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Abstract 
 

INTEGRATING GENOMICS AND MOLECULAR BIOLOGY:  IDENTIFYING 
TRANSCRIPTIONAL TARGETS FOR THE PROSTATE CANCER ONCOGENE SOX4 AND 

EVALUATING THE EFFICACY OF AURORA KINASE INHIBITION IN 
CHEMOTHERAPY-RESISTANT OVARIAN CANCER 

 
By 

 
Christopher D. Scharer 

 
 The advent of genomic microarray technology has transformed molecular biology and 

genetics from single gene studies, allowing for the first time, experiments that analyze global 

regulatory networks and functions, giving birth to the fields of transcriptomics and genomics.  

Here, we have applied DNA expression-microarrays to discover global gene expression changes 

in cancer and transfected cell lines, tiling-microarrays to identify genomic binding sites for the 

SOX4 DNA binding protein, and unique double stranded DNA microarrays to determine 

sequence binding specificities for SOX4.  In two independent studies, we built on knowledge 

gathered from genomic techniques to evaluate the efficacy of Aurora kinase inhibition in ovarian 

cancer and gain novel insights into the role of the transcription factor SOX4 in prostate cancer.  In 

the first study, we investigated whether the Aurora family inhibitor VE-465 could induce 

apoptosis in a taxol-resistant and taxol-sensitive ovarian cancer cell line.  We find that at Aurora-

A specific doses, VE-465 synergized with taxol to induce apoptosis in ovarian cancer cell lines.  

These studies provide preliminary evidence that Aurora family inhibition may be beneficial in 

ovarian cancer patients whose tumors express high levels of Aurora-A.  In the second study we 

applied two different array technologies to identify, for the first time, 282 high-confidence target 

genes for the SOX4 transcription factor.  We also determined the sequence binding specificities 

for SOX4 using a novel double-stranded DNA microarray, and show that SOX4 binding sites are 

enriched in our ChIP-chip peaks.  SOX4 influences key signaling pathways at the transmembrane 

and transcriptional level, as well as the small RNA pathway.  These data provide novel insights 

into SOX4’s role in development and cancer progression. 
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Aurora Kinases: 
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 Eukaryotic cells have developed stringent cell cycle controls to ensure mitosis 

consistently occurs error free.  Cell cycle checkpoints have evolved to guarantee the 

inheritance of the correct complement of chromosomes and to ensure that each 

chromosome is faithfully passed on undamaged.  Misregulation or aberrant expression of 

cell cycle regulatory proteins can lead to genomic instability and contribute to cancer 

progression.  The Aurora family of serine/threonine kinases directly regulates mitosis, 

controlling critical cellular processes such as the G2-M transition, chromosome 

condensation, centrosome maturation, the mitotic spindle checkpoint and cytokinesis.  

The taxane class of chemotherapeutics directly binds and stabilizes microtubules causing 

cell cycle arrest and apoptosis due to the activation of the mitotic spindle checkpoint, a 

process regulated by the Aurora kinases.  Due to the high incidence of taxane resistance 

in advanced, recurrent ovarian tumors, and the recent finding that Aurora-A is over 

expressed in ovarian tumors and could contribute to taxane resistance, we investigated 

whether a pan-Aurora small molecule inhibitor can synergize with the taxane paclitaxel 

to cause apoptosis in paclitaxel sensitive and resistant ovarian cancer cells. 
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1.1 Aurora-A and Family 

 Eukaryotic cells have evolved an assortment of proteins to accurately regulate 

mitosis and ensure each daughter cell receives the full complement of genetic material.  

The Aurora family of evolutionarily conserved serine/threonine kinases are critical 

eukaryotic regulators of the mitotic (M) phase of the cell cycle.  The founding member of 

the Aurora family, Aurora-A (AurA) was first identified in Drosophila melanogaster in a 

screen looking for mutants that exhibited defective spindle-pole assembly (60).  

Appropriately named, mutations in AurA caused monopolar spindles that resembled the 

northern light displays at each cellular pole.  The Aurora family is highly conserved and 

Organism Name Alternative Names Localization 
Saccharomyces 

cerevisiae 
Ipl1 - Kinetochore 

Schizosaccharomyces 
pombe 

Ark1 - Kinetochore 

Caenorhabditis 
elegans 

Aurora-A AIR-1 Centrosome 

 Aurora-B AIR-2 Chromosome 
Passenger 

Drosophila 
melanogaster 

Aurora-A DmAurora Centrosome 

 Aurora-B IAL Chromosome 
Passenger 

Xenopus lavies Aurora-A Eg2 Centrosome 
 Aurora-B XAIRK2 Chromosome 

Passenger 
 

Mammals 
 

Aurora-A
Aurora 2, AIRK1, ARK1, 

BTAK, STK6, STK15, 
AYK1, IAK1 

 
Centrosome 

  
Aurora-B 

Aurora 1, AIRK2, ARK2, 
IAL1, AIK2 STK12, 

AIM1 

Chromosome 
Passenger 

  
Aurora-C 

Aurora 3, AIRK3, AIE2, 
STK13, AIE1, AIK3 

Spindle Pole or 
chromosome 

passenger 
 
Table 1:  Eukaryotic Aurora kinase family members. 
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homologs exist in all eukaryotes (TABLE 1).  Mammalian genomes contain three 

members of the Aurora family, AurA, B, and C, while Drosophila, Xenopus, and C. 

elegans contain two members and Saccharomyces cerevisiae have one Aurora kinase 

respectively.  Nevertheless, cell-cycle regulatory function has been conserved throughout 

evolution with mutants showing similar defects in lower and higher eukaryotes (56, 120). 

 AurA is universally expressed and regulates cell cycle events from late G2 

through the completion of M phase.  Structurally, AurA contains two domains, a 

regulatory region at the N-terminus containing the A-box/D-box activating Domain and a 

C-terminal catalytic domain (FIGURE 1).  AurA is activated during late G2 phase by the 

LIM protein Ajuba (76).  Ajuba physically binds AurA, inducing conformational changes 

that result in catalytic activation and autophosphorylation on Threonine 288 of the 

catalytic domain (76, 134).  Activation of AurA is essential for the G2-M transition as 

 
 

Figure 1:  Domain structure of the Human Aurora kinases.   The A‐box/D‐

box‐activating domain and activation loop are shown for the best 

characterized Aurora kinase, Aurora A  
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synchronized HeLa cells depleted of AurA fail to progress into M phase of the cell cycle 

(76).  Following mitotic entry, AurA kinase activity can be further stimulated by 

Targeting protein for Xenopus 2 (TPX2) (49, 96), which also is an AurA phosphorylation 

substrate along with other key cellular regulators such as tumor protein p53 (p53) (113), 

Breast cancer 1, early onset (BRCA1) (137), and Cyclin dependent kinase 1 (CDK1) 

(76).  During mitosis AurA primarily regulates processes involved in spindle assembly, 

including centrosome maturation (18, 70), bipolar-spindle assembly (49, 96), and 

metaphase chromosome alignment (97, 119).  AurA also has roles in cytokinesis and 

mitotic exit (119).   

 If AurA is considered the polar Aurora, AurB is the equatorial Aurora, regulating 

events at the metaphase plate.  AurB kinase is a chromosomal passenger protein which is 

critically involved in mitotic steps governing chromosome segregation and cytokinesis 

(30).  AurB expression peaks at the G2-M transition, but kinase activity is restricted and 

peaks during mitosis (23, 185).  Less is known about the proteins that activate AurB, but 

the prevailing hypotheses speculate that members of the chromosomal passenger protein 

complex such as Inner centromere protein antigen (INCENP) and Survivin are involved 

(25, 34, 77).  Similar to AurA, binding of protein partners stimulates conformational 

changes that result in autophosphorylation on Thr232 and kinase activation (134).  Once 

activated, AurB phosphorylates target proteins including histone H3 (38), the histone H3 

variant Centromere protein A (CENP-A) (205), INCENP and Survivin (77) as well as the 

spindle-checkpoint proteins Budding uninhibited by benzimidazoles 1 (BUBR1) and 

Mitotic arrest deficient-like 2 (MAD2) (131).  AurB primarily presides over the correct 

attachment of sister kinetochores to microtubules emanating from opposite poles.  When 
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kinetochores align and attach incorrectly, AurB recruits BUBR1 and MAD2 to the 

kinetochore, halting mitosis until alignment is corrected (51).  Following mitosis, AurB is 

ubiquitinated by the Anaphase-promoting complex/cyclosome (APC/C) and quickly 

degraded, allowing for mitotic exit (169).  The APC/C is a multiprotein complex that 

ubiquitinates protein substrates, tagging them for proteasomal degradation.  Whereas 

AurA and B have been extensively characterized, AurC shows distinct meiotic functions, 

paralogous to the known activity of AurB and is specifically expressed in the testis (93, 

182). 

 Proteins that control the cell cycle must be tightly regulated as defects can lead to 

genomic instability and cancer and the Aurora family of mitotic regulators are no 

exception.  Human AurB was first cloned as a gene amplified in colorectal tumors (23), 

and AurA was identified as the Breast tumor amplified kinase (BTAK) from chromosome 

20q13; a region commonly amplified in breast tumors and other cancer cell lines (23, 

165, 208).  Microarray profiling of patient tumor samples has shown AurA is over 

expressed in ovarian (66, 81, 128), breast (181), colorectal (178), and metastatic prostate 

cancer (190) and it is up regulated in response to simian virus 40 (SV40) small tumor 

(ST) antigen (129).  The lack of over expression data for AurB may be explained by 

conflicting studies showing that both over expression, or loss of AurB function results in 

a genomic instability in human cells (11, 183).   

AurA over expression can induce centrosome amplification (9, 61, 126) and 

override the mitotic spindle checkpoint (9), thereby promoting genomic instability and 

transformation.  Initially in NIH3T3 cells and rat fibroblasts, AurA over expression was 

demonstrated to cause transformation and tumors when injected into immunodeficient 
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mice (23, 111, 208).  However, recent data from a mouse mammary over expression 

model revealed that AurA, by itself, was insufficient for transformation (207).  AurA can 

phosphorylate p53 on two independent residues resulting in proteasome-dependent 

degradation and cell cycle progression (88, 113).  Therefore, second mutations in tumor 

suppressor genes responsible for maintaining cell cycle fidelity, along with over 

expression of AurA may be enough to drive tumorigenesis in particular tumor classes.  

Nevertheless, loss of Aurora kinase family regulation causes chaotic chromosomal 

abnormalities in cells and can perhaps set the stage for the subsequent steps needed for 

complete transformation.   

1.2 Ovarian Cancer:  Therapeutics and the Aurora kinases 

 Ovarian cancer, which represents only 3% of all cancers affecting American 

females, is a deadly disease with almost 22,000 new cases diagnosed in 2008 resulting in 

over 15,000 deaths, a mortality rate of 72% (3).  The high mortality of ovarian cancer 

patients is primarily due to the stage of disease at diagnosis.  Patients with early ovarian 

tumors are asymptomatic and, as with other abdominal tumors such as those of the 

pancreas, patients present with seemingly unrelated abdominal symptoms, only to be 

diagnosed with advanced stage disease (29).  Currently, the standard of care for advanced 

ovarian cancer is debulking surgery followed by the postoperative combination 

chemotherapy of the platinum analog carboplatin, and the taxane paclitaxel (43).  

Carboplatin is an alkylating agent that forms intrastrand DNA cross-links, resulting in 

cell death from extensive global DNA damage (94).  The taxanes, including paclitaxel, 

bind the β-tubulin subunit of microtubules resulting in stabilization and inhibition of 

microtubule depolymerization (135).  Microtubule dynamics are essential for completion 
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of mitosis.  Taxane treatment results in activation of the spindle assembly checkpoint and 

subsequent cell death (135).   

While some ovarian cancer patients remain disease free, unfortunately, the 

majority of patients relapse within 18 months of first-line therapy, and 25-59% of these 

patients develop resistance specifically to paclitaxel (75).  Mutations in β-tubulin that 

remove the paclitaxel binding site or isotype switching can lead to resistant disease.  

Recent evidence suggests that AurA kinase may also play a role in taxane resistance 

(135).  One study demonstrated that over expression of AurA in HeLa cells induced 

resistance to paclitaxel (9) while another reported sensitization of pancreatic cancer cells 

to paclitaxel following AurA knockdown with siRNA (73).  Interestingly, a recent study 

in ovarian cancer cells reported that over expression of AurA can increase cell survival in 

the presence of paclitaxel (202).  From what is known of AurA function, it seems the 

mechanism of resistance resides in AurA’s ability to override the mitotic spindle 

checkpoint, forcing cells through mitosis and promoting cell survival.  Chromosomal 

abnormalities resulting from a ‘forced’ mitosis contribute to cancer progression and 

overall genomic instability.   

 Due to the apparent role of the Aurora kinases in cancer, a number of next-

generation, small-molecule inhibitors have been developed for in vivo inhibition of kinase 

activity.  Supporting the Aurora family’s value as a drug target, siRNA towards AurA can 

enhance sensitivity to chemotherapeutics and irradiation, causing apoptosis in human 

cancer cells (73, 193).  To date, six separate Aurora inhibitors have been developed for 

cancer therapy:  MLN8054 (Millennium Pharmaceuticals), Hesperadin (Boehringer 

Ingleheim), ZM447439 and AZD1152 (AstraZeneca), VX-680 (Merck/Vertex 
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Pharmaceuticals), and PHA-680632 (Nerviano Medical Sciences)(31, 90).  Hesperadin 

(AurB) and MLN8054 (AurA) show specific inhibition of an Aurora family member, 

where as VX-680 is a potent and selective pan-Aurora family inhibitor introduced in 

2004 (71).  VX-680 is a diaminopyrimidine molecule that competes with ATP for the 

active site of each of the three Aurora kinases.  It has shown to be a powerful and specific 

antitumor activity in animal xenograft models of leukemia, pancreatic and colon cancer, 

and importantly, ovarian cancer (71, 110).  While the efficacy of Aurora inhibitors are 

currently being tested in human clinical trials in advanced stage tumors, these novel drugs 

offer hope to patients whose disease has progressed to resistance and for whom few to no 

treatment options are available.   

The following chapter will describe experiments aimed at uncovering the 

relationship between AurA and paclitaxel-resistant ovarian cancer.  Through microarray 

profiling of primary ovarian cancer samples, we observed that AurA was significantly 

over expressed in ovarian carcinomas compared to adenomas.  We confirmed AurA 

expression at the protein level by staining tissue microarrays from the same patient 

samples.  To determine if the Aurora kinases are an effective therapeutic target for 

ovarian tumors that have acquired resistance to paclitaxel, we tested the ability of VE-

465, an Aurora kinase family inhibitor and VX-680 analog, to induce apoptosis in the 

presence and absence of paclitaxel in taxol-sensitive 1A9, and taxol-resistant PTX10 

ovarian cancer cells (59).  VE-465 potently induced apoptosis in both paclitaxel-sensitive 

and resistant ovarian cancer cell lines.  In addition, we discovered that VE-465 

synergistically enhanced apoptosis in combination with paclitaxel in taxol-sensitive cells 

at AurA specific doses (1-10 nM).  Our data indicate that VE-465 is effective at inducing 
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apoptosis in both taxol-sensitive and taxol-resistant ovarian cancer cell lines, and thus 

may be an effective therapy for patients with ovarian cancer, including those with 

paclitaxel-resistant disease. 
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Chapter 

II 

Results: 

AURORA KINASE INHIBITORS 

SYNERGIZE WITH PACLITAXEL TO 

INDUCE APOPTOSIS IN OVARIAN 

CANCER CELLS 

 

 

 

 

Portions of this chapter reproduced from Scharer et al. 2008 (160) 
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2.1 Expression Profiling Reveals Aurora-A Over Expression in Ovarian Cancer 

Patients 

 We established gene expression profiles of ovarian cancer patients in order to 

determine the genes whose expression was significantly different between carcinoma, 

adenoma, and tumors pretreated with chemotherapy.  Expression profiling of 9 

carcinoma, 10 adenoma and 24 neoadjuvant chemotherapy-treated ovarian cancer 

patients was performed using the Affymetrix U95A gene chip, and a comprehensive 

analysis of these results has been published (128).  Z-score normalization followed by 

Significance Analysis of Microarray (SAM) revealed 962 probe sets significantly up-

regulated and 565 probe sets significantly down-regulated at least two fold (FIGURE 

2A).  We observed AurA to be significantly over expressed 5-fold in ovarian carcinoma 

patients relative to adenoma patients (FIGURE 2B), which is consistent with previous 

reports (66).  We observed by SAM analysis, AurA to be over expressed 2.3-fold in 

carcinomas pretreated with chemotherapy compared to adenomas.  However, SAM 

analysis did not reveal AurB or C to be significantly over or under expressed in these 

patients.  Consistent with microarray results, we confirmed over expression of AurA by 

qPCR (TABLE 2).  Interestingly, Ingenuity Pathway Assist (IPA) analysis 

(www.ingenuity.com) of significantly altered genes revealed that seven genes 

downstream of AurA in the AurA network were also up regulated at least two fold 

(FIGURE 2C AND TABLE 3).  The IPA knowledge database is a curated data set based 

on PubMed published protein-protein interactions that are used to build gene interaction 

networks.  IPA software can search large gene lists, such as those generated from 

microarray data, to find over represented gene networks. The AurA network is based on 

http://www.ingenuity.com/
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Figure 2:  Aurora-A is over expressed in carcinomas. (A) Heat map image of Z-

score normalized microarray expression data from Affymetrix U95A  gene  chips.  

