclear what 

nonspecific effects are taking place. Thus, in the future, it will be necessary to analyze the effects of 

antagonizing miRNA function through the use of sponges on endogenous SOX7. Second, miRNAs 

have very short seed sequences through which they bind complementary regions on their target 

transcripts [95, 96], leading to a large number of targets for each miRNA. Thus, the reduced 

expression of endogenous SOX7 in response to miRNAs that did not inhibit the reporter could be due 

to indirect effects. In the future, it is necessary to investigate the effects of miR-182 on endogenous 

SOX7 levels, as this has not yet been done. We correlated SOX7 expression with the ncRNA Rev-

SOX7, but a causal role for Rev-SOX7 in SOX7 depletion remains undetermined.   

While some genes have been reported to be regulated by SOX7, these studies have mostly 

been in developmental contexts. Our microarray data suggest multiple pathways in which SOX7 may 

exert its tumor suppressive effects in breast cancer. Interestingly, none of the reported SOX7-

activated gens (Fgf-3, GATA4, GATA6, LAMA1, or VE-cadherin) [32, 47-49] showed altered 

expression in our array, and analyses did not yield any meaningful correlation of these genes with 

SOX7 in the BrCa759 dataset. This suggests that SOX7-mediated transcription is likely differentially 

regulated in various biological contexts, and future analyses of our candidate genes promise to shed 

valuable light on the mechanism behind SOX7-mediated breast tumor suppression. Although SOX7 

shares its DNA binding element with many other SOX proteins, it has little homology with other 

members outside of the HMG box region, with the highest homology (58%) to the other SOX-F 
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protein, SOX17. This suggests that SOX7 may have unique binding partners that influence its activity 

at its target genes, setting its transcriptional activity apart from that of other SOX factors.  

In summary, our data suggest a role for noncoding RNAs in the downregulation of SOX7, 

and multiple transcriptional pathways through which SOX7 can mediate its tumor suppressive effects. 

These data call for future studies aimed at elucidating the precise role of noncoding RNAs in SOX7 

expression and SOX7’s specific target genes.   
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IV.1. SOX7 DOWNREGULATION IN BREAST CANCER  

 The heterogeneous nature of breast cancer involves numerous aberrant genetic and epigenetic 

states that often lead to the inhibition of tumor suppressors. The Sex-determining region Y-box 

(SOX) family of transcription factors plays important roles in development, and several of its 

members have also been heavily implicated in a variety of cancers. The reduced expression and anti-

proliferative effects of SOX7 have been demonstrated in multiple cancer cell lines, including colon, 

prostate, lung, and breast [33, 34, 36, 55, 56, 68]. Frequently, cell lines and tumors of these tissues 

epigenetically silence SOX7 expression by promoter methylation, and its genomic locus (8p23) is 

frequently lost during breast tumorigenesis [58]. Consistent with these reports, we detected frequent 

SOX7 promoter methylation in breast cancer cell lines; however, we observed a markedly lower 

frequency of methylation in breast tumor tissues than what has been reported for tissue samples from 

other cancers. Additionally, we were able to restore SOX7 mRNA, but not protein expression, upon 

inhibition of DNA methyltransferases (DNMTs). These observations led us to explore additional 

mechanisms that transformed mammary cells may utilize to reduce SOX7 expression. Our data 

suggest that repressive histone methylation sites, H3K9 and H3K27, and histone deacetylation do not 

play significant roles in SOX7 downregulation. However, it is possible that methylation at other 

histone residues may be involved, and this possibility warrants further investigation. We also studied 

the effects of mutating predicted ubiquitination sites in the SOX7 protein on protein half-life, but 

found no difference compared to wild-type SOX7. Nonetheless, it is possible that decoration of the 

SOX7 protein with alternative post-translational modifications may regulate its localization, stability, 

or function. Future work should investigate these post-translational modifications of SOX7.  

Recently, miR-184 was reported to directly target the SOX7 3’ UTR and inhibit SOX7 

expression in hepatocellular carcinoma cells [167]. When we analyzed the SOX7 3’ UTR for 

potential miRNA binding sites, we found several that could potentially target the SOX7 transcript. 