Genes with lower expression compared to normal tissue are shown in blue and 

yellow indicates genes that are over expressed.  Arrow indicates AurA.  (B) AurA 

is over expressed 5 fold in carcinomas compared to adenomas.  Both AurA probes 

are shown.  Ca – carcinoma, Ad – adenoma, CC – cancers pre-treated with 

chemotherapy.  (C) Ingenuity Pathway Assist analysis of significantly over 

expressed genes.  Diagram represents an interaction network of the 7 genes and 

AurA kinase.  (D) Low power (2x) image of ovarian tissue microarray stained for 

AurA by immunohistochemistry.  (E) AurA staining of TMA core of ovarian 

carcinoma without adjuvant chemotherapy (20x). (F) AurA staining of TMA core 

of benign ovarian tissue (20x).  (G) AurA staining of TMA core of ovarian 

carcinoma with adjuvant chemotherapy (20x). 

the following published interactions present in the Ingenuity Pathway knowledge  Gene 
Fold Change 

(qPCR) 
Fold Change 
(Microarray) 

TPX2 27.6 (2.1) 15.4 
AURA 1.7 (0.2) 5.1 
NME1 3.0 (0.7) 2.1 

 
Table 2: Confirmation of increased mRNA by qPCR.  RNA from eight patient 

samples (four carcinoma-like and four adenoma-like) was analyzed by qPCR, 

confirming increased expression levels measured by microarray analysis.  Brackets 

represent standard deviations. 
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Affymetrix Probe 
ID 

Gene Name Fold Change 

39109_at TPX2 TPX2, microtubule 
associated, homolog 

15.42 

1125_s_at; 
1126_s_at 

CD44 CD44 molecule 4.51 

36863_at HMMR Hyaluronan-mediated 
motility receptor 

2.73 

32157_at PPP1CA Protein phosphatase 1, 
catalytic subunit, alpha 
isoform 

2.46 

40757_at GZMA Granzyme A 2.26 
1985_s_at NME1 Non-metastatic cells 1 2.24 
38370_at TIAM1 T-cell lymphoma invasion 

and metastasis 
2.18 

 
Table 3:  Ingenuity Pathway Assist analysis of genes involved in the Aurora-A      

kinase pathway.  Data represents fold enrichment in carcinoma patients versus    

adenoma patients. * False Discovery Rate for all genes is 0. 

the following publishd interactions present in the Ingenuity Pathway knowledge database 

(14, 16, 26, 33, 37, 44, 50, 89, 96, 102, 122, 136, 187).  Among the most highly 

expressed is the known AurA activator TPX2, which was over expressed 15-fold in 

carcinoma patients.  To confirm these observed changes in gene expression by an 

independent method, we measured the mRNA levels of AurA, TPX2 and NME1 by 

quantitative real-time PCR (qPCR), verifying the microarray results (TABLE 3).  

2.2 Ovarian Cancer Tissue Microarray Analysis of Aurora-A  

 To characterize the changes of expression of AurA at the protein level in ovarian 

cancers and benign tissues, we stained two ovarian cancer Tissue Microarrays (TMA) 

with antibodies to AurA.  The TMA contained 212 cores from 35 patients (7 benign, 7 

carcinoma without chemotherapy, and 21 carcinoma with adjuvant chemotherapy).  Each 
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core was scored for intensity of staining (1 = weak, 2 = moderate, 3 = strong), as well as 

the percentage of total cells positive for AurA, and data averaged for each patient’s cores.  

The TMA staining data, including detailed patient information is summarized in TABLE 

4.  On average, the benign tumors contained the highest percentage of cells staining 

positive for AurA (80% + 17%) while the carcinomas displayed a lower percentage of 

cells with positive staining (61% + 22%)(TABLE 4).  Patients with neoadjuvant therapy 

displayed an intermediate percentage of cells staining positive for AurA (73% + 15%), 

but these differences were not statistically significant with this small patient sample size.  

The overall number of cells that stained positive for AurA was higher in the carcinomas 

due to increased epithelial content, but the intensity of staining was equivalent with 

benign ovarian epithelial cells (FIGURES 2D-2G).  Average staining intensities were 

2.5 + 0.5 for benign tissues, 2.2 + 0.6 for carcinomas with adjuvant chemotherapy, and 

2.1 + 0.5 for carcinoma`as without adjuvant chemotherapy.  Thus, the higher mRNA 

 
Tumor Type 

 
Stage 

 
Grade 

No. of 
Patients 

Age at 
Surgery 

Survival 
(Months) 

TMA 
Score 

% Cells 
Aurora-A 
Positive 

Benign - - 7 65 (10) - 2.5 (0.5) 80 (17) 
 
Carcinoma 
No 
Chemotherapy 

I 3 1 47 - 2.9 84 
II 3 1 61 - 2 44 
III 2 1 45 - 2.4 75 

3 3 61 (14) - 2.4 (0.7) 65 (20) 
IV 3 1 74 - 1.3 30 

 
Carcinoma 
With 
Chemotherapy 

 
III 

1 1 55 53 1.8 59 
2 9 63 (13) 29 (16) 2 (0.6) 70 (15) 
3 9 61 (8) 33 (6) 2.3 (0.5) 79 (14) 

IV 2 1 51 62 1.8 48 
 3 1 72 22 2 78 

 
Table 4:  Summary of staining and detailed patient data for the ovarian tumor tissue 

microarray stained with anti-Aurora-A antibody.  Brackets represent standard 

deviations.   
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signal for AurA in ovarian cancers is likely due to the fact that there is much higher 

epithelial than stromal content compared to benign tissues (COMPARE FIGURES 2E 

AND 2F).  Nevertheless, the ovarian cancer cells could be more sensitive to inhibition of 

AurA than normal cells, and thus determination of the optimal dose of AurA inhibitors 

will be crucial for optimizing treatment regimens.   

2.3 Aurora Kinases are expressed in Ovarian Cancer Cell lines 

 It has previously been demonstrated that over expression of AurA can induce 

resistance to paclitaxel in a cell culture model system (9).  To assess the effect of Aurora 

kinase inhibition on taxol-sensitive and taxol-resistant ovarian cancer cell lines, we 

examined taxol-sensitive 1A9 and taxol-resistant PTX10 cells that are derived from the 

parental 1A9 cell line (59).  Unfortunately, the mechanism of taxol resistance in PTX10 

cells is not by AurA over expression.  Rather, PTX10 cells harbor a point mutation in the 

M40 β-tubulin isotype, resulting in a phenylalanine to valine mutation (59) that is 

hypothesized to alter binding of paclitaxel to microtubules.  In fact, 1A9 cells express a 

roughly two-fold higher level of AurA than PTX10 cells as determined by western blot, 

and although 1A9 cells expressed lower levels of AurB than AurA, expression of AurB 

was higher in 1A9 cells than PTX10 cells (FIGURE 3A).  Thus, it was unclear whether 

Aurora kinase inhibition would alter the effect of paclitaxel, or induce apoptosis via other 

mechanisms.  Consequently, we proceeded to test both taxol-sensitive 1A9 and taxol-

resistant PTX10 cells with the Aurora kinase inhibitor VE-465.   
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Figure 3:  VE-465 inhibits the Aurora kinases. (A) Immunoblot analysis of whole cell 

lysates from 1A9 and PTX10 cell lines probed for AurA, AurB and PP2A as a loading 

control.  (B) Paclitaxel-resistant PTX10 and sensitive IA9 cells were treated for 48 hours 

with VE-465.  Following treatment, mitotic cells were assessed by staining for Histone H3 

phosphorylated on Ser10 (pH3S10), a marker of mitosis and an AurB substrate (green).  

Nuclear chromatin was visualized with the To-Pro (blue) counter stain to indicate total 

number of cells.  (C) Ten random fields were sampled for each concentration in both the 

1A9 and PTX10 cell lines, values averaged and graphed to show percentage of pH3S10 

ositive cells at each concentration. p
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2.4 VE-465 Inhibits the Aurora Kinases 

 The Aurora kinase inhibitor VE-465 (gift of Merck & Co., West Point, PA and 

Vertex Pharmaceuticals, Oxford, UK), has a slightly higher Ki than the parent compound 

VX-680, but is still highly specific for the three Aurora kinases (AurA Ki = 1 nM, AurB 

Ki = 26 nM, AurC Ki = 9 nM, FLT-3 Ki = 29 nM, and ABL Ki = 44 nM) (Data from 

Merck & Co.).  VE-465 has been shown to have activity against mutant BCR-ABL 

kinase in mice at 75 mg/kg (6) and to induce apoptosis in multiple myeloma cells at 

concentrations of 100-500 nM (48).  Serine 10 on Histone H3 is a highly conserved 

residue that is phosphorylated by AurB kinase upon entry into mitosis (38, 80).  We used 

immunocytochemistry to determine the percentage of cells positive for histone H3 

phosphorylated on serine 10 (pH3S10) after treatment with VE-465.  Treatment with 100 

nM of VE-465 resulted in significant decrease in pH3S10 positive cells, whereas a 

DMSO control treatment had no effect (FIGURE 3B).  Quantification of ten random 

fields at each concentration indicated a decrease of 7.9-fold in PTX10 and 20.9-fold in 

1A9 mitotic cells when treated with 100 nM of VE-465 (FIGURE 3C).  These results 

demonstrate that VE-465 effectively inhibits AurB kinase in a dose dependent manner 

and prevents the phosphorylation of a known mitotic marker in ovarian cancer cells.  

Thus, inhibitors of Aurora kinases may merit further exploration as tractable targets 

against ovarian cancer. 
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2.5 VE-465 Induces Apoptosis in Ovarian Cancer Cells 

 We hypothesized that treatment with VE-465 would induce apoptosis due to 

misregulation of the cell cycle and/or because of the instability of polyploidy cells that 

did manage to complete mitosis.  We treated 1A9 and PTX10 cells with DMSO (control) 

or 10, 25, 50, 75, and 100 nM of VE-465 for 96 hours and examined DNA content by 

propidium iodide staining followed by flow cytometry (FIGURE 4A AND 4B).  

Fragmented DNA was calculated as a sub G0/G1 peak and was analyzed as a measure of 

apoptosis.  After 96 hours, cell death in the parental 1A9 cell line was increased from 

2.15% to 43.6% (FIGURE 4C) and from 4.2% to 22.6% (FIGURE 4D) in the 

paclitaxel-resistant PTX10 cell line, a roughly 5-fold increase.  It is important to note that 

as the concentrations of VE-465 increased, both cell lines became increasingly aneuploid 

(FIGURE 4B).  After 96 hours we detected cells with an array of DNA content ranging 

from 4n to 10n, suggesting that many ovarian cancer cells treated with VE-465 were able 

to bypass the spindle checkpoint, producing errors in chromosome segregation. 

 Consistent with the higher level of expression of AurA, and especially AurB 

(FIGURE 3A), the 1A9 cells were more sensitive than PTX10 cells to VE-465 treatment 

at doses of 50, 75, and 100 nM (compare FIGURES 4C AND 4D).  To further confirm 

that the sub G0/G1 peak was due to apoptosis and not necrosis, we performed Caspase 

3/7 assays using a luminescent detection method.  Treatment of 1A9 and PTX10 cells 

with VE-465 resulted in a dose dependent increase in Caspase 3 and Caspase 7 activity 

that was inhibited by pretreatment with the general caspase inhibitor Z-VAD (FIGURES 

4E AND 4F). 
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Figure 4:  Inhibition of Aurora kinases results in cell death.  Cells were treated for 96 

hours with differing doses of VE-465.  Following treatment, cells were harvested, fixed 

and stained with propidium iodide before analysis by Flow Cytometry. The sub G0/G1 

population represents apoptotic cells. PTX10 cells were treated with DMSO Control (A) 

or 100 nM of VE-465 (B) for 96 hours.  Significant cell death and anneuploidy was seen 

following treatment with 100 nM of VE-465 but not a DMSO control. 
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Figure 4:  Graph depicting percentage of 1A9 (C) and PTX10 cells (D) in each 

category as determined by propidum iodide staining.  Each data point represents at 

least 3 independent experiments. Caspase 3/7 assays of 1A9 (E) and PTX10 (F) cells 

treated with increasing doses of VE-465 demonstrate a dose-dependent increase in 

apoptosis.  The caspase activity was blocked by the pan-caspase inhibitor Z-VAD. 

2.6 VE-465 Promotes Apoptosis in a Paclitaxel-Resistant Cell Line at high doses 

 We treated 1A9 and PTX10 cells with DMSO (control) and 10, 25, 50, 75 and 

100 nM of VE-465 in the presence or absence of 15 ng/mL paclitaxel for 96 hours to 

determine if VE-465 could induce apoptosis in the presence of paclitaxel.  In the parental 

1A9 cell line, paclitaxel alone caused a slight increase in the number of apoptotic cells, 

and the addition of VE-465 significantly increased the number of sub G0/G1 cells 

(FIGURE 5A).  Consistent with their phenotype (59), PTX10 cells were resistant and 

proliferated in the presence of 15 ng/mL paclitaxel.  The PTX10 cell line exhibited little 

cell death at low doses of VE-465, but as concentrations approached 100 nM the 

percentage of apoptotic cells increased 8-fold (FIGURE 5B).  The presence of both 

drugs, paclitaxel and VE-465, did not act synergistically in the PTX10 or 1A9 cell lines 

at high concentrations as the levels of cell death were only slightly increased when cells 

were treated with VE-465 in the presence of paclitaxel (FIGURE 5C AND 5D).  

Caspase 3/7 assays of PTX10 cells confirmed that there were no statistically significant 

differences in induction of apoptosis between cells treated with VE-465 alone or in 

combination with 15 ng/mL paclitaxel (FIGURE 5E).   
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Figure 5:  VE-465 induces cell death in the presence of paclitaxel.  Cells were 

treated for 96 hours with differing doses of VE-465 in the presence of 15 ng/mL 

paclitaxel.  (A) PTX10 cells (B) 1A9 cells.  Analysis was performed as described 

in Figure 3.  The sub G0/G1 population represents apoptotic cells.  Each time point 

represents data from at least 3 independent experiments.  Paclitaxel and VE-465 

did not synergize to cause apoptosis in PTX10 (C) or 1A9 (D) cells at high doses.  

Percent of apoptotic cells are plotted for cells treated for 96 hrs with VE-465 alone 

or VE-465 and 15 ng/mL paclitaxel. Triangles – cells treated with increasing 

concentrations of VE-465.  Squares – cells treated with increasing concentrations 

of VE-465 in the presence of 15 ng/mL paclitaxel.  (E) Caspase 3/7 assays of 

PTX10 cells treated with 10-100 nM of VE-465 alone or in combination with 15 

ng/mL paclitaxel.  Confirming flow cytometry data, combination treatment with 

paclitaxel and VE-465 did not synergistically increase apoptosis in the PTX10 cell 

line.  (F) Caspase 3/7 assays of 1A9 cells treated with 1-3 nM of VE-465 alone, 15 

ng/mL paclitaxel alone, or in combination with 15 ng/mL paclitaxel.  A dose of 3 

nM VE-465 alone induced 2-fold more apoptosis than 15 ng/mL paclitaxel, 

whereas combined 3 nM VE-465 and 15 ng/mL paclitaxel synergistically induced 

4.5-fold more apoptosis than 15 ng/mL paclitaxel alone. (* = p-value less than 

0.0025 by students T-test.)  (G) Immunoblot of 1A9 cells treated with increasing 

concentrations of VE-465 for 96 hours.  The kinase activity of Aurora-A and 

Aurora-B is suppressed in a dose-dependent manner consistent with the known Ki 

values of VE-465.  Phosphorylation of the Aurora-A target p53 (S315) is inhibited 

at doses of 1 nM and higher whereas auto-phosphorylation of Aurora-B (T232) is 

only inhibited at doses exceeding 25 nM. 

2.7 
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2.7 VE-465 Synergizes with Paclitaxel to induce apoptosis at low doses specific to 

Aurora-A 

 We observed increased apoptosis at low doses of VE-465 in combination with 15 

ng/mL paclitaxel in the paclitaxel sensitive 1A9 cells (FIGURE 5C).  We tested if doses 

of VE-465 that were specific to AurA (3 nM or less) could synergize with paclitaxel to 

induce apoptosis in the 1A9 cell line.  VE-465 alone induced 2-fold more apoptosis than 

15 ng/mL paclitaxel alone (FIGURE 5F).  Compared to 15 ng/mL paclitaxel alone, 3 nM 

of VE-465 combined with 15 ng/mL paclitaxel synergized to cause a roughly 4.5-fold 

increase in cell death as measured by Caspase 3/7 activity assay (FIGURE 5F).  To 

confirm the effects were due to Aurora-A specific inhibition, we treated 1A9 cells with 

both low and high doses of VE-465 for 96 hours and probed immunoblots for phospho-

AurB (T232) and phospho-p53 (S315) (FIGURE 5G).  p53 (S315) is phosphorylated by 

AurA but not AurB (88) and AurB autophosphorylates threonine 232 (T232) upon 

activation (134).  Following VE-465 treatment, phospho-p53 levels were reduced at 

doses of 1 nM and higher, indicating an inhibition of AurA activity.  As expected, AurB 

kinase activity was inhibited only at doses of VE-465 that exceeded 25 nM.  The level of 

inhibition is in agreement with Ki values for AurA (1 nM) and AurB (26 nM), 

respectively.  These results show that VE-465 by itself can induce apoptosis, and can 

synergize with paclitaxel at AurA specific concentrations (< 10 nM) to enhance cell 

killing. 
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We identified AurA kinase to be significantly over expressed in ovarian 

carcinoma patient tissues compared to adenomas (128).  Our data suggested that reduced 

p53 activity can lead to improved clinical outcome for ovarian cancer patients undergoing 

chemotherapy (128).  One mechanism that might contribute to this phenomenon is that 

AurA renders cells resistant to paclitaxel-induced apoptosis and stimulates AKT1 and 

AKT2 activity in wild-type p53, but not p53-compromised ovarian cancer cells (202).  

Thus, in tumors with high AurA levels, those tumors that are p53 null would be more 

responsive to chemotherapy regimens.  We established that the mitotic kinase AurA is 

over expressed in ovarian carcinomas compared to adenomas at the mRNA and protein 

level.  Furthermore, we demonstrated that the pan-Aurora inhibitor, VE-465, can 

synergize with paclitaxel to induce apoptosis and is a potent killer of taxane-sensitive and 

resistant ovarian cancer cells. 

Although other Aurora family members were not over expressed, additional genes 

known to interact with AurA kinase were significantly increased (FIGURE 2C and 

TABLE 3).  General misregulation of a host of genes involved in regulating the cell 

cycle can contribute to genomic instability, and activation of specific ‘driver’ genes can 

increase this process.  One of the most significantly over expressed AurA network genes 

was TPX2, an activator and substrate of AurA (96, 164).  Recently, a link between 

another AurA substrate, BRCA1, and TPX2 has been demonstrated (85).  Juokov et. al. 

showed that loss of BRCA1 expression leads to mislocalization of TPX2 along 

microtubules instead of at the aster poles, suggesting a mechanism by which BRCA1 

mutation could lead to chromosomal instability (85).  This finding also suggests that 

BRCA1 could lie upstream of TPX2, regulating spatial localization of TPX2 and in turn, 
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controlling temporal activation of AurA.  Correct spatial and temporal regulation of 

proteins that regulate the cell cycle is critical to maintain a healthy cell.  We did not test 

AurA kinase activity directly in ovarian tumors, however TPX2 was over expressed 15-

fold in carcinomas.  TPX2 binds AurA and induces conformational changes that result in 

catalytic activation of AurA and subsequent auto-phosphorylation.  This may provide a 

possible mechanism for increased AurA kinase activity in ovarian tumors.  Future 

experiments determining AurA kinase activity in tumors that express high and low levels 

of TPX2 would confirm this hypothesis.  It may be possible to develop drugs that inhibit 

the AurA-TPX2 interaction, and thus limit the amount of active AurA kinase in tumors. 

These observations have implications for ovarian cancer because over expression 

of AurA can induce resistance to the chemotherapeutic paclitaxel (9).  We predict that 

ovarian cancer patients who over express the kinase would have a higher chance of 

becoming resistant to the taxanes and possibly benefit from a different treatment strategy 

targeted at AurA and other Aurora family members.  To test this prediction, we evaluated 

the compound VE-465 as a pan-Aurora inhibitor and inducer of apoptosis in ovarian 

cancer cell lines.  Although VE-465 is not specific to AurA, it is highly selective and 

effective at inhibiting the Aurora family of kinases and offered a unique opportunity to 

evaluate the entire family of kinases as a therapeutic target.  Our results indicate that VE-

465 is able to induce apoptosis in the paclitaxel-resistant, ovarian cancer cell line PTX10 

in a dose dependent manner and synergize with paclitaxel in the 1A9 paclitaxel-sensitive 

cell line. 

VE-465 and paclitaxel are both drugs that function by targeting mitotic cells, but 

induce apoptosis by different mechanisms.  Paclitaxel alters microtubule dynamics and 
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induces the spindle checkpoint resulting in mitotic arrest and eventual apoptosis.  VE-

465, on the other hand, inhibits the activity of the Aurora kinase family and subsequent 

mitotic regulation.  We found that many PTX10 cells treated with VE-465 bypass the 

spindle checkpoint resulting in missegregation of chromosomes and aneuploidy, possibly 

due to the inhibition of other Aurora family members such as AurB.  Thus, VE-465 

appears to induce apoptosis by causing catastrophic chromosomal abnormalities in cells 

that do manage to crash through mitosis due to the absence of an intact spindle assembly 

checkpoint.  

Intriguingly, 1A9 cells were more sensitive to VE-465 than PTX10 cells and this 

correlates with the roughly 2-fold higher expression of AurA in the 1A9 cell line.  

Significant cell death was observed at low concentrations in 1A9 cells (1-25 nM) relative 

to the widespread apoptosis seen at higher concentrations (50-100 nM) for both cell lines.  

This indicates that at low doses VE-465 synergizes with paclitaxel in taxol-sensitive 

ovarian cancer cells.  Interestingly, at low concentrations VE-465 has a Ki more specific 

to AurA (1 nM) than AurB (26 nM) or C (9 nM).  This suggests the synergistic effects 

are due to the specific inhibition of AurA and not the other family members.  However, at 

higher concentrations, we found no evidence that paclitaxel and VE-465 synergized to 

induce apoptosis in PTX10 cells.  This could be because a very high percentage of cells 

are undergoing apoptosis at high doses, or possibly due to the inherent nature of 

resistance of PTX10 cells.  PTX10 cells harbor a point mutation in the M40 β-tubulin 

isotype resulting in a phenylalanine to valine mutation (59), which may alter the binding 

of paclitaxel to microtubules.  It is possible that this particular form of resistance does not 

coincide with the function of Aurora kinases and therefore no synergism is seen when 
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treating with a combination of both drugs.  Tumors that exhibit other forms of taxane-

resistance such as AurA over expression, alternate point mutations, modulations in 

tubulin isotypes, decreased tubulin expression and changes in post-translational 

modifications may respond synergistically when treated with VE-465 and paclitaxel.  

Alternatively, a synergistic effect may be observed prior to the acquisition of taxol-

resistance, or in combination with other drugs that target different cellular pathways such 

as tyrosine kinase receptor signals or apoptosis resistance pathways.  In line with our 

tumor model, the 1A9 cells did express a roughly 2-fold higher level of AurA than the 

PTX10 cell line.  One can infer that tumors with higher AurA levels may be more 

‘addicted’ to the AurA pathway and therefore would be more responsive to Aurora 

inhibition.  Nevertheless, Aurora kinase inhibitors represent a promising alternative 

combination to taxane therapy, especially for patients who over express the mitotic 

kinase AurA, or other family members, or whose disease continues to progress in spite of 

taxane therapy (57). 

Treatment of patients with different drugs in a serial fashion allows for clones that 

are resistant to one or more therapies to arise by drug-resistance selection.  However, 

combinatorial therapies may be more effective, as has been shown using cocktail 

therapies for the treatment of the rapidly evolving human immunodeficiency virus (15).  

Thus, initial combinatorial chemotherapy using Aurora inhibitors, paclitaxel, and other 

chemotherapeutic agents could be an effective approach to prevent the development of 

chemoresistant cancers.  Alternatively, molecular tumor typing to determine the genes 

and subsequent pathways that are misregulated may provide insight and guidance for 

possible treatment options.  Whereas the required biopsy and molecular diagnostics are 
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not possible in all tumor types and even more difficult in many solid tumors, first-line 

therapy for ovarian cancer is primarily surgery followed by chemotherapy.  Therefore, it 

may soon be possible to screen a molecular diagnostic array, assessing the status of genes 

such as the Aurora kinases, to determine the therapeutic treatment options that will 

provide the best possible outcome with the lowest chance of developing resistant disease. 

In summary, we have shown the mitotic kinase AurA to be over expressed in 

ovarian carcinomas compared to adenomas.  Furthermore, we demonstrated the pan-

Aurora inhibitor VE-465 can synergize with paclitaxel to induce apoptosis and is a potent 

killer of taxane-sensitive and resistant ovarian cancer cells.  Our in vitro results suggest 

that Aurora kinase inhibitors could be useful for treatment of taxane resistant ovarian 

tumors and possibly as a first-line therapy against those tumors with high expression 

levels of the Aurora kinases.  Future experimental directions include testing the efficacy 

of Aurora inhibitors using in vivo mouse xenografts models.  1A9, PTX10, and ovarian 

cancer cell lines with elevated AurA expression can be grafted onto immunodeficient 

mice that are subsequently treated with AurA and Aurora family specific doses of VE-

465.  This will determine the in vivo efficacy of Aurora inhibition and other possible 

gross side effects.  VX-680 has already demonstrated little toxicity in previous mouse 

xenograft experiments (71), nevertheless these studies are critical as proof-of-principle 

before progressing into humans.  The development of a variety of targeted, small 

molecule inhibitors towards the Aurora kinases is a promising step in the search for new 

and improved cancer treatment options. 
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 Complex eukaryotes, such as mammals, begin life as a single cell and undergo 

rounds of cell division and specialization to expand beyond a trillion cells.  Roughly two 

meters of DNA is exquisitely packaged into a nucleus roughly 6 μm in diameter (7).  

DNA must be condensed and packaged in a manner that is dynamic enough to allow 

different sets of genes to be expressed as a cell differentiates and the organism develops, 

yet maintain the compactness to stay within the nuclear boundaries.  Eukaryotes compact 

and limit access to their DNA through varying levels of organization and regulation, 

including chromatin compactness and spatial location within the varied nuclear 

compartments.  The process of transcriptional regulation involves a host of DNA binding 

proteins that require access to specific DNA sequences throughout the genome to exert 

either a positive or negative affect.  DNA binding proteins can function in the direct 

regulation of DNA compaction and accessibility such as histones, directly in the 

transcriptional process like the transcription initiation factors, or as in transcription 

factors, serve dual roles and regulate both processes.  This chapter will concentrate on the 

SOX family of transcription factors, focusing on SOX4, and their role as vertebrate 

regulators of development and differentiation, as well as carcinogenesis. 
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 4.1 A Collection of SOXs 

 Multicellular organisms require precise cellular control to ensure the correct 

differentiation of the required tissue types and accurate placement throughout the body of 

each organ.  Evolution has supplied a myriad of transcription factors that function in 

development to ensure differentiation functions normally.  Examples of developmental 

transcription factor families include, but are not limited to: the POU domain, RUNT 

domain, Forkhead, helix-loop-helix, homeodomain, and the SOX family.  The SOX 

family of transcription factors is defined, as are the other transcription factor families 

listed above, by their DNA binding domain.  SOX proteins contain a high-mobility group 

(HMG) box DNA binding domain that was originally classified according to their ability 

to bind AT rich DNA (63).  HMG DNA binding proteins fall into 4 distinct categories 

comprising the HMG domain superfamily: HMG1/2, HMG domain family, HMG-I(Y) or 

AT-hook family, and the non-canonical HMG box domain proteins that include the SOX 

and TCF family of transcription factors.  The founding member of the SOX family, SRY, 

was first isolated from the Y chromosome as the gene responsible for sex reversal in 

males (67, 166).  It was found to contain a unique HMG domain and subsequent PCR 

based searches looking for similar DNA sequences identified SOX family members and 

homologs in all vertebrates (41, 52, 199).  The advent of high throughput DNA 

sequencing technology allowed for bioinformatic characterization of the SOX family in 

sequenced genomes.  The SOX family was then refined in mouse and humans to 20 

members comprising eight different subgroups (162).  The various SOX family 

subgroups, including protein domains are summarized in FIGURE 6.   
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 SOX proteins within the same group share a high degree of sequence identity 

within and outside the HMG domain whereas different groups share a limited homology 

only within the HMG domain.  The HMG domain is responsible for DNA binding, and 

has been shown to harbor two nuclear localization signals (NLS) (175) and facilitates 

protein-protein interactions (196).  By definition, transcription factors must exert some of 

their functions in the nucleus where the cellular DNA is housed.  Nuclear import is 

mediated in part by the importin family of proteins that must recognize an NLS in their 

cargo prior to nuclear translocation.  Non-nuclear functions have been reported for SOX4 

(58), but, evidence suggests that nuclear localization is required for full functionality.  

This is highlighted by studies of SRY in which mutation of only the NLS was sufficient 

to cause sex reversal in mice (58).  Although only two SOX proteins, SRY and SOX9, 

have had extensive biochemical NLS analysis, the two NLS motifs are highly conserved 

throughout the family. 

Figure 6:  SOX Family Subgroups and Protein Domain Architecture.  SOX proteins 

are depicted as boxes and numbers represent the first and last amino acids as well as 

internal boundaries for the functional domains.  Black boxes = HMG domain, 

checkered boxes = dimerization domain, horizontal striped boxes = transrepession 

domain, and vertical boxes = transactivation domain. Adapted from Levefbre et. al. 

(100) 

 Protein-protein interactions are crucial for SOX activity and can be classified into 

three distinct functional categories: those that bind nuclear import proteins, adaptor 

proteins, and DNA binding cofactors (196).  While the importance of the first category 

has already been discussed, the ability of SOX proteins to bind cellular adaptors, such as 



 

 

37

PDZ domain proteins, is still poorly characterized.  The PDZ acronym is derived from the 

three proteins the domain was initially identified in: PSD95, DIgA and ZO-1.  PDZ 

domain proteins exist in all metazoans and recognize short peptide motifs that act to bring 

proteins together into signaling complexes (72).  The best characterized example is the 

interaction of SOX4 with the PDZ protein Syntenin (58).  Here SOX4 transcriptional 

activation from the IL-5α receptor requires the PDZ adaptor protein Syntenin.  SRY has 

also been shown to interact with the PDZ domain protein SIP-1 (Entrez ID: 8487) (147).  

These interactions are DNA independent and could provide the framework to assemble 

multiprotein complexes that function as transcriptional or non-nuclear signaling nodes. 

 The final category involves protein-protein interactions with other DNA binding 

proteins.  The SOX family HMG domain recognizes the core motif WWCAAWG, where 

W = A or T.  Therefore, interaction with specific partner proteins can provide sequence 

specificity for a SOX protein and partner to affect transcription of a specific set of genes.  

Multiple SOX family members can be expressed in the same cellular context and specific 

protein partners can provide target specificity to activate or repress transcription of a 

distinct gene set.  There is a growing list of DNA binding proteins with which SOX 

family members can interact (196).  The most thoroughly characterized interaction is that 

of SOX2 and the OCT3/4 complex binding to the FGF-4 enhancer in embryonic stem 

cells (152).  Crystal structure analysis of SOX2 and OCT3/4 pair bound to DNA reveals 

how DNA binding places the C-terminus of the HMG domain in perfect position to 

interact with OCT3/4 (152).  Unlike other transcription factors that bind the DNA major 

groove, HMG domain proteins, like SOX2, bind the minor grove.  It is this placement, 

roughly one-half helix turn away from OCT3/4’s binding site that positions SOX2 for the 
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interaction.  In this example, the transcriptional complex functions to activate the FGF-4 

enhancer; however other DNA dependent protein-protein interactions can function to 

stabilize SOX protein binding to a low affinity binding site and act to either activate or 

repress transcription of target genes.  The ability to bind different partners that are also 

expressed in specific cell types allows for factor specific transcriptional programs in 

defined cell types and adds functional diversity to a family with similar DNA binding 

domains. 

 Molecular characterization of the SOX family has been ongoing from the moment 

of discovery; however, the advent of genetic manipulation has allowed for the tissue and 

animal specific functions of SOX proteins to be elucidated.  Current research has 

identified in vivo roles for SOX factors in sex differentiation in mammals, promoting 

various levels of potency for stem cells, neurogenesis, neural crest formation, 

skeletogenesis, hematopoiesis and endoderm development (100).  Most of the 

information is derived from phenotypes of genetic knock-out or knock-in mice.  The 

detailed molecular identification of transcriptional targets and signaling pathways is still 

in its initial stages.  Nevertheless, it is clear that the SOX family of transcription factors is 

critical and required for vertebrate differentiation and development.   

 As described earlier, the founding member of the SOX family, SRY, was 

originally cloned as the gene responsible for ‘maleness’ (67, 166) in mammals.  Female 

XX mice that have a genetic knock-in for SRY develop as fertile males (166).  Like SRY, 

SOX9 mutations can affect sex determination in mammals.  It is estimated that two thirds 

of patients with gonad defects and XY females contain mutations in SOX9 (54, 191).  

Other SOX proteins that are not exclusively required for sex differentiation but are 
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essential for correct gonad development are the SRY homolog SOX3 (194), and SOX8 

(32) which can partially substitute for SOX9 function.  The role of SRY in sex 

determination and function is specific to the mammalian lineages of the animal kingdom 

but SOX9 has roles in sex determination outside of mammals (130). 

 Of all the SOX genes, SOX2 has the best studied and most famous due to its role 

as one of four transcription factors that regulate pluripotency in embryonic stem cells 

(12).  One critical function is to dimerize with the POU domain transcription factor 

OCT3/4 and activate transcription of the FGF-4 enhancer, a critical signaling molecule 

for early blastocyst development (204).  A landmark paper demonstrated the reversal of 

differentiated adult fibroblasts to stem cell ‘like’ cells by the addition of four 

transcription factors: SOX2, C-MYC, KLF4 and OCT3/4 (177).  This finding suggests 

that SOX2, in combination with the other three factors, are inherently programmed to 

transcribe gene sets involved in maintaining pluripotency and can overcome and reset the 

current transcriptional program of a fully differentiated cell type. 