Upon further investigation, we observed significant reduction of a reporter plasmid carrying the 
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SOX7 3’ UTR upon cotransfection with miR-182 in HeLa cells, suggesting that miRNAs may 

contribute to SOX7 downregulation. We also observed decreased endogenous SOX7 levels in 

nontumorigenic 184B5 breast cells upon infection with lentivirus expressing miR-9, miR-181a, and 

miR-374a. However, these miRNAs did not reduce luciferase activity in our reporter assays; further 

experimentation is necessary to resolve these discrepancies. First, the luciferase assays need to be 

repeated in nontumorigenic cells, whose endogenous levels of our ectopically-introduced oncogenic 

miRNAs are not high enough to potentially confound the effects. Once these issues are resolved, we 

can mutate the predicted miRNA-binding sites in our reporter constructs and test if these alterations 

abrogate any observed inhibition. Further, the effects of the miRNAs on endogenous protein levels in 

normal breast cells should be validated through the use of miRNA-antagonizing sponges in breast 

cancer cells. While all of the miRNAs we have studied have well-characterized oncogenic effects, the 

correlation of SOX7 expression with that of our miRNAs in breast cancer patients will enhance the 

clinical relevance of our studies.  

In addition to miRNAs, long ncRNAs have been implicated in the regulation of gene 

expression [111]. We correlated the expression of the long ncRNA, Rev-SOX7, with SOX7 levels 

and observed that both transcripts are reduced in breast tumor tissues and cell lines. Ongoing studies 

are investigating the effects of shRNA-mediated inhibition of Rev-SOX7 on SOX7 expression. We 

predict that silencing of Rev-SOX7 will lead to reduced SOX7 mRNA levels. Because the Rev-SOX7 

transcript is produced by the noncoding strand of the SOX7 gene, it is complementary to the SOX7 

transcript and not likely to function as a miRNA sponge. However, if correct, our hypothesis opens up 

multiple exciting research avenues to interrogate additional mechanisms behind long ncRNA-

mediated inhibition of SOX7, including the recruitment of transcription-regulating machinery to the 

SOX7 gene and modulating SOX7 transcript stability or translation.  

Collectively, we have explored the contribution of multiple epigenetic programs to SOX7 

inhibition in breast tumors. We discovered that, in breast cancer, SOX7 downregulation is 
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accomplished by concerted aberrant pathways, including DNA methylation and miRNA activity. Our 

results produce many testable hypotheses that deserve further investigation, especially in the area of 

noncoding RNAs and their antagonism of SOX7. Importantly, comprehensive elucidation of the 

mechanisms behind SOX7 downregulation may identify valuable therapeutic targets whose inhibition 

could restore SOX7 and effectively reduce tumor growth and invasion in breast cancer patients.   

 

IV.2. SOX7 AS A TUMOR SUPPRESSOR IN BREAST CANCER 

 We investigated the functional role of SOX7 in breast cancer and identified its effects to be 

tumor suppressive, consistent with its downregulation in breast tumor tissues and cell lines. With the 

exception of one report on SOX7 silencing in HEK293 cells [36], most work demonstrating SOX7’s 

role as a tumor suppressor in cancers was conducted using in vitro assays of cell lines overexpressing 

SOX7. We demonstrated significant growth, migratory, and invasive advantages of nontumorigenic 

breast cells upon shRNA-mediated SOX7 silencing. These results provide strong support to its tumor 

suppressive role, because these studies more faithfully represent the scenario of SOX7 

downregulation during tumor development and progression. Additionally, we observed reduction of 

tumor burden in athymic nude mice, and were the first to report a tumor suppressive function of 

SOX7 in vivo.   

SOX7 directly binds DNA through its HMG box domain, through which it has been reported 

to regulate only a handful of genes, including Fgf-3, GATA4, GATA6, laminin-α1, and VE-cadherin 

[32, 40, 47-49]. A more recent report also describes a role for SOX7 (along with its relative, SOX18) 

in the induction of nr2f2, a marker of venous endothelial cells [168]. Importantly, most of these 

experiments were conducted in developmental contexts. Thus, the elucidation of SOX7’s 

transcriptional targets in the context of cancer is prudent. To this end, we conducted a microarray 

study that revealed multiple cancer-related ontological pathways that are potentially subject to 
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transcriptional regulation by SOX7. Pathways such as cell death, survival, proliferation, and invasion 

were highly affected by SOX7 expression, and multiple candidate targets of SOX7-mediated gene 

expression correlate with SOX7 levels in breast cancer patients. These findings implicate possible 

mechanisms by which SOX7 executes its tumor suppressive effects in breast cancer, and potentiate 

diverse and important questions that can be asked of SOX7’s regulatory role in transcription. Further 

validation and dissection of these transcriptional pathways under SOX7 regulation should be 

conducted in future studies. Consistent with published literature, in which SOX7 is always reported to 

activate its target genes, we observed more genes with increased expression than those with decreased 

expression following introduction of SOX7 into MDA-MB-231 breast cancer cells. Interestingly, our 

microarray data did not reveal any significant differences in the expression of reported SOX7 target 

genes, underscoring the possibility that the transcriptional activity of SOX7 is likely dependent on 

cellular and molecular contexts.  