 While SOX2 is critical for early developmental stages, other SOX family 

members have been shown to be involved in regulating differentiation of the neural crest 

and the central nervous system.  Examining neural development highlights the 

complicated and essential role of SOX proteins in development.  SOX genes regulate 

each other and only fine-tuning of specific SOX family member expression at distinct 

developmental time points allows for correct neural development.  Some SOX factors,  

such as SOX4 and SOX11, drive pan-neural gene expression and commit cells to the 

neural lineage (21).  Activation of other SOX family members, such as SOX9, further 

commit neuronal cells to specific lineages which specify the glial cell population (170-
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172).  Interestingly, the same SOX family genes are involved in the specification of 

neural crest cells.  Mutations in the group E protein SOX10 cause Waardenburg-

Hirschsprung disease characterized by defects in pigmentation and the peripheral nervous 

system (144) whereas group C members SOX4 and SOX11 are required for development 

of heart septums (163, 168).  This suggests that these proteins control similar processes or 

stages of development in both the central and peripheral nervous systems. 

 Although the majority of the work deciphering the various processes SOX 

proteins control has been performed in neuronal lineages, it is also understood that SOX 

genes control skeletal, hematopoietic (163), and endodermal derived tissue development 

(180).  Similar to glial development, SOX9 activates transcription of the group D 

members SOX5 and SOX6.  These two factors, in contrast to repressing SOX9 activity in 

glial development, cooperate to activate transcription of genes critical for all stages of 

chondrocyte differentiation and maturation, highlighting the diverse and complex roles of 

SOX proteins (101).  The same sets of transcription factors can drive the development of 

multiple cell types through lineage specific collaboration with other transcription factors 

and signaling molecules.  In order to act in a cell type-specific manner, the influence of 

either post-translational modifications or direct protein binding partners must play a 

major role.  In some cases the tissue specific factors are known, but it is less well 

understood which downstream transcriptional programs are activated in specific cell 

types.   

 Understanding the diverse cellular roles of SOX proteins in controlling all stages 

of development from the earliest cell divisions in the blastocyst to organ specific cell 

differentiation is in its infancy.  From the first molecular cloning of SRY and subsequent 
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identification of SOX family genes two decades ago, the physiological and molecular 

roles of SOX proteins continue to expand and diversify, further complicating a complete 

understanding of this distinct and ancient gene family.   

4.2 SOX4 

 Sex-Determining Region Y Box 4 (SOX4) is a 47 kDa, single exon gene located 

on human chromosome 6p22.  Homologs of SOX4 have been identified in all sequenced 

vertebrate genomes from Zebra fish and Chicken to Mouse and Humans.  Sequences 

outside the HMG DNA binding domain show little evolutionary conservation while the 

HMG domain demonstrates little divergence with greater than 95% identity across 

sequenced species.  SOX4 resides in subgroup C along with SOX11 and SOX12 who all 

share sequence homology in their DNA binding domain and surrounding residues 

(FIGURE 6).  Since the initial cloning and characterization of SOX4 by Farr et. al. (52), 

an explosion of data has implicated a role for SOX4 in controlling diverse developmental 

process in multiple tissues, defined molecular interactions with cellular regulatory 

proteins, identified bona fide SOX4 transcriptional targets, and finally proposed roles in 

the regulation of cell death and carcinogenesis.  In the following three sections I will 

explore the current knowledge of SOX4 as it relates to these general areas.   
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4.2.1 Developmental Regulator 

 Current knowledge indicates SOX4 is involved in early developmental processes, 

but it is not known when SOX4 expression is first initiated or in which specific cell types.  

SOX4 is known to be expressed in the developing mouse central nervous system (CNS) 

and neural tube as early as day E8.5, with expression being restricted to specific 

differentiating neural lineages in the developing brain by day E11.5 (35).  In humans, 

SOX4 has a higher expression in the developing fetus than in adult tissues.  Screening an 

RNA Master Blot which contains poly(A+) RNA from various adult and fetal human 

tissues, Reppe et. al. found that SOX4 is most highly expressed in the fetal brain, kidney 

and lung.  SOX4 expression is detectable at low levels in all adult tissues analyzed with 

dramatically higher expression in the ovary and thymus (154).  These data are in line with 

known roles for SOX4 in T-cell development (189, 198) and its upregulation during the 

female reproductive hormonal cycle (82).   

 The power of murine transgenics has enabled experiments in the whole mouse or 

in specific tissues, either ablate SOX4 entirely or ectopically express SOX4.  Two groups 

have independently engineered whole mouse homozygous deletions for SOX4 roughly 11 

years apart (142, 163).  Deletion of SOX4 results in embryonic lethality around day E14 

due to the failure of the endocardial ridges to fuse properly and develop atrioventricular 

valves, resulting in cardiac failure.  Interestingly, the cells that form the endocardial ridge 

derive from the neural crest where SOX4 is known to be expressed early in development 

(35).  All other tissues examined were able to develop normally by histological analysis 

up to day E14 except there was a disruption during B-cell development with a lack of the 

pre-B-cell population (characterized by the cell surface markers CD43- B220++).  This 
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suggests SOX4 is also involved at specific stages of hematopoietic differentiation and 

development.   

 Further studies in the neuronal lineages have elucidated roles for SOX4 in 

controlling the differentiation of specific cell populations.  Prolonging SOX4 expression 

in glial cells throughout development resulted in severe anatomical defects of the brain 

due to migratory defects of specific cells (78).  When SOX4 expression is maintained in 

oligodendrocytes, they fail to promote myelination, suggesting that SOX4 holds this cell 

population in a pre-differentiation phase.  Only when SOX4 is down regulated does 

myelination proceed normally (146).  Interestingly, CNS specific knockout of other SOX 

subgroup C members SOX11 and SOX12 suggests functional redundancy within the 

subfamily.  They all exhibit similar molecular properties (46) and the SOX12 deletion 

revealed little phenotypic defects (79), suggesting other family members can compensate 

for loss of SOX12.  Outside of the CNS, SOX4 has a role in pancreatic development in 

which SOX4 null mice fail to undergo a second round of differentiation and expansion, 

resulting in a lack of β-cells that are essential for insulin secretion (197).  Furthermore, 

SOX4 has been shown to be involved in pancreatic differentiation in Zebra fish (121) and 

insulin secretion from β-cells in mice (62).  Although inconclusive, other studies have 

suggested that SOX4 expression must be efficiently down regulated for secretory 

activation in mammary gland (132), as well as bone development (22).  These studies 

clearly show that SOX4 is not required for complete organ development, but SOX4 must 

be tightly regulated during development in specific cell types.  Differentiation is 

determined by tissue specific temporal regulation of SOX4 and as these studies show, 

having too much or too little can result in severe developmental consequences.   
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4.2.2 Molecular Functions   

 Although tissue specific expression and roles in differentiation of specific cell 

types are being deduced genetically, additional experimentation has addressed the 

molecular functions of SOX4.  It is clear that SOX4 itself can be subdivided into distinct 

domains that function in DNA binding and transcriptional activation, but there are also 

reports that discrete sequences within SOX4 can contribute to protein-protein 

interactions; including promoting apoptosis.  Interestingly, like the transcription factor 

p53, there appears to be functions for SOX4 that are independent of DNA binding.   

 Initial characterizations of SOX4 began when it was independently cloned as a 

gene responsible for activating the sequence AACAAAG (189), a sequence also 

identified in colon carcinoma cells to be bound by SOX4 (124).  Independently, SOX4 

was shown to bind and activate the sequence AACAAT present in the CD2 enhancer in 

T-cells (198).  Both of these sequences match the consensus SOX family binding site 

WWCAAWG but most likely are not specific for SOX4.  It is not known if there is a 

binding site specific for SOX4 or if the influence of protein binding partners or post-

translational modifications determines the precise sites SOX4 can bind to.  For that 

matter, there have been only two reports of other proteins that can bind SOX4 and 

influence transcription both negatively or positively.  The first study identified upstream 

activators of SOX4 through a yeast 2-hybrid approach (58).  The authors mapped the 

binding of Syntenin and SOX4 to show that binding of Syntenin to the cytoplasmic tail of 

the IL-5 receptor caused recruitment of SOX4 to Syntenin and subsequent transcriptional 

activation of a SOX4 reporter plasmid.  The second study reported the interaction of 

SOX4 and ubiquitin conjugating enzyme UBC9 (139).  While little molecular 
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information about the interaction is known, the authors reported that over expression of 

UBC9 suppressed SOX4’s ability to activate a transcriptional reporter following 

treatment of breast cancer cells with progesterone, a known inducer of SOX4 (64, 125).  

It is not known if UBC9 can polyubiquitinate SOX4 and induce proteasomal degradation.  

Both studies identified protein binding partners that either positively or negatively 

influenced transcription.  Although their conclusions were generalized, they indicated 

that specific binding partners have the ability to influence the activity of SOX4 in distinct 

circumstances, further alluding to the importance of protein binding regulators to SOX4 

function.  

 Functionally, SOX4 is a transcription factor and is defined by the HMG DNA 

binding domain where it is most similar to other family members.  However, the 

sequences outside of the DNA binding domain definitively place SOX4 as a SOX group 

C protein and allow for SOX4 specific functions.  The extreme C terminus is highly 

conserved between SOX group C proteins, and has been shown by multiple groups to 

harbor a transcriptional activation domain (TAD) (46, 189).  Recently, the HMG and 

TAD were demonstrated to interact with p53 by co-immunoprecipitation and deletion 

analysis, demonstrating the first transcriptional binding partner for SOX4 (140).  Outside 

of these two regions there are suggestions that SOX4 has a pro-apoptotic domain.  

Specific over expression of the glycine-rich region (amino acids 152-227) caused 

apoptosis and DNA fragmentation in HEK293 cells and SOX4 is upregulated during 

prostaglandin induced cell death (4, 5, 83, 92).  Interestingly, there is equal evidence 

from our lab and others that complete loss of SOX4 expression can induce apoptosis 

(112, 148), however, this is not the case in every tissue (133).  In prostate cells, SOX4, 
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possibly in cooperation with p53, regulates PUMA and Survivin to induce cell death 

(112).  Either way, there is no clear evidence outlining how SOX4 functions in apoptosis 

and if this is dependent on SOX4's pro-apoptotic domain, p53 binding, or downstream 

transcriptional targets of SOX4.  It is possible that cells must maintain a fine level of 

control over SOX4 levels and cells can not tolerate having too little or too much SOX4 is 

toxic and induces cell death.   

 Functional characterization of SOX4 will determine how SOX4 operates as a 

transcription factor, and identification of transcriptional target genes and biologically 

relevant binding sites is necessary to develop models of the gene regulatory networks 

SOX4 influences.  DNA microarrays are powerful technologies that allow the 

identification of all mRNAs present in a sample at the time of RNA isolation.  

Comparison of two different experimental conditions can identify gene expression 

changes between the two conditions.  To identify putative transcriptional targets of a 

transcription factor, such as SOX4, the two conditions can be loss of SOX4 versus 

normal or over expression of SOX4 versus normal.  Either condition will determine the 

genes whose expression changes when SOX4 levels are perturbed.  However, this does 

not definitively classify genes as direct SOX4 targets because intermediary factors may 

be involved.  Nevertheless, there have been attempts by three separate groups in addition 

to our laboratory to use this technology to identify SOX4 direct target genes.  Two groups 

eliminated SOX4 using siRNA (148) or CRE recombinase embryonically (197), one 

group performed a time course of SOX4 over expression (1) and our laboratory used both 

siRNA knockdown and over expression (112) to identify SOX4 regulated genes.  All 

experiments identified hundreds of genes as possible SOX4 targets.  Unfortunately, each 
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study was performed in different tissues or cell lines, and as a result, there is little overlap 

between the genes identified.  Whereas, this result could be due to the difference in 

experimental design, it also suggests that SOX4 has distinct transcriptional targets that 

are cell type specific. 

4.2.3 Carcinogenesis 

  Carcinogenesis is the process by which normal cells undergo transformation and 

become cancerous.  In their landmark paper (69), Hanahan and Weinberg  outlined six 

processes or traits that all cancers have in common:  (1) insensitivity to anti-growth 

signals, (2) insensitivity to pro-apoptotic signals, (3) sustained angiogenesis, (4) self-

sufficiency in growth signals, (5) tissue invasion and metastasis, and (6) limitless 

replicative potential.  SOX4 has been implicated in regulation of apoptosis, cell growth, 

and metastasis; all processes that are directly related to cancer progression.  In fact, four 

independent studies, using replication-deficient retroviruses to search for oncogenes, 

identified integration sites within the SOX4 locus that affect SOX4 expression (45, 106, 

108, 115) with one study identifying SOX4 as the most commonly disrupted gene (106).  

Microarray analysis of primary tumor samples has identified SOX4 upregulation in 

leukemias (10), melanomas (179), glioblastomas (176), medulloblastomas (99), pineal 

tumors (53), ovarian tumors (128), colorectal tumors (151, 167), tumors of the lung (55), 

cancers of the bladder (1), and in breast cancer cell lines (64).  A recent meta-analysis 

identified SOX4 as one of 64 genes upregulated as a general cancer signature (156), 

further suggesting SOX4 has a role in the formation of multiple tumor types.   

 Prostate cancer is the most common non-cutaneous cancer among American men 

with an estimated 186,000 new cases in 2008, resulting in almost 29,000 deaths (3).  
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Serum PSA tests can predict prostate size; however, this is not an indication of 

malignancy and molecular diagnostic tests and markers are sorely needed (39).  

Transcription factors, such as the androgen receptor (AR)(186), NKX3-1 (47) and 

HOXC6 (149), are known molecular drivers of prostate cancer.  Our lab has previously 

shown SOX4 to be over expressed in primary prostate tumors at the mRNA and protein 

level, and these levels correlated with Gleason score (112).  In fact, no less than seven 

independent studies have also observed SOX4 mRNA up regulation in prostate tumors 

(42, 47, 98, 116, 118, 155, 195).  It is not previously known how SOX4 is upregulated in 

prostate, or other tumors.  Over expression of SOX4 in the non-transformed prostate cell 

line RWPE-1 causes anchorage-independent growth in soft agar assays, suggesting SOX4 

has transformation potential in prostate cells (112).  However the molecular role of SOX4 

in tumorigenesis of the prostate, or other tissues, is not known.     

In the next chapter I will describe experiments focused on identifying the 

transcriptional targets of SOX4 using a combination of a genome-wide localization ChIP 

assay and transient over expression followed by expression profiling in a prostate cancer 

model cell line. We have also used protein-binding microarrays to derive a novel SOX4-

specific position-weight matrix and determined that SOX4 binding sites are enriched in 

SOX4-bound promoter regions. Direct transcriptional targets of SOX4 include several 

key cellular regulators, such as Epidermal growth factor receptor (EGFR), Heat shock 

protein 70 (HSP70), Tenascin C, Frizzled-5 (FZD5), Patched-1 (PTCH1), and Delta-like 

1 (DLL1).  We also show that SOX4 targets 23 transcription factors, such as Mixed-

lineage leukemia (MLL), Forkhead box A1 (FOXA1), Zinc finger protein 281 (ZNF281), 

and NK3 homeobox 1 (NKX3.1).  In addition, SOX4 directly regulates expression of 
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three components of the RNA-induced silencing complex, namely Dicer, Argonaute 1, 

and RNA Helicase A. These data provide new insights into how SOX4 affects 

developmental signaling pathways and how these changes may influence cancer 

progression via regulation of gene networks involved in microRNA processing, 

transcriptional regulation, the TGFβ, WNT, HEDGEHOG, and NOTCH pathways, 

growth factor signaling, and tumor metastasis. 
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Results: 

GENOME-WIDE PROMOTER 
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TRANSCRIPTIONAL NETWORK IN 
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5.1 SOX4 Transcriptionally Regulates EGFR, ERBB2, TLE1, and PUMA 

 Expression profiling is a powerful technique that is particularly applicable to 

understanding the function of transcription factors.  Using expression profiling to 

determine the genes whose mRNA levels change when SOX4 is either over expressed or 

eliminated using siRNA, we identified 466 transcripts which were differentially 

expressed according to SAM analysis (112).  Among the most significantly changed, and 

excellent candidate SOX4 target genes, were EGFR, TLE1, CSF1 and PUMA (FIGURE 

7A).  Bioinformatic analysis of the promoter and first intron of TLE1, CSF1, PUMA and 

the EGFR family of receptors using CONFAC software (87) revealed the presence of 

potential SOX4 binding sites within the upstream promoter and first intron of each gene.  

We also identified possible SOX4 binding sites for the EGFR family member ERRB2.  

CONFAC functions by identifying the conserved sequences in the 3 kb proximal 

promoter region and first intron of human-mouse ortholog gene pairs and then detects 

transcription factor binding sites (TFBS), defined by position weight matrices from the 

MATCH software (91), which are conserved between the two species (87).  Despite the 

requirement of conservation, we found anywhere from three to seven potential SOX4 

binding sites per gene.   

 Limited commercial antibodies exist for SOX4 and show varied activity in 

immunoblots. However, in our hands, none of them have been useful in a ChIP assay.  

Therefore, we used epitope-tagged SOX4 to perform the immunoprecipitation, as 

described in other SOX4 ChIP studies (109, 112).  Although the FLAG-SOX4 protein 

was not tested directly for activity, a similarly epitope tagged, glutathione S-transferase 

(GST)-SOX4 construct showed binding to a known SOX4 motif and not a control motif 
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Figure 7:  (A) Affymetrix U133A GeneChip microarray analysis of SOX4 over 

expression and knockdown in LNCaP prostate cancer cells.  Over expression of SOX4 

leads to increased EGFR, TLE1,and CSF1 and decreased PUMA expression while 

siRNA knockdown of SOX4 results in decreased expression.  Table denotes 

expression changes.  (B) Schematic showing the location of the SOX4 binding sites for 

EGFR, ERBB2, TLE1 and PUMA genes.  Arrows denote location of the SOX4 binding 

site. (C) ChIP assay of FLAG-SOX4 bound to the sequences of the EGFR, ERBB2, 

PUMA and TLE1 proximal promoters.  The SOX4 was not bound to the CSF1 

promoter and PSMA is shown as a negative control.  SOX4 bound DNA is specifically 

amplified in the FLAG IP lane from FLAG-SOX4 expressing cells (lane 3) and not 

control cells (lane 5) or with a non-specific antibody (lanes 2 and 4).  
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Figure 7:  (D) Luciferase reporter assays with SOX4 binding sites showing activation 

in the presence of SOX4 compared to empty vector.  * indicates P-value less than 0.01 

by students T-test and error bars indicate 1 SD (n = 3 biological replicates). 

(FIGURE 11B), validating that the epitope tag does not interfere with SOX4 DNA 

binding activity.  To determine if SOX4 bound directly to the predicted binding sites for 

our candidate genes, we performed ChIP analysis on RWPE-1 prostate cancer cells stably 

infected with FLAG-SOX4 or a control lentiviral vector.  DNA representing the predicted 

SOX4 sites was specifically amplified from the FLAG-SOX4 cell line and not from the 

control cell line, indicating that SOX4 binds to proximal promoter sequence within the 

first intron of PUMA, EGFR and ERBB2 and upstream of the TLE1 transcription start 

site (TSS) (FIGURE 7B AND 7C).  Despite the frequency of predicted SOX4 binding 

sites, we were only able to verify one site in each gene, with the exception of EGFR in 

which two binding sites were identified.  This result shows that bioinformatics can 

predict the presence of a potential binding sequence, yet despite employing stringent 

criteria, do not necessarily predict the possibility of in vivo occupancy. 

 To characterize the transcriptional effect of SOX4 levels on the regions bound in 

ChIP assays, the amplified ChIP fragments were cloned in front of a minimal promoter 

luciferase reporter plasmid and tested in transient transfections in LNCaP cells.  

Compared with a vector control, SOX4 significantly increased transcription of the EGFR 

fragment 3-fold and the TLE1 fragment roughly 4-fold.  Although not found significant, 

ERBB2 was activated 1.5-fold compared with the vector control (FIGURE 7D).  
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Consistent with microarray data, SOX4 transcriptionally activates the EGFR and TLE1 

enhancers in prostate cancer cells. 

5.2 Genome-wide Localization Analysis 

 We were able to identify five genomic SOX4 binding sites that regulate four 

genes, but our success rate of validating bioinformatically predicted sites was low.  

Recent advances in microarray technology allow the coupling of ChIP assays to tiling 

DNA microarrays (ChIP-chip) for high-throughput identification of all the SOX4 bound 

regions.  Again, we employed an epitope tagged SOX4 to facilitate immunoprecipitation 

but instead used a hemaglutin (HA) tag, which shows less background in our hands than 

the FLAG epitope tag.  We cloned HA-SOX4 into the pHR-UBQ-IRES-eYFP-ΔU3 

lentiviral vector and stably infected LNCaP and RWPE-1 prostate cancer cells (FIGURE 

8A).  The vector contained an ubiquitin promoter (UBQ) to express SOX4 at close to 

physiological levels and an internal ribosomal entry site (IRES) followed by the Yellow 

fluorescent protein (YFP) to allow isolation of a near pure population of infected cells by 

fluorescence activated cell sorting (FACS) (FIGURE 8B).  For each cell line, we created 

a YFP only control line and a HA-SOX4-IRES-YFP experimental cell line.  HA-SOX4 

expression and activity was demonstrated by immunoprecipitations (IPs) with the 

12CA5, monoclonal HA-antibody.   Our results show we could specifically IP SOX4 

from the HA-SOX4 cell line and not the YFP only control line (FIGURE 8C).  Finally, 

the two cell lines were tested in a ChIP assay using the known TLE1 binding site as a 

positive control.  The TLE1 binding site was specifically amplified in the LNCaP-HA-

SOX4 specific IP and not from the control LNCaP-YFP cell line or from control IPs 

(FIGURE 8D). 
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Figure 8:  (A) Schematic diagram of the lentiviral constructs used to stably infect 

LNCaP and RWPE-1 prostate cancer cells showing the locations of LTRs and 

promoters.  The top figure represents the control, eYFP only construct, and the 

lower figure represents the HA-SOX4 construct.  (B) Histogram showing the 

control uninfected, pre-sorted and post-sorted cell populations.  X-axis displays 

YFP signal intensity.  (C) Immunoblot showing that HA-SOX4 is expressed and 

specifically immunoprecipitated from the LNCaP-HA-SOX4 cell line and not the 

control LNCaP-YFP cell line (upper band).  (D) ChIP assay of SOX4 binding to a 

known locus in the TLE1 promoter.  TLE1 promoter sequence is specifically 

amplified from the LNCaP-HA-SOX4 cell line and not the control LNCaP-YFP 

only cell line. 

 To determine the direct SOX4 target genes on a global scale, we performed ChIP 

assays in triplicate from the LNCaP-HA-SOX4 stable cell line and in duplicate from the 

control LNCaP-YFP cell line.  Input and immunoprecipitated DNA were sent to 

NimbleGen and hybridized to their dual-chip, 25K promoter array.  This array queries 

roughly 3 kb up-stream and 1 kb downstream of the TSS, focusing on proximal promote 

elements of 25,000 known transcripts.  Raw signal values were Z-score normalized, 

ratios of immunoprecipitated over input DNA were determined and ChIPOTle software 

(28) was applied to each data set to identify enriched peaks.  ChIPOTle software uses a 

sliding window to search neighboring probe sets for enrichment above the overall 

background.  Peaks (P < 0.001) that overlapped in at least two of the three data sets and 

were not present in the LNCaP-YFP cell line were called significant (FIGURE 9A).  
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Based on these variables, we classified 3,600 significant, overlapping peaks as SOX4 

target sequences (APPENDIX A).  We mapped the 3,600 peaks to 3,470 different genes.  

It was not possible to assign a unique gene to every peak because some TSS are quite 

close to each other (< 3 kb), and many genes had multiple peaks in their promoters 

(APPENDIX A).   

 To verify the set of 3,600 SOX4 peaks, 28 candidate SOX4 target sites 

representing a range of P values in promoters of genes of biological interest were chosen, 

primers were designed around the peaks and enrichment verified by conventional ChIP.  

Ten of the 28 candidates were analyzed by ChIP-qPCR and 18 by ChIP-PCR.  Overall, 

24 of 28 (86%) of the candidate targets were confirmed, validating our data set.  All 10 of 

the peaks chosen to validate by qPCR were reproducibly enriched over the YFP control 

in both the LNCaP-HA-SOX4 cell line and the RWPE-1-HA-SOX4 cell line  

(FIGURE 9B).  Of the target sites validated by conventional PCR, 14 of 18 genes were 

Figure 9:  (A) Graph showing enrichment in the three HA-SOX4 lanes over the 

average of the two YFP replicates for the SOX4 target gene FMO4.  Y-axis is the 

signal intensity across the genomic coordinates on the X-axis.  (B) qPCR analysis of 

10 randomly selected genes verified in both the RWPE-1 and LNCaP cell lines.  

Graph shows fold enrichment of the HA-SOX4 IP over the YFP negative control IP.  

Error bars indicate 1 SD (n = 3 biological replicates.  (C) and (D) Genes that were 

verified by conventional ChIP assay.  HA-SOX4 and YFP cells were subjected to 

conventional ChIP followed by PCR in both the LNCaP (C) and RWPE-1 (D) prostate 

cell lines.  Six genes verified in the LNCaP cell lines and five in the RWPE-1 cell 

lines. 
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confirmed in both the LNCaP and RWPE-1 cell lines, whereas a mock, control PCR was 

negative (FIGURE 9C AND D).  One peak in the promoter of ANKRD15 was enriched 

and validated only in the LNCaP cell line and not in the RWPE-1 line.  

5.3 Target Gene Expression Analysis 

 To determine if SOX4 binding affects transcription of the 3,470 genes that have 

SOX4 bound at their promoters, we performed whole genome expression analysis on 

LNCaP cells after transfection with SOX4 or a control vector.  To increase likelihood of 

identifying direct SOX4 targets, total RNA was isolated at a relatively early time point 

(24 hours post-transfection) and hybridized to Illumina Human 6-v2 whole genome 

arrays.  Following normalization, SAM analysis identified a total of 1,766 genes that 

were significantly changed at least 1.5-fold with a false discovery rate of 0.749% 

(FIGURE 10A AND APPENDIX B).  Of the 1,766 genes, 244 were also identified as 

direct SOX4 targets by ChIP-chip analysis (FIGURE 10B AND APPENDIX C).  We 

confirmed the expression changes of seven of these genes following SOX4 transfection 

by qPCR (FIGURE 10C). 

 Previous expression profiling of LNCaP cells after SOX4 siRNA knockdown 

(112) identified 466 downstream targets, and we confirmed that SOX4 regulates the 

expression of DICER, DLL1 and HES2 in LNCaP cells by qPCR (FIGURE 10C).  In 

addition, we confirmed SOX4 regulation of DICER at the protein level (FIGURE 10D).  

Of the 466 candidate targets, 47 genes overlapped with the 3,470 ChIP-chip targets 

(APPENDIX C), increasing the number of direct SOX4 targets to 282 genes (FIGURE 

10B AND APPENDIX C).  These 282 genes bound by SOX4 in ChIP-chip and 

significantly changed by expression profiling were classified as high-confidence direct 
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Figure 10: (A) Heat map illustrating Illumina expression data of the 1,766 significant 

genes as determined by SAM analysis.  Red indicates over expressed and green 

denotes under expressed genes.  (B) Venn diagram showing the overlap between 3,470 

ChIP-chip SOX4 direct target genes, the Illumina expression data set of 1,766 genes, 

and the Affymetrix expression dataset of 465 genes.  (C) qPCR data of SOX4 direct 

target genes after SOX4 over expression in LNCaP cells.  All seven genes were 

upregulated over a vector control transfection, similar to values determined by the 

Illumina array with a P-value less than 0.005 by students T-test.  Error bars indicate 1 

SD (n = 3 biological replicates).  (D) DICER protein expression and cleaved, activated 

NOTCH1 is upregulated by SOX4.  HA-SOX4 or vector control was transfected into 

LNCaP cells and immunoblots were probed for DICER, SOX4, cleaved NOTCH1, and 

PP2A as a loading control.  (E) Graph depicting the genes identified by ChIP-chip, 

split into ten bins based on the median –log10 of the P-value for the three replicates.  

Shown are the distributions as a percentage of the total number of genes for those that 

were significantly changed in expression profiling and those that showed no 

significant change.  No clear P-value is evident to separate the two gene sets.  

SOX4 target genes.  Nine genes (PIK4CA, DHX9, BTN3A3, CDK2, MVK, ADAM10, 

RYK, ISG20 and DBI) overlapped in all three data sets.  DLL1 and ADAM10 can 

directly activate NOTCH signaling through ligand binding and proteolytic cleavage 

respectively (24).  We transfected LNCaP cells with either SOX4 or a control expression 

vector and probed immunoblots for activated, cleaved NOTCH1.  Only in the SOX4 

transfected LNCaPs was cleaved NOTCH1 detected, indicating SOX4 stimulates 

activation of this pathway (FIGURE 10D).  Interestingly, the transcription factor SON 
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and purine biosynthetic enzyme GART, two genes on chromosome 21 that are 

transcribed in opposite directions and regulated by a bidirectional promoter, were 

affected in opposite ways.  SON was activated by SOX4 1.8-fold, as detected by SOX4 

over expression, whereas GART was increased almost 3-fold as determined by SOX4 

siRNA knockdown, suggesting that SOX4 contributes to the regulation of this 

bidirectional promoter.  

We next analyzed the peaks in our ChIP-chip data set, comparing the P-values of 

the genes that were altered by transient over expression of SOX4 with those that were not 

and found no difference in the distributions (FIGURE 10E).  Based on our ChIP-chip 

validation experiments and the similar P-value distributions, we concluded that SOX4 is 

genuinely bound at the promoters of the 3,188 genes that did not change but that SOX4 

by itself is not limiting or sufficient to generate changes in transcription without  

corresponding changes in the cellular context, such as activation of other transcription 

factors or signaling pathways. 

5.4 Novel SOX4 Position-Weight Matrix 

 We determined the DNA binding preferences of SOX4 using universal Protein-

binding microarrays (PBMs) (20) to facilitate computational analyses of SOX4 DNA 

binding sites. This universal PBM array allows recombinant SOX4 protein to interact 

with and bind to every possible 8-mer sequence, allowing in vitro binding site 

specificities to be calculated.  This powerful technology has already been applied to each 

mouse homeodomain transcription factor (19).  We generated an NH2-terminal, GST-

SOX4-DBD fusion protein consisting of amino acids 1-340, expressed, and purified it 

from E. coli (FIGURE 11A).  To test our GST-SOX4-DBD for activity, we used a 
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Figure 11:  (A) SDS-PAGE gel of GST-SOX4-DBD from an IPTG uninduced (U) or 

induced (I) bacterial cells.  (B) EMSA assay of recombinant GST-SOX4-DBD binding 

to a known SOX4 binding motif centered on a 35-mer oligo.  NP – no protein, SP – 

specific probe, SC – specific cold competitor probe, NSC – non-specific cold 

competitor probe. (C) PBM-derived 8-mer PWM for SOX4 displayed both graphically 

and numerically for each base position derived from incubation of recombinant GST-

SOX4-DBD with a universal ‘all 8-mer’ double-stranded DNA PBM. 

known SOX4 binding motif found inside the EGFR enhancer in an electromobility shit 

assay.  GST-SOX4-DBD caused a shift when incubated with the specific radiolabled 
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oligo but not with a mutated oligo, and the shift was abolished when incubated with 

unlabeled-specific oligo (FIGURE 11B).  We concluded that the GST-SOX4-DBD is 

functional despite the NH2-terminal GST epitope tag and truncated protein.  The GST-

SOX4-DBD was incubated with the protein binding microarray and a novel PWM 

(RWYAAWRV) was calculated from the PBM data (APPENDIX D) using the Seed-

and-Wobble algorithm (FIGURE 11C)(20) where R is A or G, W is A or T, Y is C or T 

and V represents A, G or C.  Three groups have previously reported similar binding site 

sequences for SOX4:  AACAAAG (189), AACAAT (198), and WWCAAWG (109).  

Our PWM confirms the SOX4 core binding sequence of the previously known binding 

sites.  Our study queried every possible 8-mer whereas earlier groups used no more than 

31 sequences to develop their binding motif.  This may account for the differences in the 

specificity at the 1st and 7th positions where we found a bias towards A or C, and at the 8th 

position where we found a bias towards G.   

5.5 SOX4 Peaks Contain SOX4 Binding Sites 

 We employed two different methods to analyze our ChIP-chip peaks for the 

presence of SOX4 binding sites.  Firstly, using our newly derived PWM, we applied 

CONFAC software (87) to analyze the enriched sequences for the presence of SOX4 

binding sites.  We analyzed the sequences of the peaks in the promoters of our 282 high-

confidence genes against 10 sets of control promoter sequences to see if SOX4 sites were 

enriched in our target gene set.  Control promoter peaks of equal size to SOX4 peaks 

were chosen randomly from sequences covered by the NimbleGen array, and each 

control set contained equal total sequence coverage as our 282 high-confidence peaks.  

Using stringent criteria (core similarity, > 0.85; matrix similarity, > 0.75), we found that 
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60% of the SOX4 peaks contained SOX4 binding sites.  We also found that SOX4 sites 

were significantly enriched relative to 10 sets of random promoter sequence by Mann-

Whitney U test using Benjamini correction for multiple hypothesis testing (q < 0.0019). 

 To further characterize the SOX4 binding sites, we secondly searched the entire 

set of 3,600 SOX4 peaks and 10 equal sets of random promoter sequence for the presence 

of PBM-bound k-mers.  A k-mer is an ungapped 8-mer sequence that was bound by 

SOX4 in the PBM assay.  The specificity of PBM k-mers can be quantified by the 

enrichment score (ES), which ranges from -0.5 to 0.5 (19).  We analyzed the enrichment 

of PBM k-mers with 0.45 > ES > 0.40 (moderate) and ES > 0.45 (stringent).  Using two-

tailed Mann-Whitney test, SOX4 peaks contained significantly more stringent (P = 

0.0002) and moderate (P = 1.08 x 10-5) k-mers than random promoter sequence 

(FIGURE 12A).  