SOX7 inhibition of β-catenin was first demonstrated in luciferase assays using HEK293 cells 

[41], suggesting its role in the inhibition of proliferative WNT signaling. This hypothesis was further 

supported when ectopic expression of SOX7, but not a SOX7 mutant deficient for β-catenin binding, 

reduced active but not total β-catenin levels [33]. Additionally, SOX7 overexpression decreases 

expression of several β-catenin target genes, such as cyclin D1 and survivin [36]. While it is clear that 

SOX7 antagonizes β-catenin, and these data suggest that SOX7 has important functions independent 

of its DNA-binding abilities, our studies with an HMG-deletion mutant of SOX7 indicate that its anti-

proliferative effects are mediated primarily by its transcription factor-related activities. Consistently, 

abrogating SOX7’s inhibition of β-catenin has never been tied back to affecting SOX7’s tumor 

suppressive function.  

Overall, our results demonstrate a potent tumor suppressive function of SOX7 and explore 

diverse transcriptional pathways through which it may mediate its anti-proliferative and anti-invasive 

effects. Future research efforts aimed at dissecting these roles of SOX7 in modulating the 

transcriptional profiles of breast cancer cells promise to be fruitful.  



79 
 

IV.3. CONCLUSIONS & FUTURE DIRECTIONS  

 Breast cancer is the most commonly diagnosed non-skin cancer and the second-leading cause 

of cancer-related deaths in U.S. women. In the past decade, extensive research delineating the 

molecular profiles of breast tumors has revealed the heterogeneous nature of this set of diseases and 

led to the development of multiple subtypes within breast cancer. A major driver of disease 

progression in breast cancer patients is the loss of tumor suppressors as a result of abnormal genetic 

and epigenetic activities that develop over the course of tumorigenesis. SOX7, which belongs to the 

SOX family of developmental transcription factors, has tumor suppressive activities in multiple 

epithelial tumors. In this dissertation, our data explore multiple mechanisms by which neoplastic 

mammary cells and tissues downregulate SOX7 through the use of combined epigenetic programs, 

such as DNA methylation and noncoding RNAs. Additionally, we demonstrate a clear tumor 

suppressive effect of SOX7 in breast cancer cells both in vitro and in vivo using advanced techniques 

in molecular cloning (see Appendix), and observe loss of its tumor suppressive function when the 

HMG box domain of SOX7 is deleted. To our knowledge, our microarray studies are the first to 

explore direct targets of SOX7 transcription in the context of cancer, specifically in breast cancer. We 

uncover multiple cancer-related pathways that SOX7 may regulate, and correlate the expression of 

multiple candidate targets with SOX7 levels in breast cancer patients. Finally, we correlate SOX7 

expression with significantly improved outcome in breast cancer patients. Overall, our data 

demonstrate the role of SOX7 as a tumor suppressor in breast cancer and explore the mechanisms by 

which it is downregulated in mammary tumors.  

 While SOX7 is clearly tumor suppressive in most cancers, elevated levels have been 

observed in four cases of gastric cancer and several cell lines derived from pancreatic and esophageal 

tumors [56]. This raises the possibility that its tumor suppressive function may not be as important in 

tumors of these tissues, and that it may even be tumor-promoting. We demonstrated the dependency 

of SOX7’s tumor suppressive effects on its DNA-binding abilities, and our data support the idea that 
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the transcriptional targets of SOX7 are dependent on cellular context. Thus, it is reasonable to 

hypothesize that SOX7 is capable of targeting different genes in different tissues, which may have 

varying levels of its interaction partners or competing transcription factors. This prediction warrants 

further investigation and the elucidation of additional SOX7 target genes, both within and outside of 

the context of breast cancer, will likely inform our understanding of breast tumorigenesis.  

 The relevance of SOX factors to cancer comes as no surprise, given that carcinogenesis 

represents aberrations of normal processes that are integral to appropriate development. All members 

of the SOX family of transcription factors share the same consensus binding element of 5’ A/T A/T 

CAA A/T G 3’, and their binding to this consensus site is mediated by their HMG domain [27, 28]. 

This suggests that their differential regulation of target gene transcription is dependent on their 

interaction partners. SOX7 has reduced homology with other SOX proteins outside of its HMG box 

domain compared to other SOX members. Thus, it is possible that the interaction partners of SOX7 

are distinct from those of other SOX factors, and their cellular levels have the ability to strongly 

influence SOX7’s transcriptional activity. This is underscored by the markedly weaker DNA binding 

of SOX proteins compared to that of classical transcription factors, thus requiring their interaction 

with additional proteins to stabilize their transcriptional complexes [169]. Understanding the binding 

partners of SOX7 and their role in regulating its transcriptional functions is a critical avenue of future 

investigation.  