 To investigate the possible interaction with protein partners that may increase 

SOX4 affinity for poor matching sites in vivo, we searched for enrichment of co-

Transcription 
Factor Family Benjamini Corrected q-value 
E2F4 E2F 1.78E-11 
E2F1 E2F 3.06E-11 
PAX5 Paired Box 2.07E-10 
WHN Forkhead 2.94E-10 

SMAD3 SMAD 1.82E-09 
SMAD4 SMAD 3.33E-09 

MYC MYC 6.25E-09 
NFKAPPAB NF-κB 2.95E-08 
LEF1/TCF1 TCF/LEF 1.12E-06 

 
Table 5:  Benjamini corrected q-values for co-occurring transcription factor  

binding sites. 
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Entrez 
ID 

Symbol 
 

Microarray Fold 
Change 

196528 ARID2 1.99 
2001 ELF5 -2.65 
3169 FOXA1 -2.47 
2976 GTF3C2 -3.12 
64412 GZF1 2.42 
84458 LCOR 2.41 
4173 MCM4 1.55 
58508 MLL3 2.06 
10933 MORF4L1 2.07 
8031 NCOA4 2.64 
4784 NFIX -2.83 
4824 NKX3-1 -4.53 
7799 PRDM2 2.48 
5933 RBL1 1.80 
55509 SNFT -2.32 
6722 SRF -2.03 
54816 SUHW4 -1.93 
9412 SURB7 -2.24 
9338 TCEAL1 -1.57 
7718 ZNF165 1.53 
7738 ZNF184 1.66 
23528 ZNF281 1.71 
30834 ZNRD1 -1.63 

 
Table 6:  DAVID analysis identified 23 

transcription factors present in our high-

confidence SOX4 target genes.  GO Term:  

transcription, DNA dependent (P =  3.7x10-18). 

occurring TFBS in the SOX4 peaks.  We applied CONFAC software to search our data 

for the presence of co-occurring TFBS within the same peak (TABLE 5).  Using the 

same criteria as above (core similarity, > 0.85; matrix similarity, > 0.75), we determined 

that the E2F family had the most frequently co-occurring motif (similar to TTTCGCGC, 

q = 1.78 x 10-11).  Interestingly, Ingenuity Pathway Analysis (IPA) identified cell cycle as 

a functionally enriched process in the 3,470 SOX4 target genes (P = 0.00916), suggesting 

that part of SOX4’s function is to 

control the expression of genes 

involved in cell cycle progression. 

CONFAC analysis identified other 

significant TFBS motifs enriched 

in the SOX4 peaks (TABLE 5), 

including those for transcription 

factors in the TGFβ, WNT, and 

NF-κB pathways.  SOX4 

modulates WNT signals via 

interaction with β-catenin to 

activate TOP-Flash luciferase 

reporters (167).   We investigated 

this finding in LNCaP cells and 

found that SOX4 synergizes with 

constitutively active β-catenin to 

activate a TOP-Flash reporter 
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Figure 12:  (A) Graph of median frequency of PBM k-mer hits in SOX4 ChIP-

chip peaks (n = 3600) and random control sequences (n = 3600) for moderate 

(0.45 > ES > 0.40) and stringent (ES > 0.45) SOX4 k-mers.  Significant 

differences are indicated with an asterisk (*) for stringent k-mers (P = 0.0002) and 

moderate k-mers (P = 1.08 x 10-5).  (B) Luciferase assay of LNCaP cells 

transfected with either a vector control or 100, 200, or 300 ng of a SOX4 

expression vector.  LNCaP cells were also co-transfected with either a vector 

control or the β-catenin S33Y constitutively active mutant.  All cells were 

transected with the TOP-Flash luciferase reporter and luciferase activity was 

measured 24 hrs post-transfection.  SOX4 does not function alone but instead 

cooperates with β-catenin to activate the TOP-Flash reporter in a dose dependent 

manner.  (C) IPA analysis of direct target genes illustrating the SOX4 

transcriptional network.  SOX4 regulates a host of nuclear and membrane localized 

proteins as well as multiple components of the RISC complex.  Red indicates 

target genes upregulated by SOX4, green denotes downregulated genes and white 

represents genes for which no expression change was detected.   (D) IPA analysis 

of Illumina expression genes changed at least 2-fold by SAM analysis.  SOX4 

regulatory targets include a host of membrane and nuclear proteins.  Red indicates 

genes upregulated by SOX4 over expression and green denotes downregulated 

genes. 
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plasmid, further highlighting a role for SOX4 in the WNT pathway in prostate cancer 

(FIGURE 12B).   

5.6 Ontology and IPA Analysis 

 We performed a gene ontology analysis using DAVID software (40) on the 282 

high-confidence SOX4 targets to determine the biological processes and functions of the 

SOX4 targets.  Among the SOX4 targets were 23 transcription factors (TABLE 6), and 

DAVID analysis determined that the top functional annotations were transcription (P = 

3.7 x 10-18), transmembrane (P = 5.59 x 10-10), and protein 

phosphorylation/dephosphorylation (P = 3.5 x 10-18/6.6 x 10-7).  These findings are 

paralleled by expression profiling of SOX4 over expression in HU609 bladder carcinoma 

cells where top annotated functions were signal transduction and protein phosphorylation 

(1).   

 Using commercial IPA software, we identified biological pathways and functions 

that are enriched in our 282 high-confidence targets, 1,766 significant genes identified by 

SAM analysis, and the 3,470 unique genes that had SOX4 bound at their promoters in 

ChIP-chip.  As anticipated, among the most significant annotations were cell cycle, 

cancer, and tissue development.  In the significant expression data set of 1,766 genes, we 

observed an up-regulation of three Frizzled receptors, FZD3, FZD5 and FZD8, as well as 

the downstream transcription factor TCF3.  Overall, IPA analyses discovered key 

components of the EGFR, Notch, AKT-PI3K, miRNA, and WNT-β-catenin pathways as 

SOX4 regulatory targets.  Based on these findings, we built SOX4 regulatory networks 

found in prostate cancer cells (FIGURE 12C AND 12D).  SOX4 target genes comprise 

key pathway components, such as ligands (DLL1 and NGR1), receptors (FZD5 and 
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PTCH1), an AKT regulatory kinase (PDPK1), and downstream transcription factors 

(FOXO3 and HES2).  We found that SOX4 activates expression of Tenascin C, an 

extracellular matrix protein that is a target of TGFβ signaling (141) and β-catenin (17).  

In addition, SOX4 regulates three components of the RNA-induced silencing complex 

(RISC), DICER1, Argonaute 1 (AGO1) and RHA/DHX9 (APPENDIX C).  We 

confirmed these data by qPCR (FIGURE 10C) and western blot for DICER (FIGURE 

10D).  

 Gene set enrichment analysis (GSEA)(174) and GSEA Leading Edge analysis 

(173) of these gene sets identified TGFβ induced SMAD3 direct target genes (TABLE 7) 

as enriched in the SOX4 target genes.  SOX4 is up-regulated by TGFβ-1 treatment (158, 

197), and we found SMAD4 sites are significantly enriched in the SOX4 ChIP-chip peaks 

(TABLE 5).  This suggests that SOX4 may affect key developmental and growth factor 

signaling pathways in prostate cancer cells at both the transmembrane signaling and 

transcriptional levels. 

 

TGFβ induced target Genes 
IGFBP5, THBS1, TNFRSF1A, BSG, EPHB4, JUP, ITGB5, TNC, SEMA3F, 
COL6A1, LAMB1, EFNA5, MMP11, DSP, DVL1, EPHB3, SMO, IGF2R, 
ITGA5, CTNNB1, IGFBP2, NEO1 
 
 
Table 7:  GSEA Leading Edge analysis of genes induced by SOX4 over expression.   

Significantly expressed genes include 22 TGFβ target genes. 
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 Many studies have identified SOX4 as a crucial developmental transcription 

factor that is often over expressed in many types of malignancies, but little is known of 

the genes SOX4 regulates in cancer and normal cells.  We have used a ChIP-chip 

approach to perform the first genome-wide localization analysis of SOX4.   We mapped 

3,600 binding peaks that represent a possible 3,470 unique genes possibly under the 

transcriptional regulation of SOX4.  We have also identified 1,766 genes that respond to 

increased SOX4 levels by whole genome expression profiling on an Illumina platform.  

Integration of these two data sets with previous expression profiling of SOX4 mapped 

282 high-confidence direct targets in the SOX4 transcriptional network.  In addition, we 

have used unique protein-binding microarrays to determine a novel SOX4 specific PWM 

and have shown that our ChIP-chip peaks are significantly enriched for SOX4 binding 

sites.  This chapter will discuss the insights these data provide into the roles that SOX4 

plays in the normal cell and in cancer. 
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6.1 SOX4 Direct Target Genes 

 Our ChIP-chip experiment identified 3,600 genomic binding sites for SOX4, but 

only 10% of the significant, differentially expressed genes identified by expression 

microarray overlapped with the ChIP-chip data.  Although a portion of the genes present 

in our expression data set could be regulated by factors under the control of SOX4 and 

are indirect targets, the 282 high-confidence gene list is likely a conservative estimate.  

The NimbleGen 25K promoter array only queries proximal promoter sequences with an 

average of 3 kb upstream and 1 kb downstream of the TSS.  The total coverage of the 

array is 110 Mb and represents only a fraction of the entire genome.  In fact, the first 

genomic binding site reported for SOX4 was to the CD2 enhancer, located 3’ to the 

polyadenylation signal (198) and is outside the coverage of the NimbleGen arrays.  We 

also found that SOX4 binds EGFR, ERBB2 and PUMA in the first intron over 20 kb 

downstream of the TSS and the TLE1 binding site was located further upstream of the 

TSS than the array tiled.  Unsurprisingly, we did not detect these genes in our ChIP-chip 

experiment.  Despite the limitations of the NimbleGen arrays, one advantage to tiling 

proximal promoter sequences is that genes regulated by a particular binding site are 

easily identified.  By their nature, enhancers can be tissue specific and function in a 

position and orientation independent manner.  Intensive functional studies in a variety of 

tissues would be required to identify the gene or set of genes regulated by SOX4.  

Previous analyses have shown that the majority of TFBS in the TRANSFAC database 

cluster in the 2-3 kb around the TSS (27).  Therefore we are confident we have identified 

the majority of SOX4 binding sites in LNCaP cells. 
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Whereas 3,600 is a large number of SOX4 bound regions, there is the possibility 

that some peaks are false positives.  Nevertheless, we were able to validate 24 of 28 

(86%) candidate binding sites chosen, adding confidence to our data set.  In fact, an even 

higher number of over 4,200 genomic binding sites have been reported for c-MYC in 

ChIP-positron emission tomography (ChIP-PET) whole genome studies (206).  A similar 

promoter focused study identifying SOX2 binding sites in embryonic stem cells found 

1,228 genes with SOX2 bound promoter regions.  Thus, our list of 282 high-confidence 

targets may be a low estimate of the true SOX4 regulatory network and more of the 1,900 

genes that responded to changes in SOX4 mRNA levels (but were not detected by ChIP-

chip) may be direct targets.  Excellent candidates would be the 40 genes that responded to 

SOX4 on both microarray platforms, such as the IL6 receptor, SOX12, and NME1 

(APPENDIX C).  Whole genome tiling arrays or ChIP-seq studies could provide 

additional binding sites that may show more overlap with the Illumina and Affymetrix 

expression data sets. 

 Many of the bound regions did not respond to changes in SOX4 mRNA levels. 

This suggests they may not be regulated by SOX4 alone but by multi-protein activator 

complexes, of which SOX4 is only one component.  Furthermore, the stability of SOX4 

bound to a promoter could be greater than unbound SOX4, limiting the effects observed 

by siRNA knockdown.  Experiments to date have not investigated the regulation of 

SOX4 or determined the half-life of the protein.  In different cell types or cellular 

contexts, SOX4 may activate a different subset of these genes.  Of the 31 SOX4 target 

genes previously confirmed by ChIP assays (109), only six are represented in our 

NimbleGen data set and three found to be changed in our expression profiling data sets.  
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Three previous studies have used expression profiling to discover SOX4 regulated genes 

and in each study there is little overlap between the hundreds of genes identified (1, 148, 

197).  None of these studies used ChIP assays to identify bona fide genomic binding 

sites, thus it is not possible to determine if the genes are direct or indirect SOX4 targets.  

There may be a number of reasons for the small overlap seen between data sets in 

the studies.  Firstly, three of the four expression profiling experiments were performed in 

different human cancer cell lines and one was performed using mouse pancreatic tissue.  

The target genes previously identified by ChIP assay (109) were in a hepatocellular 

carcinoma cell line, and we have examined prostate cancer cells.  This suggests that 

SOX4 regulates distinct sets of genes in a cell line and tissue specific manner.  We have 

seen similar results comparing SOX4’s regulation of EGFR in the non-transformed 

RWPE-1 prostate cell line and the fully transformed LNCaP prostate cancer line.  ChIP 

assays confirmed SOX4 binding to intronic sequence of EGFR in RWPE-1 cells but not 

in LNCaP cells.  It is important to note that RWPE-1 cells require EGF stimulation for 

growth in cell culture and may be more dependent on this pathway than LNCaP cells.  

Thus, SOX4 target may change within the same tissues as they undergo processes such as 

differentiation or cancer development.  It would be interesting to perform a comparative 

ChIP-chip experiment in the RWPE-1 cell line to see the extent of overlap with the 

LNCaP data.  This would provide new insights into how SOX4 target genes change 

during transformation and other processes.  Another reason for the small overlap in data 

sets may be due to technical aspects of the studies including experimental design, 

microarray platforms used as well as data analysis and normalization techniques. 
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Despite the differences, ontology analysis of each data sets does reveal overall 

functional similarities such as SOX4’s role in signal transduction (1).  The overall role 

SOX4 plays in cellular physiology may remain the same, even though specific target 

genes are not conserved across tissues.  Interestingly, DKK3 was one of the six genes that 

overlapped in both data sets of ChIP verified genes, further implicating SOX4 in the 

WNT pathway.  SOX4 is known to interact with β-catenin and other coactivators and it 

may be poised at many of these promoters to enable responses to developmental signals 

from the WNT or TGFβ pathway. 

6.2 Modulation of Input/Output Network Signals 

 Genetic mouse models of SOX4 over expression or deletion have revealed roles 

for SOX4 in differentiation and development.  In the neuronal lineage it has been 

reported that SOX4 can up regulate the neuronal maker genes TUJ1 and MAP2, driving 

cells down the path of neuronal maturation (21).  It is not known if these genes are direct 

or indirect SOX4 transcriptional targets, and to date no molecular mechanisms explaining 

SOX4’s role in differentiation have been reported.  Our data indicates that SOX4 

regulates cellular differentiation through a variety of transmembrane receptors, 

transcription factors and developmental signaling pathways.  We have shown SOX4 

directly regulates EGFR and ERBB2.  Other membrane receptors in the SOX4 

transcriptional network include: Frizzled family members FZD3, FZD5 and FZD8, the 

Hedgehog receptor PTCH-1, the Notch ligand DLL1, TRAIL decoy receptor 

TNFRSF10D, and other growth factor receptors, such as FGFR1 and IGF2R.  DAVID 

analysis also revealed transmembrane (P = 5.59 x 10-10) and protein 

phosphorylation/dephosphorylation (P = 3.5 x 10-18/6.6 x 10-7) as enriched annotations.  



 

 

77

SOX4 is up regulated in response to numerous external ligands from TGFβ (158) and 

BMP-6 (203) to parathyroid hormone and progesterone (64).  Previous work has shown 

that SOX4 directly signals form the IL-5Rα through cytoplasmic association with 

Syntenin (58).  These findings suggest that SOX4 can modulate cellular input signals 

transcriptionally through feedback loops that regulate the levels of transmembrane 

receptors.  We propose this is the case with EGFR and although the effects seem to be 

cell line specific, treatment of the RWPE-1 cell line with EGF caused up regulation of 

EGFR protein that was abrogated when SOX4 was eliminated with siRNA.   

Other regulatory networks controlling receptor transcription may exist in addition 

to positive feedback loops.  An alternate hypothesis is that there are transcription 

independent functions for SOX4, as has been shown for the transcription factor p53 

(143).  Interestingly, one of p53’s DNA-independent roles lies in regulation of apoptosis 

and previous reports have suggested that the glycine rich region of SOX4 (amino acids 

152-227) can induce apoptosis independent of DNA binding (83).  Future experiments 

investigating the SOX4 protein-protein interaction network will partially address this 

question, identifying other cytoplasmic and nuclear proteins that function in the DNA 

independent regulation of receptor signaling events. 

SOX4 influences downstream transcriptional responses through the control of 

transcription factors.  DAVID analysis identified transcription (P = 3.7 x 10-18) as an 

enriched biological annotation, identifying 23 transcription factors that are direct target 

genes of SOX4 (TABLE 6).  Transcriptional factors regulated by SOX4 include the 

Forkhead protein FOXA1, the glandular epithelial Ets factor ELF5, the homeodomain 

tumor suppressor NKX3.1 and the cell cycle regulator RBL1.  This evidence suggests 
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SOX4 regulates signaling events both at the external input level and the internal output or 

transcription level.  This regulation could be direct, as with the IL-5Rα, or through 

transcriptional regulation of SOX4 activation and repression targets. 

 Interestingly, we demonstrated that SOX4 can activate two developmental 

signaling pathways that are important both in cancer and normal development.  The 

NOTCH pathway is activated when cell surface ligands, such as DLL1, bind and 

stimulate cleavage of the NOTCH receptor on neighboring cells (24).  SOX4 

transcriptional targets include the NOTCH ligand DLL1, cell surface protease ADAM10, 

and NOTCH response gene HES2.  We demonstrated that over expression of SOX4 

caused increased NOTCH activation in prostate cancer cells, suggesting a mechanism by 

which upregulation of DLL1, ADAM10, or both by SOX4 activates the NOTCH 

pathway.  In the prostate the NOTCH pathway is vital for normal epithelial development 

(192) and can promote metastases to the bone (104).  SOX4 may represent a novel 

component of the NOTCH pathway in the prostate.  The WNT-β-catenin signaling 

network is highly conserved and has pronounced roles in cancers of the colon and breast 

(145).  SOX proteins, including SOX4, SOX17 (167) and SOX7 (68), can directly bind 

β-catenin and modulate transcriptional activity.  In the case of SOX4, we demonstrated a 

cooperative effect with constitutively active β-catenin to activate the TOP-Flash reporter 

plasmid.  SOX4 transcriptional targets include upstream Frizzled receptors and TCF/LEF 

sites were significantly enriched in SOX4 peaks.  SOX4 could function by either 

increasing pathway activation through upregulation of membrane receptors or modulation 

of the downstream β-catenin transcriptional response.  Interestingly, SOX4 may represent 

a novel link between the WNT-β-catenin and NOTCH pathways.  Upregulation of the 
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WNT pathway in breast cancer cells causes transformation that is dependent on the 

NOTCH pathway and SOX4 target gene DLL1 (13).  This data suggests that SOX4 is a 

key regulator of both the NOTCH and WNT network and may facilitate cross talk 

between pathways. 

6.3 DNA Binding and Transcriptional Cofactors 

 Here, we have generated DNA binding specificity data for SOX4, which 

improved computation analyses for SOX4 specific binding sites.  The PBM array allowed 

SOX4 to bind every possible 10-mer sequence, but specificity was only computed for an 

8-mer binding site.  Our data confirmed the known SOX family core-binding motif and 

add new specificity at the 1st, 7th and 8th positions.  Crystal structure evidence from SOX2 

binding to the FGF4 enhancer demonstrated the importance of the core binding motif, 

each of the seven nucleotides (AACAAAG) is directly contacted by an amino acid from 

two of the three alpha-helices present in the HMG DNA binding domain (152).  SOX4 

bound the same core sequence as SOX2, but our PBM data showed subtle preferences for 

alternate bases at each position except the two core adenine nucleotides in the 4th and 5th 

position.  Interestingly, it is between these two nucleotides that SOX2 was shown to 

induce the extreme, 45° DNA bending HMG domain proteins are known for (152).  Since 

these two nucleotides may be vital to SOX4’s DNA binding activity it is unsurprising that 

alternate bases are not tolerated at these critical residues. Recently, the same PBM arrays 

have been applied to the entire mouse superfamily of homeodomain transcription factors 

and binding site specificities calculated (19).  Similar to the shared SOX core binding 

motif, homeodomain subfamilies such as the HOX family, share a near identical core 

recognition motif with most of the binding site variation located around the core. The 
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specificity for SOX4 is most likely enhanced outside of the central core motif at positions 

such as the 8th nucleotide.  Alternatively, in vivo DNA characteristics such as the level of 

DNA compaction, the local chromatin landscape and interactions with other transcription 

factors may also influence the sequences that SOX4 can recognize. 

Transcription factors often function as one part of multiprotein regulatory 

complexes with both DNA binding and non-DNA binding cofactors.  The SOX family of 

transcription factors is no different, and 11 members of this 20 protein family have been 

reported to directly interact with other transcription factors (196).  SOX2 has been 

demonstrated to require an interaction with PAX6 to transcriptionally activate genes 

involved in lens development (86).  We used CONFAC software to identify other 

transcription factor binding sites located within the SOX4 binding peaks (TABLE 5). 

Interestingly, like SOX2 we identified binding sites for another paired box factor PAX5, 

two E2F cell cycle regulatory factors and TCF proteins involved in responding to WNT 

signaling.   

The enrichment of SMAD4 sites is particularly interesting in light of the GSEA 

results that SOX4 regulates many TGFβ target genes, including Tenascin C.  We 

hypothesize that SOX4 may physically interact with SMAD4 in response to TGFβ 

signals.  While it is possible to perform in vitro co-binding studies using the PBM array 

to determine how binding site preferences are influenced by protein-protein interactions, 

it is not possible to test this hypothesis in LNCaP cells because they do not express the 

TGFβ1 receptor.  Currently, evidence points to a role for SOX4 in modulating other 

transcriptional programs via hierarchical regulation of 23 downstream transcription 

factors and protein-protein interactions that influence transcriptional output. Future 
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studies focused on identifying functional binding partners and mapping their interactions 

will integrate the SOX4 transcriptional network with other signaling pathways, providing 

a global picture of where SOX4 lies in the maintenance of cellular homeostasis. 

6.4 SOX4 and Cancer 

 Cancer is a complex disease, highlighted by an ever-increasing number of cellular 

alterations that allow unrestrained cell growth.  In a landmark paper, Hanahan and 

Weinberg generalized the molecular alterations needed for cancer formation into six 

separate categories: (1) self sufficiency in growth signals, (2) evasion of apoptosis, (3) 

limitless replicative potential, (4) insensitivity to anti-growth signals, (5) sustained 

angiogenesis and (6) invasion and metastatic ability (69).  Based on the target genes we 

identified, SOX4 can contribute to cancer progression in several ways, influencing four 

of the six carcinogenic hallmark categories.  SOX4 target genes include regulators of 

pivotal prostate cancer signaling networks of differentiation, cell survival, and apoptosis. 

The phosphatase PTEN and transcription factor NKX3.1 are prostate cancer 

tumor suppressors that negatively regulate the PI3K-AKT pathway (103).  Mice 

heterozygous for NKX3.1 and PTEN, only in the prostate, develop prostate 

adenocarcinomas and metastases to the lymph node with high frequency (2), implicating 

the importance of the PI3K-AKT pathway in prostate tumors.  Our data suggests that 

SOX4 can promote self-sufficiency in growth signals through regulation of growth factor 

receptors.  SOX4 can increase expression of EGFR, FGFRL1, and IGF2R, potentially 

activating the PI3K-AKT pathway and enhancing proliferative signals in tumors.  SOX4 

represses anti-growth signals through repression of NKX3.1.  NKX3.1 suppresses the cell 

cycle through negative regulation of androgen signaling and stabilization of p53 (103).  
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Through regulation of the pro-survival/pro-growth signaling axis, SOX4 functions to 

suppress inhibitory signals thereby promoting the cell cycle and tumor growth. 

The role of SOX4 in the apoptosis pathway is less clear as conflicting evidence 

has shown that both eliminating (112, 148) or over expressing SOX4 at high levels can 

promote apoptosis (83).  Recent evidence suggests this paradox may be due to SOX4’s 

regulation of p53.  In response to DNA damage SOX4 induces p53 stabilization, and is 

critical for transcription of p53 target genes that mediate cell cycle arrest (140).  

Furthermore, SOX4 can activate expression of PUMA, a gene critical for the p53 

apoptotic response (84) and repress NKX3.1 which can promote p53 dependent cell cycle 

arrest (103).  Both genes provide a mechanism through which either loss or increased 

expression of SOX4 can promote apoptosis.  Therefore, heightened SOX4 tumor levels 

may require p53 inactivation for malignant transformation.  Interestingly, SOX4 induced 

colony formation in the p53 compromised RWPE-1 cell line (112) but not in a WT p53 

cell line (103).  There is clearly a cellular balance that must be found and while elevated 

SOX4 levels may require alternate cellular alterations to negate apoptotic functions, it at 

least plays an indirect role through the pro-survival pathways it regulates.   

 Finally, SOX4 may promote metastasis and tissue invasion via two independent 

methods.  Dedifferentiation is an integral part of the metastatic process as cells undergo 

the Epithelial-Mesenchymal Transition (EMT) to begin invasion.  This process is 

highlighted by cells dedifferentiating into a mesenchymal-like cell type with motile 

properties, followed by the reverse process when a suitable environment is found 

elsewhere in the body.  SOX4 inhibits terminal differentiation via repression of 

transcriptions factors, such as NKX3.1, and activation of MLL and MLL3, two histone 
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H3 K4 methyltransferases that induce activation of HOX gene expression (127).  MLL 

methyltransferase complexes can also facilitate E2F activation of S-phase promoters, 

driving the cell cycle forward.  MLL is a critical oncogene that is often translocated or 

amplified in myeloid leukemogenesis, thus activation of MLL suggests a mechanism for 

the role of SOX4 in this disease (36).  SOX4 may indirectly function to hold cells in an 

undifferentiated state, repressing progression to terminal differentiation through 

activation of MLL and MLL3.  

Recently, both SOX4 and an activation target of SOX4, Tenascin C were shown 

to enhance metastasis of breast cancer cells to the lung (184), as has the TGFβ pathway, 

which activates their expression (138).  Other metastasis-associated SOX4 target genes 

include Integrin αv and RAC1.  RAC1 was recently shown to control nuclear localization 

of β-catenin in response to WNT signals (200).  SOX4 can directly stimulate the invasive 

and migratory properties of cells, but through its ability to enhance survival and 

proliferation via the PI3K-AKT pathway, SOX4 combines to enhance the overall 

metastatic ability of prostate cancer cells.  

SOX4’s role in cancer progression of multiple tissues can also be attributed to its 

key role in the response to developmental signaling pathways, such as WNT, NOTCH, 

HEDGEHOG, and TGFβ networks.  Preliminary evidence points to an ability to activate 

signaling from the NOTCH receptor through transcriptional activation of ADAM10, a 

protease required for NOTCH cleavage and activation, DLL1, the NOTCH receptor 

ligand, as well as activation of the NOTCH target gene HES2 (24).  SOX4 can modulate 

the expression of TGFβ pathway response genes (TABLE 7).  However, currently we do 

not know how SOX4 affects these networks.  Interestingly, the TGFB1 receptor is 
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frequently lost in prostate stromal cells, causing an upregulation of WNT3A ligand (107).  

In the WNT pathway, SOX4 activates expression of 3 Frizzled receptors and TCF sites 

are enriched in SOX4 binding peaks.  SOX4 therefore may represent a novel link 

between these networks, modulating signals to provide cross talk and feedback among 

developmental signaling pathways.  Through regulation of cell growth, survival, 

apoptotic and developmental signaling networks, SOX4 can maintain and promote 

cellular states conducive to cancer formation and progression.   

6.5 SOX4 Regulates Components of RISC and the Small RNA Pathway 

 MiRNAs are a small noncoding RNA species that regulate the translation and 

stability of mRNA messages for hundreds of down stream target genes via partial 

complementarity to short sequences in the 3’ untranslated regions of mRNAs.  The RNA-

Induced Silencing Complex (RISC), which is composed of AGO1 or AGO2, TRBP and 

DICER processes miRNAs from precursors (pre-miRNA) to their mature form, cleaves 

target mRNAs, and participates in translational inhibition (150).  RNA Helicase A 

(RHA/DHX9) interacts with RISC and participates in loading of small RNAs into the 

complex (157).  We observed that three components of RISC: DICER, AGO1 and 

RHA/DHX9, are high-confidence direct targets of SOX4 (APPENDIX C).  We 

confirmed these data by qPCR (FIGURE 10C).  DICER has been independently 

observed to be over expressed in prostate cancers (8).  In addition, we observed that Toll-

like receptor 3 (TLR3), which binds double-stranded RNAs, induces gene silencing, and 

can induce apoptosis (159), was induced 2.8-fold upon over expression of SOX4.  As 

TLR3 was not detected by ChIP-chip, this induction may be indirect.  However, we can 
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not exclude the possibility that SOX4 may directly regulate TLR3 from a distal or 

intronic enhancer. 

 Our observation that SOX4 targets three genes important in small RNA 

processing is of particular interest in light of the role SOX4 has in development and 

cancer progression.  MiRNAs have been implicated in numerous physiological processes 

from development to oncogenesis.  They can act both as suppressors of breast cancer 

metastasis via targeting of Tenascin C and SOX4 (184) and as a promoter of breast 

cancer metastasis (117).  The finding that SOX4 can affect expression of multiple 

components of the RISC complex may provide insight into why long term loss of SOX4 

induces widespread apoptosis (112, 148).  Unfortunately, the NimbleGen array did not 

tile the 695 promoters of human miRNA transcripts present in the Sanger Institute’s 

miRBase database (65).  In the only literature report of SOX4 as a target of miRNA 

regulation, mir-335 was demonstrated to target the SOX4 3’ UTR and elicit a roughly 2-

fold repression of SOX4 mRNA (184).  The SOX4 3’UTR is almost twice as long as the 

SOX4 coding sequence and is highly conserved throughout mammals.  Although three 

independent miRNA target prediction algorithms predict potential miRNAs that regulate 

SOX4 (65, 95, 105), to date only mir-335 has been experimentally validated.  

Nevertheless, experiments are underway to identify miRNAs that regulate SOX4. 

6.6 Conclusions and Future Directions 

 Transcription factors are critical cellular regulators of gene expression that are the 

driving force behind deciding which genes are expressed throughout the lifetime of the 

cell.  There are transcription-independent functions for transcription factors, however 

initial experiments must be focused on nuclear transcriptional roles.  Identifying genomic 
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binding sites and therefore regulatory target genes lends new insights into the gene 

networks a transcription factor regulates, allowing inferences about the outcomes of 

perturbations of any number of given factors.  SOX4 is a highly conserved transcription 

factor crucial for mammalian development and important in cancer progression. We have 

identified, for the first time, 3,600 genomic binding sites mapping to 3,470 genes 

possibly under the transcriptional control of SOX4 in LNCaP prostate cancer cells.  We 

have used PBMs to determine the DNA binding preferences for SOX4 and confirmed 

that these sequences are bound by SOX4 in vivo.  These data lend valuable insights into 

the cellular functions for SOX4. 

 SOX4 plays an important role in the regulation of transmembrane receptor 

signaling and modulation of cellular transcriptional programs that influence key 

developmental pathways such as the WNT-β-catenin, NOTCH, TGFβ, HEDGEHOG, 

and the PI3K-AKT signaling cascade.  Due to the high number of receptors and 

transcription factors SOX4 regulates, one major role of SOX4 could be to adapt and 

adjust cellular responses to external stimuli that target these developmental pathways, 

maintaining cells in a predefined state of differentiation.  In vivo mouse genetic studies 

that have demonstrated the loss of discrete cell populations following either loss or over 

expression of SOX4 support this conclusion.  In the hematopoietic lineage, SOX4 

expression is required for the survival of maturing B-cells (163), whereas down 

regulation of SOX4 is required for myelination and terminal differentiation of 

oligodendrocytes (146).  It has not been determined at which stage of differentiation 

SOX4 functions, but it is known that SOX4 is downstream of the master pluripotency 

factor SOX2, and upstream of terminal differentiation.  Evidence from 
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immunofluorescent imaging in the intestinal crypt demonstrated that SOX4 expression is 

restricted to the transit-amplifying cells that reside downstream of the stem cell 

population and is lost in the terminally differentiated cells that migrate away from the 

crypt and onto the villi (167).  This evidence suggests that SOX4 is involved in 

maintaining a transit-amplifying cell phenotype that allows differentiation programs to be 

initiated, but ultimately SOX4 must be down regulated for terminal differentiation to 

occur.  To date, genetic alterations have demonstrated developmental roles in each tissue 

tested, suggesting SOX4 plays a physiological role in multiple cell types required for 

specific stages of tissue development.  The diverse types of cancers SOX4 over 

expression has been identified in supports this conclusion.  Future experiments in our lab 

will determine role of SOX4 in the development of the mouse prostate through prostate-

specific homozygous deletion of SOX4.  This will also allow in vivo validation of SOX4 

target genes by either single gene qPCR or microarray analysis of SOX4-/- versus 

SOX4+/+ prostate tissues.   

 We have identified downstream transcriptional targets of SOX4 but have not 

addressed the question of how SOX itself is regulated transcriptionally, translationally or 

through post-translational modifications.  Studies suggest that the SOX proteins, in 

particular subgroup members, can regulate each other transcriptionally.  Excellent 

starting candidates to address this question would be other SOX group C members, such 

as SOX11 and SOX12, both of which show a high degree of overlapping function and 

expression patterns in the developing mouse (46).  In addition, our results showed 

SOX12 mRNA was significantly altered on both microarray platforms.  Another 

hypothesis is that SOX4 is upregulated by numerous external ligands and stimuli.  
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Analysis of key signaling cascades and downstream transcription factors may identify 

common factors and regulatory elements in the SOX4 promoter.  Ongoing experiments 

are already focused on identifying miRNAs that target the SOX4 3’UTR and those that 

are transcriptionally activated by SOX4.  In parallel, our lab proposes to perform high-

throughput mass spectrometry experiments that will identify both protein binding 

partners for and post-translational modifications for SOX4.   