SOX proteins have been implicated in myriad cancers, and they may have tumor suppressive 

or oncogenic roles. SOX protein interaction partners are likely what set different SOX factors apart 

from one another with regard to their proliferative effects. For example, SOX2 is widely believed to 

confer a less differentiated phenotype to breast tumors, especially basal cell-like carcinomas of the 

breast [170]. SOX2 overexpression is frequent in breast cancers and correlates with increased tumor 

grade and proliferative potential [171].  Recently, β-catenin was identified as the transcription partner 

for SOX2 in breast cancer cells and regulated its transcriptional activity governing cyclin D 
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expression [170]; β-catenin has also been shown to interact with XSox17 and XSox3 in Xenopus 

[172]. The large number of SOX factors that interact with β-catenin offers insight into the varied 

transcriptional responses that the Wnt signaling pathway elicits in different cellular contexts. 

Additionally, while some SOX proteins consistently act as oncogenes (e.g. SOX2 and SOX9), and 

others are widely studied tumor suppressors (e.g. SOX7), there are yet other SOX factors, such as 

SOX4, that can have oncogenic or tumor suppressive effects in different cancers [72]. Thus, it is 

likely that a complex regulatory network exists among different SOX proteins, and that its disruption 

causes no small amount of chaos during tumorigenesis. In the future, efforts should be put toward 

understanding the cross-talk between SOX proteins over the course of normal development and the 

disruption of this network that evolves during tumorigenesis.  

In conclusion, our data demonstrate novel evidence of SOX7 as a tumor suppressor in breast 

cancer and elucidate the mechanisms behind its depletion during neoplastic progression. Future 

studies that extend our investigation of noncoding RNAs on SOX7 expression, transcriptional targets 

of SOX7, SOX7 interaction partners, and the feedback interactions between different SOX proteins, 

promise fruitful insights into the development and progression of breast cancer.  
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A.1. Short Abstract 

RNA interference (RNAi) possesses many advantages over gene knockout and has been 

broadly used as a tool in gene functional studies. The invention of DNA vector-based RNAi 

technology has made long term and inducible gene knockdown possible, and also increased the 

feasibility of gene silencing in vivo. 

 

A.2. Long Abstract 

RNA interference (RNAi) inhibits gene expression by specifically degrading target mRNAs. 

Since the discovery of double-stranded small interference RNA (siRNA) in gene silencing [173], 

RNAi has become a powerful research tool in gene function studies. Compared to genetic deletion, 

RNAi-mediated gene silencing possesses many advantages, such as the ease with which it is carried 

out and its suitability to most cell lines. Multiple studies have demonstrated the applications of RNAi 

technology in cancer research. In particular, the development of the DNA vector-based technology to 

produce small hairpin RNA (shRNA) driven by the U6 or H1 promoter has made long term and 

inducible gene silencing possible [174, 175]. Its use in combination with genetically engineered viral 

vectors, such as lentivirus, facilitates high efficiencies of shRNA delivery and/or integration into 

genomic DNA for stable shRNA expression.  

We describe a detailed procedure using the DNA vector-based RNAi technology to determine 

gene function, including construction of lentiviral vectors expressing shRNA, lentivirus production 

and cell infection, and functional studies using a mouse xenograft model.  

Various strategies have been reported in generating shRNA constructs. The protocol described 

here employing PCR amplification and a 3-fragment ligation can be used to directly and efficiently 

generate shRNA-containing lentiviral constructs without leaving any extra nucleotide adjacent to a 

shRNA coding sequence. Since the shRNA-expression cassettes created by this strategy can be cut 

out by restriction enzymes, they can be easily moved to other vectors with different fluorescent or 

antibiotic markers. Most commercial transfection reagents can be used in lentivirus production. 
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However, in this report, we provide an economic method using calcium phosphate precipitation 

that can achieve over 90% transfection efficiency in 293T cells. Compared to constitutive shRNA 

expression vectors, an inducible shRNA system is particularly suitable to knocking down a gene 

essential to cell proliferation. We demonstrate the gene silencing of Yin Yang 1 (YY1), a potential 

oncogene in breast cancer[176, 177], by a Tet-On inducible shRNA system and its effects on tumor 

formation. Research using lentivirus requires review and approval of a biosafety protocol by the 

Biosafety Committee of an investigator’s institution. Research using animal models requires review 

and approval of an animal protocol by the Animal Care and Use Committee (ACUC) of an 

investigator’s institution. 

A.3. Methods 

1. Generation of shRNA constructs 

1.1) Identify a siRNA-target sequence (20-23 nucleotides) based on previously published 

criteria [178] or use a web-based algorithm server, such as “siRNA Target Finder” from 

Ambion and GenScript. 

1.2) Synthesize oligonucleotides based on the design of Figure 1 and example sequences in 

Table 1. Carry out PCR amplification using the oligonucleotides P1 and P2 (30 cycles of 

denaturing at 94 ºC for 30 sec, annealing at 60 ºC for 30 sec, and elongating at 72 ºC for 

30 sec) and a plasmid carrying the U6 or H1 promoter as a template. Purify the PCR 

product using a PCR purification spin column. Digest it by BamHI and HindIII and purify 

the digested DNA using a PCR purification spin column. Anneal the oligonucleotides P3 

and P4 (2.5 pmol/µl of each in 100 µl of 50 mM Tris·HCl, pH 8.0) by boiling for 5 min 

and slowly cooling down to ambient temperature. Digest a lentiviral vector, such as the 

one described in Figure 2A, by BamHI and EcoRI, and perform gel-purification.  

1.3) Carry out a 3-fragment ligation reaction with the BamHI/EcoRI-digested vector, a 

BamHI/HindIII-digested PCR fragment and two annealed oligonucleotides (forming 

HindIII and EcoRI sites at the two ends) at a 1:10:10 molar ratio (Figure 1).  
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1.4) Transform highly efficient competent E. coli DH5α cells using the ligated product. Screen 

the colonies using the oligonucleotides P5 (in the vector) and P6 (in the H1 or U6 

promoter) by colony-based PCR [179]. 

1.5) Prepare plasmid DNA from the positive colonies with a commercial kit and confirm the 

presence of the insert by BamHI/EcoRI digestion and DNA agarose electrophoresis. 

Sequence the region containing the promoter and shRNA using oligonucleotide P5.  

1.6) Use plasmid DNA Midi- or Maxi-preparation kits (endotoxin-free is preferred) to prepare 

the lentivirus DNA carrying the shRNA expression cassette. Determine the DNA 

concentration by measuring the absorption at 260 nm. Check the DNA purity using the 

260 nm/280 nm ratio and make sure it falls in the range of 1.8 to 2.0. Check the lentivirus 

plasmid integrity using agarose gel electrophoresis. DNA for transfection should be super-

coiled. 

2.  Lentivirus production 

Precautions: Lentiviral vectors are derived from the human immunodeficiency virus-1 (HIV-1) 

genome and replication incompetent. They have been widely used in gene delivery due to the 

capability of infecting both dividing and non-dividing cells. However, two major risks exist in the 

studies using lentivirus. (1) The potential for generation of replication-competent lentivirus. This risk 

can be greatly reduced if the third generation lentiviral system is used. (2) The potential for 

oncogenesis. This risk can be exacerbated if the carried inserts are oncogenic or repress tumor 

suppressors. Research activities involved in HIV-based lentivirus should follow the “Biosafety 

Considerations for Research with Lentiviral Vectors” of the NIH 

(http://oba.od.nih.gov/rdna_rac/rac_guidance_lentivirus.html) and require an approval from the 

Biosafety Committee of an investigator’s institution. Generally, enhanced Biosafety level-2 (BSL-2) 

containment is required for the laboratory setting if lentiviral vectors are used.  

 

http://oba.od.nih.gov/rdna_rac/rac_guidance_lentivirus.html
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2.1) Plate 4 × 10
6
 HEK 293T cells with complete DMEM medium (DMEM supplied with 

10% fetal bovine serum (FBS), 2 mM L-glutamine, 100 units/ml penicillin, 100 µg/ml 

streptomycin) in 10 cm dishes and culture overnight at 37 °C in a 5% CO2 incubator. 

Replace the medium with 5 ml of pre-warmed Opti-MEM® I Reduced Serum Media 

(Invitrogen). 

2.2) Prepare Solution A: 10 μg of shRNA-containing lentiviral vector, 5 μg each of the 

third generation lentivirus packaging plasmids (prepared with high purity; the three 

packaging plasmids include VSV-G: for an envelope protein, pRSV-Rev: for rev, and 

pMDLg/pRRE: for gag/pol, which are essential for lentivirus packaging), 36 μl of 2M 

CaCl2, and sterile water to make a final volume of 300 μl. 

2.3) Prepare Solution B: 300 μl of 2× Hepes Buffered Saline (281 mM NaCl, 100 mM 

HEPES, 1.5 mM Na2HPO4, pH adjusted to 7.12 by 0.5 N NaOH and sterilized by 0.22 

μm filter). 

2.4) Slowly drop Solution A into Solution B while bubbling air through Solution B with a 

pipette. Leave the tube at ambient temperature for 30 min. 

2.5) Slowly drop the mixed solutions A/B into the HEK 293T cell culture dish prepared in 

step 2.1 and incubate at 37 °C in a 5% CO2 incubator for 4-6 h. 

2.6) Replace the medium with 7 ml of complete DMEM medium. After 24 h, add an 

additional 5 ml of the complete DMEM medium. Harvest the medium containing the 

lentivirus after another 24 h of culture. 

2.7) Spin the medium at 1,500 rpm, ambient temperature for 10 min. Filter the supernatant 

using a 0.45 μm filter and spin the flow-through medium containing the lentivirus by 

ultracentrifugation at 25,000 rpm (equal to 125,000 ×g with a SW28 swinging bucket 

rotor, Beckman Ultracentrifuge XL-90), 4 ºC for 90 min. Decant the supernatant to a 

waste container with 5% bleach (final concentration).    
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2.8) Resuspend the lentivirus pellet in 0.5-1.0 ml of cold PBS and make lentivirus aliquots into 

50-100 μl per tube. Store them at -80 ºC. 

2.9) The titer of the lentivirus can be determined by commercial kits (such as QuickTiter™ 

Lentivirus Quantitation Kit from Cell Biolabs, Inc.), by a real-time PCR protocol [180], or 

by determining the co-expressed fluorescent marker using fluorescence microscopy or 

flow cytometry. Typically, one 10-cm culture dish can produce about 0.5-1.0×10
8
 

infectious units (IU). 

3. Infection and characterization of infected cells 

3.1) Seed the cells to be infected in 2 ml of complete medium in a 6-well plate with 30-40% 

confluency (about 5-8 × 10
5
 cells, depending on cell sizes). Culture the cells overnight at 

37 °C in a 5% CO2 incubator. 

3.2) Replace the medium with 1 ml of fresh medium containing 8 μg/ml of polybrene (Sigma, 

Cat# H9268) or 5 μg/ml of protamine (Sigma, Cat# P4020).  

3.3) Determine a suitable multiplicity of infection (MOI) range [181] for a particular cell line 

using lentivirus with fluorescent marker. Calculate or empirically determine the amount of 

lentivirus to be used to infect the cell line. Slowly drop the lentivirus into the plate and 

gently shake it for 10 sec.  

3.4) Incubate the plate at 37 °C in a 5% CO2 incubator for 6 h and then replace the medium 

with normal complete medium. 

3.5) At least two days after infection, check the cells using fluorescence microscopy for 

lentivirus expressing fluorescent markers and/or add the corresponding antibiotic to the 

medium for lentiviral vectors expressing antibiotic resistance genes. For an inducible 

vector, such as a Tet-On system (Figure 2), culture the cells in medium prepared with 

tetracycline-free FBS. Split the cells 2-3 days post infection. Take a  portion of the cells 

to test inducible gene knockdown by culturing them in medium supplied with and without 

1.5 μg/ml doxycycline (Dox) for ≥ 2 days.  
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3.6) Check the gene knockdown by Western blot, Real-Time PCR or immunostaining ≥ 2 

days after infection, 2 days after antibiotic selection, or (for a Tet-On inducible system) 

≥ 2 days after Dox addition. 

3.7) Utilize various approaches (such as cell proliferation assays, soft agar culture studies, 

migration assays, invasion assays and tumor formation studies) to determine the effects 

of the target gene knockdown on the malignancy of the cells.  

4. Xenograft mouse model study 

4.1) Clean all surfaces for mouse anesthetization and injection by 70% ethanol to prevent 

infection of mice. Anesthetize athymic nude mice (NCI-Frederick) using 2% isoflurane 

mixed with oxygen in an anesthesia induction chamber 10 min prior to cell inoculation. 

Maintain the anesthesia using 1% isoflurane mixed with oxygen through a nose cone. 

Carry out this step in a room with excellent ventilation and attach isoflurane scavenger 

filters to the induction chamber. 

4.2) Propagate the cells carrying shRNAs. Use tetracycline-free medium for Tet-On 

inducible vectors. Trypsinize the cells and resuspend them in complete medium 

containing 50% Matrigel. Position the nude mice on a heating pad (30 ºC) and inject 

100 μl of the cells (1-10 × 10
6
, depending on the malignancy of the cells) into the mice 

with 1-2 injection sites per mouse. Use syringes with 23-gauge needles for 

subcutaneous injections, and 28-30 gauge needles for orthotopic injections.  

4.3) For constitutive shRNA vectors, utilize 2 groups of mice injected with the cells 

expressing the target gene shRNA and a scrambled shRNA. For Tet-On inducible 

shRNA vectors, utilize 4 groups of mice injected with cells carrying the target gene 

shRNA and a scrambled shRNA, supplied with normal water and Dox (1.5 mg/ml) 

containing water (2 shRNAs × 2 treatments = 4 groups). Replace the Dox-containing 

water twice a week. 
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4.4) Monitor the length and width of the tumors weekly or biweekly by a digital vernier caliper 

and calculate tumor volumes (V) by the formula V = 1/2(length × width
2
)[182]. Ensure that 

tumor volume does not exceed the limit required by the guidelines of the institutional 

ACUC (such as, 10% of the body weight). Euthanize any mouse using a protocol approved 

by the institutional ACUC if it shows any sign of extensive ulceration or necrosis, obvious 

infection, uncontrolled bleeding or end-stage illness.  

4.5) Tumor growth and metastasis can be monitored for the inoculated tumor cells expressing a 

bioluminescent marker [183], such as Firefly luciferase. Clean all surfaces for mouse 

anesthetization and imaging by 70% ethanol to prevent infection of mice. Anesthetize the 

mice as described in step 4.1. Inject luciferin (150 mg/kg) intraperitoneally and wait for 5 

min. Place the mice into a disinfected imaging chamber of a commercial imaging system, 

such as an IVIS Imaging System (Caliper Life Sciences, Inc.). Turn on the anesthesia lever 

to maintain anesthesia by 1% isoflurane mixed with oxygen. Conduct this step in a room 

with excellent ventilation. 

4.6) Take the first image by exposing 5 min and check its signal intensity. Adjust the exposure 

time to obtain images with an optimal signal versus background. Determine the imaging 

time empirically, which is generally 1-5 min for most subcutaneous tumors. 

4.7) Euthanize the mice by a protocol approved by the institutional ACUC when tumor sizes 

reach about 1,000 mm
3
, or as specified by the ACUC guidelines. Excise the xenograft 

tumors, weigh them and take pictures. Process the tumor samples for different studies, such 

as pathological analyses to determine tumor cell morphology, and Western blot and Real-

Time PCR studies to test gene expression.  

A.4. Representative Results 

 This protocol was used to study the effects of YY1 knockdown on xenograft tumor 

formation of Firefly luciferase- expressing MDA-MB-231 cells (human breast adenocarcinoma cells; 

Caliper Life Sciences) in athymic nude mice. The shRNA target sequence of human YY1 is “GGG 
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AGC AGA AGC AGG TGC AGA T”. A scrambled sequence “GGG ACT ACT CTA TTA CGT 

CAT T” was also designed for a control (cont) shRNA, which did not have significant similarity to 

any known human transcript. The oligonucleotides used to make Tet-On inducible shRNA constructs, 

with YY1 as an example, are shown in Table 1. As a result, two lentiviral vectors, pLu-Puro-Indu-

YY1 shRNA and pLu-Puro-Indu-cont shRNA, were constructed and they were used to produce 

lentiviruses. We used these lentiviruses to individually infect two MDA-MB-231 cell clones (clones 1 

and 3) expressing both tetracycline regulator (tetR) and Firefly luciferase. Polyclonal cell populations 

were obtained after puromycin selection. Figure 3A shows Dox-induced YY1 knockdown in these 

MDA-MB-231 cells infected by pLu-Puro-Indu-YY1 shRNA lentivirus. We then used the polyclonal 

cells of clone 3 individually infected by these inducible YY1 shRNA and cont shRNA lentiviruses 

and observed that YY1 depletion reduced invasiveness of MDA-MB-231 cells (Figure 3B). Western 

blot analyses confirmed Dox-induced YY1 silencing in MDA-MB-231 cells with the indu-YY1 

shRNA, while the cells containing indu-cont shRNA did not show this effect (Figure 3C). We then 

used these cells for the xenograft mouse model study. Compared to the control groups, the mice 

implanted by the MDA-MB-231 cells with indu-YY1 shRNA and supplied with Dox-containing 

water showed significantly reduced tumor formation, when visualized by bioluminescence (Figure 

4A) and determined by tumor weights (Figure 4B). YY1 silencing in these xenograft tumors was 

confirmed by Western blot studies shown in Figure 4C. 

A.5. Discussion 

This protocol describes a method to knock down a gene using shRNA and visualize its biological 

effect using bioluminescent imaging of tumor cell growth in vivo.  

The target site of a shRNA should not contain any of the three restriction sites (BamHI, HindIII 

and EcoRI) used for subcloning. In a rare scenario when any of these sites is present, an additional 

restriction enzyme can be used to replace it in generating the construct. Two or more shRNAs 

targeting different sites of a gene should be generated and tested simultaneously to reduce the chance 
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that the observed loss-of-function is caused by siRNA “off-target” effects [184]. Alternatively, 

phenotypic rescue experiments using a siRNA-resistant cDNA of the target gene can be conducted. 

Several key steps in this protocol will speed up the construction of shRNA lentiviral vectors. 

First, the PCR template plasmid containing the U6 or H1 promoter may have a different antibiotic 

resistance gene (such as kanamycin) from the lentiviral vector (typically ampicillin). This can reduce 

the background of transformation caused by the template plasmid. Second, it is necessary to use 

competent E. coli cells with high efficiencies of transformation. A protocol using potassium and 

manganese ions can be used to produce competent E. coli cells with extremely high competencies 

[185]. Third, a selectable marker can facilitate the 3-fragment subcloning. For example, a lentiviral 

vector can be engineered to contain an expression cassette for β-galactosidase (LacZ) that will be 

replaced by the insertion of the PCR fragment and annealed P3/P4 oligonucleotides. In this case, 

recombinant plasmids with the inserts will form white colonies, while these without the inserts will be 

blue, when exposed to X-gal (5-bromo-4-chloro-3-indolyl-beta-D-galacto-pyranoside).  

The quality of lentiviral vectors and the three packaging plasmids is essential to efficient 

lentivirus production. A very economic and efficient transfection method using calcium phosphate 

precipitation has been provided. Alternatively, polyethylenimine [186] or most commercial 

transfection reagents can also be used in lentivirus production. To use a proper MOI for infection, it is 

important to determine the titers of produced lentivirus. 

Mice of all experimental groups should be housed in the same room to eliminate their circadian 

rhythm difference that may cause variation of bioluminescence during xenograft tumor imaging. 

Approaches of mouse euthanasia include CO2 asphyxiation and overdosed isofluorane, and should be 

approved by the institutional ACUC. 
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Figure 1. Schematic diagram for the generation of a shRNA construct and shRNA 

transcription. The primers P1 to P6 are shown (see Table 1 for example sequences). Pol III: 

RNA polymerase III. (d): digested end. Drawing is not to scale. 
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Figure 2. Schematic diagrams of (A) a lentiviral vector and (B) the mechanism of the 

Tet-On inducible H1 promoter used for gene silencing. The lentiviral vector was 

reconstructed based on pLL3.7 [1].  H1-Pr: H1 promoter; Ubc-Pr: Human ubiquitin C 

promoter; Puro: puromycin; TRE: Tetracycline responsive element; Dox: doxycycline. 

TetR: tetracycline regulator. 5’LTR, 3’SIN-LTR and WRE are essential components of a 

lentiviral vector [1]. 
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Figure 3. Dox-induced YY1 silencing and its effect on invasiveness of MDA-

MB-231 cells. A. YY1 levels in two polyclonal cell populations derived from 

rtTA-expressing clones 1 and 3 infected by pLu-Puro-Indu-YY1 shRNA 

lentivirus and cultured in the absence and presence of Dox.  B. Boyden chamber 

assay of MDA-MB-231 cells with inducible shRNAs. (* P < 0.05 versus other 

three groups). C. Representative Western blots of YY1 expression in these four 

cell populations.  
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Figure 4. Effects of induced YY1 silencing on xenograft tumor formation by MDA-

MB-231 cells. A. Schematic diagram of cell implantation (left) and representative 

bioluminescent images captured by the IVIS Imaging System at 4 weeks (right) post cell 

inoculation.  B. Xenograft tumor weights at 4 weeks. * P ≤ 0.05.  C. Western blots of 

YY1 and β-actin expression in xenografts of MDA-MB-231 cells with indu-YY1 

shRNA in the absence and presence of Dox. Labels on the top are the names of 

individual mice. 
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Table 1. Synthesized oligonucleotides used in generating shRNA constructs. 

P1 and P6 sequences for the mouse U6 and Tet-On inducible human H1 promoters are provided. 

Human YY1 is used as an example with a shRNA target sequence of GGG AGC AGA AGC AGG 

TGC AGA T. The sequences specific to YY1 are highlighted. Two P2 sequences of YY1 are 

designed for the two promoters, respectively. The constitutive U6/YY1 shRNA was described 

previously [2], while the Tet-On H1/YY1 was used in this protocol. P5 is vector-specific and the 

sequence for pLL3.7 [1] is shown. The sequences of restriction enzymes are underlined, while the 

sequences to anneal to the promoters during PCR amplification are italicized.  
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