In vivo studies are critical to verify SOX4 target genes and to study the pathways 

SOX4 affects in a living model system.  To date, each study that has over expressed or 

deleted SOX4, either in specific tissues or the whole animal, have reported severe, tissue 

altering phenotypes.  Experiments are currently underway to engineer a prostate specific 

deletion of SOX4 as well as a prostate specific, inducible SOX4 system.  Currently, we 

have one male mouse that contains LoxP sites flanking both copies of SOX4 as well as 

the CRE recombinase gene under the control of the Probasin promoter.  Probasin is 

specifically expressed in the male prostate and seminal vesicles and is detectable at the 

onset of puberty (201).  SOX4 deletion will not occur until puberty, around two weeks of 

age, however, in humans, the prostate undergoes rapid, androgen dependent expansion at 

the onset of puberty (74).  We hypothesize that loss of SOX4 during this, and later 

developmental processes will severely impact prostate development.  Prostate specific 

over expression of SOX4 will address whether SOX4 alone can drive prostate 

tumorigenesis.  Importantly, these new model mice will allow in vivo studies of SOX4 

including target gene validation and preclinical testing of drugs that target SOX4 

regulatory networks.   
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Integration of the data presented here and future work will facilitate the creation 

of a global cellular SOX4 interaction network, and provide insights into the signaling 

pathways that SOX4 regulates.  As more data emerges, it is clearer than ever that SOX4 

has an important role in normal mammalian development.  Understanding the entire 

regulatory network, and how uncontrolled SOX4 expression can contribute to cancer 

progression is critical for disease prevention and treatment.  These data have implications 

not only for prostate cancer but many other cancers as well. 
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Appendix A:  SOX4 Binding Sites and Regulatory Genes 

Tables denoting the location of the 3,600 SOX4 bound peaks and the 3,470 target genes 

can be found on the Moreno Lab website:  

http://morenolab.whitehead.emory.edu/pubs/SOX4-network/Scharer et al - Supplemental 

Table 1.txt 

Appendix B:  Illumina Genes with Significant Expression Changes 

Tables indicating the 1,766 genes altered by SOX4 over expression detected by the 

Illumina platform can be found on the Moreno Lab website: 

http://morenolab.whitehead.emory.edu/pubs/SOX4-network/Scharer et al - Supplemental 

Table 2.txt 
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http://morenolab.whitehead.emory.edu/pubs/SOX4-network/Scharer%20et%20al%20-%20Supplemental%20Table%202.txt
http://morenolab.whitehead.emory.edu/pubs/SOX4-network/Scharer%20et%20al%20-%20Supplemental%20Table%202.txt
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Appendix C:  282 High-Confidence SOX4 Target Genes 

Symbol 
Entrez 

ID 

Illumina 
Fold 

Change 

Affymetrix 
Fold 

Change Symbol 
Entrez 

ID 

Illumina 
Fold 

Change 

Affymetrix 
Fold 

Change 
BICD2 23299  -5.03 IFITM1 8519 -3.03  

NKX3-1 4824  -4.53 IFIT3 3437 -2.93  
PDK1 5163  -4.02 SNFT 55509 -2.32  
FLOT2 2319  -3.78 OAZ3 51686 -2.29  

DAZAP2 9802  -3.20 SURB7 9412 -2.24  
GTF3C2 2976  -3.12 CAPZA1 829 -2.19  
MKNK2 2872  -3.08 DNAL1 83544 -2.13  

AMACR 23600  -2.97 
HIST1H2B

G 8339 -2.10  
GART 2618  -2.94 S100A11 6282 -2.09  
KIF5C 3800  -2.90 RPL21 6144 -1.99  

VAMP3 9341  -2.87 CAST 831 -1.96  
NFIX 4784  -2.83 RPL7A 6130 -1.95  

ELF5 2001  -2.65 
HIST1H2A

I 8329 -1.94  
CBR1 873  -2.57 SUHW4 54816 -1.93  

ARPC1A 10552  -2.48 UXT 8409 -1.89  
FOXA1 3169  -2.47 C10orf104 119504 -1.89  
DECR1 1666  -2.47 FRG1 2483 -1.88  
GRB7 2886  -2.41 CETN3 1070 -1.86  

GOLSYN 55638  -2.34 RPL14 9045 -1.84  
CDK2 1017 1.69 -2.25 TIMM8B 26521 -1.83  
SURF6 6838  -2.19 LACTB2 51110 -1.82  

SRF 6722  -2.03 MGMT 4255 -1.80  
RLBP1L1 157807  -1.97 C9orf9 11092 -1.79  

TPD52 7163  -1.94 HIST1H4H 8365 -1.79  
LOC130355 130355 -2.36 -1.93 C3orf28 26355 -1.78  

RAB14 51552  -1.75 GBA3 57733 -1.78  

HSPA1A 3303  -1.69 
LOC39135

6 391356 -1.76  
FYCO1 79443  1.55 RRP15 51018 -1.76  
ZNF281 23528  1.71 RPL7 6129 -1.73  

PPT2 9374  1.79 GAGE2 2574 -1.72  
DICER1 23405  1.83 HMGN3 9324 -1.71  
BTN3A3 10384 1.85 1.97 FAIM 55179 -1.71  
RB1CC1 9821  1.97 C6orf203 51250 -1.71  

EIF2C1 26523  1.98 
RP11-

529I10.4 25911 -1.70  
MORF4L1 10933  2.07 KRT10 3858 -1.68  

ISG20 3669 -1.72 2.17 PPIAL4 164022 -1.68  
TMEM184B 25829  2.28 NSUN5B 155400 -1.67  

RYK 6259 1.54 2.42 PMS2 5395 -1.67  
PRDM2 7799  2.48 RPL37A 6168 -1.66  
DUSP5 1847  2.48 TPRKB 51002 -1.66  
ENPP4 22875  2.53 C4orf27 54969 -1.65  
NCOA4 8031  2.64 SHFM1 7979 -1.63  
ENPP5 59084  2.68 ZNRD1 30834 -1.63  

ADAM10 102 1.55 2.81 C10orf35 219738 -1.62  
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Symbol 
Entrez 

ID 

Illumina 
Fold 

Change 

Affymetrix 
Fold 

Change Symbol 
Entrez 

ID 

Illumina 
Fold 

Change 

Affymetrix 
Fold 

Change 
CHCHD8 51287 -1.61  EIF2AK3 9451 1.52  
CLDN14 23562 -1.60  RHBDD1 84236 1.52  

FAM24B 
19679

2 -1.60  KIFC2 90990 1.52  
PMS2L1 5379 -1.60  C11orf82 220042 1.52  
RPL18 6141 -1.60  XPC 7508 1.52  

CD163L1 
28331

6 -1.59  MKNK1 8569 1.53  

PDDC1 
34786

2 -1.59  SLC20A1 6574 1.53  
IFI44 10561 -1.58  MUM1 84939 1.53  

TCEAL1 9338 -1.57  CMTM6 54918 1.53  
ALKBH6 84964 -1.57  WDR5 11091 1.53  

HIST1H1C 3006 -1.56  ZNF165 7718 1.53  

SUMO4 
38708

2 -1.56  ADCY6 112 1.53  
CHMP2A 27243 -1.56  CCDC126 90693 1.53  

CINP 51550 -1.56  G6PC3 92579 1.54  
SLC6A9 6536 -1.55  DDX23 9416 1.55  
NHP2L1 4809 -1.55  MCM4 4173 1.55  
PSMD13 5719 -1.55  HIATL1 84641 1.56  
FLJ10490 55150 -1.55  SLC12A8 84561 1.57  

RAC1 5879 -1.54  DERL1 79139 1.57  
BXDC5 80135 -1.54  NEDD4 4734 1.57  

ERMAP 
11462

5 -1.54  ST6GAL1 6480 1.57  

REM2 
16125

3 -1.54  SLC31A1 1317 1.58  
LSM1 27257 -1.53  MAGED1 9500 1.58  
SF3B1 23451 -1.53  DHX9 1660 1.59  
EAPP 55837 -1.53  DOLPP1 57171 1.59  
ERN1 2081 -1.53  GIT1 28964 1.61  
CFL2 1073 -1.52  PDIA6 10130 1.61  

LEPRE1 64175 -1.52  FGFRL1 53834 1.61  
ISCA1 81689 -1.52  SLC3A2 6520 1.62  

MRPS18C 51023 -1.51  BCR 613 1.62  
S100A13 6284 -1.51  RNF145 153830 1.62  

TMEM126B 55863 -1.50  GBA 2629 1.62  

FAM3D 
13117

7 1.50  ARAF 369 1.62  
DIDO1 11083 1.50  DLL1 28514 1.63  
IGF2R 3482 1.51  INADL 10207 1.63  
GCNT1 2650 1.51  TKT 7086 1.64  
ELAC2 60528 1.51  LARS2 23395 1.64  

LRRC8D 55144 1.51  SLC12A9 56996 1.64  
FLVCR2 55640 1.51  TTC14 151613 1.52  
PPM1A 5494 1.52  PHLDA1 22822 1.52  
GRK6 2870 1.52  APBB3 10307 1.64  

TTC14 
15161

3 1.52  PCSK7 9159 1.64  
PHLDA1 22822 1.52  MVK 4598 1.64  
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Symbol 
Entrez 

ID 

Illumina 
Fold 

Change 

Affymetrix 
Fold 

Change Symbol 
Entrez 

ID 

Illumina 
Fold 

Change 

Affymetrix 
Fold 

Change 
HMGCR 3156 1.65  TROAP 10024 1.83  
ALOXE3 59344 1.65  RHOT2 89941 1.83  
TRAM2 9697 1.65  PAG1 55824 1.84  

SLC39A14 23516 1.65  AGRN 375790 1.85  
C4orf18 51313 1.65  CLCN7 1186 1.85  
SUMF2 25870 1.65  CSAD 51380 1.87  

PIGT 51604 1.65  SLC27A2 11001 1.87  

ITGAV 3685 1.65  
TNFRSF10

D 8793 1.88  

MASK-BP3 
40473

4 1.66  C12orf35 55196 1.90  
ZNF184 7738 1.66  NIN 51199 1.92  
ARMC5 79798 1.66  C7orf53 286006 1.92  

C14orf173 64423 1.67  PLCH1 23007 1.94  
PTGFRN 5738 1.68  C6orf85 63027 1.96  

GALC 2581 1.68  FHOD3 80206 1.96  
ANKRD26 22852 1.68  C3orf64 285203 1.96  

PNKD 25953 1.69  FSTL1 11167 1.98  

AGPAT6 
13796

4 1.70  FAM135A 57579 1.98  
NLRX1 79671 1.70  ARID2 196528 1.99  
DSC2 1824 1.71  NOMO3 408050 2.00  

POFUT1 23509 1.71  ACAD10 80724 2.01  
MANSC1 54682 1.72  PTCH1 5727 2.03  
SORT1 6272 1.72  CBLN2 147381 2.03  

PILRB 29990 1.73  
KIAA0319

L 79932 2.03  
LMBRD2 92255 1.73  ARSA 410 2.04  
TMEM43 79188 1.74  PDE4D 5144 2.05  

TMEM16F 
19652

7 1.74  MLL3 58508 2.06  
KIAA1344 57544 1.75  KIAA0195 9772 2.08  
TMEM8 58986 1.75  ELOVL2 54898 2.09  

FZD5 7855 1.75  ACVR2A 92 2.10  
SLC39A8 64116 1.76  SLC1A4 6509 2.11  
DHCR24 1718 1.76  PSD3 23362 2.12  
VIPR1 7433 1.77  IGSF9 57549 2.16  

TES 26136 1.77  C9orf100 84904 2.19  
ADCK2 90956 1.78  ATG16L2 89849 2.19  

ARFGAP1 55738 1.78  PARP10 84875 2.20  

DAGLB 
22195

5 1.79  RGMA 56963 2.20  

SERINC2 
34773

5 1.79  ENTPD4 9583 2.21  
BFAR 51283 1.79  PIGO 84720 2.21  
RBL1 5933 1.80  ACCN3 9311 2.23  

TMEM29 29057 1.80  IL17RB 55540 2.26  
METTL4 64863 1.80  C18orf54 162681 2.31  
TM7SF2 7108 1.81  TNC 3371 2.31  
ATAD1 84896 1.81  POLH 5429 2.34  

SON 6651 1.81  RIF1 55183 2.36  
PTPRA 5786 1.82  ABCA2 20 2.38  



 

 

 

94

Symbol Entrez 
ID 

Illumina 
Fold 

Change 

Affymetrix 
Fold 

Change 

Symbol Entrez 
ID 

Illumina 
Fold 

Change 

Affymetrix 
Fold 

Change 
TMEM168 64418 1.82  MEX3B 84206 2.56  
PIK4CA 5297 2.39  MLL 4297 2.56  
DSG2 1829 2.39  ECT2 1894 2.57  

SEC61A1 29927 2.40  SMA4 11039 2.59  
LCOR 84458 2.41  C7orf20 51608 2.60  
GZF1 64412 2.42  PCDHB3 56132 2.82  

CEP250 11190 2.43  COL23A1 91522 2.89  
FLJ14082 80092 2.47  HPX 3263 3.40  
C9orf102 56959 2.50  CNTNAP2 26047 3.48  

ZDHHC21 
34048

1 2.51 
 

SLC37A3 84255 4.33 
 

 

 

 

 

 

 

Appendix D:  Enrichment Scores of K-mers Bound by SOX4 

Tables denoting the sequences bound by SOX4 and their respective enrichment scores 

can be found on the Moreno Lab website: 

http://morenolab.whitehead.emory.edu/pubs/SOX4-network/Scharer et al  - Supplemental 

Table 4.txt 

Appendix E:  Primers and Oligos 

All primers and oligos described in this dissertation can be found on the Moreno Lab 

website: 

http://morenolab.whitehead.emory.edu/pubs/SOX4-network/Scharer et al - Supplemental 

Table 7.txt 

 

http://morenolab.whitehead.emory.edu/pubs/SOX4-network/Scharer%20et%20al%20%20-%20Supplemental%20Table%204.txt
http://morenolab.whitehead.emory.edu/pubs/SOX4-network/Scharer%20et%20al%20%20-%20Supplemental%20Table%204.txt
http://morenolab.whitehead.emory.edu/pubs/SOX4-network/Scharer%20et%20al%20-%20Supplemental%20Table%207.txt
http://morenolab.whitehead.emory.edu/pubs/SOX4-network/Scharer%20et%20al%20-%20Supplemental%20Table%207.txt
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Appendix F:  Materials and Methods 

I.  AURORA KINASE INHIBITORS SYNERGIZE WITH PACLITAXEL TO 

INDUCE APOPTOSIS IN OVARIAN CANCER CELLS 

1.1 Tumor samples, RNA isolation, Microarray Hybridization and Normalization 

A detailed explanation of patient samples and microarray hybridization and normalization 

techniques is described elsewhere (128). The complete dataset is available at the NCBI 

GEO website (http://www.ncbi.nlm.nih.gov/geo/index.cgi, accession number GSE7463) 

and at the author's website http://morenolab.whitehead.emory.edu. 

1.2 Cell Culture and Drug Treatment 

PTX10 and 1A9 cells were cultured in RPMI media (Mediatech, Herndon, VA) 

supplemented with 10% fetal bovine serum and grown in 5% CO2 at 37°C. Two days 

before treatment 1.5 x 105 cells were seeded in each well of a 6-well plate (Corning, 

Corning, NY). On day one of treatment combinations of 15 ng/mL paclitaxel (Sigma-

Aldrich, St. Louis, MO) and either Dimethyl Sulfoxide (DMSO) control or the indicated 

concentration of VE-465 (Vertex Pharmaceuticals, Abingdon, United Kingdom) were 

added to 2 mL of fresh RPMI and incubated for 96 hours prior to FACS analysis or 

Caspase 3/7 activity assays. 

1.3 Fluorescence Activated Cell Sorting (FACS) Analysis 

Following drug treatment, cells were washed from the plate in media, centrifuged at 3000 

RPM to pellet and washed once with cold PBS. Pellets were resuspended and fixed in 

70% Ethanol/PBS at -20°C overnight.  On the day of analysis, pellets were washed once 

with PBS and digested with 500 μl of 0.1 mg/mL PBS/RNaseA (Sigma-Aldrich, St. 

http://www.ncbi.nlm.nih.gov/geo/index.cgi
http://morenolab.whitehead.emory.edu/
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Louis, MO) by incubating at 37°C for 15 minutes.  DNA content was assessed by 

staining with 500 μl of 25 μg/mL PBS/Propidium Iodide (Sigma-Aldrich, St. Louis, MO). 

Cell suspensions were transferred to 5 mL collection tubes for FACS analysis. Samples 

were processed using a Becton Dickson FACSCalibur analyzer (Becton Dickson, San 

Jose, CA) and data analyzed using the FlowJo software package (Tree Star, Ashland, 

OR). 

1.4 Drug Treatment and Caspase Assay 

One day before drug treatment, each well of a white-walled, 96 well luminometer plate 

(Nalge Nunc International, Rochester, NY) was coated with a 1:4 dilution of BD matrigel 

matrix (BD biosciences, Bedford, MA) and RPMI media. The plates were incubated at 

room temperature for one hour and excess matrigel was removed before 4800 cells were 

seeded in each well in triplicate. On day one of treatment, cells were treated with or 

without 15 ng/mL paclitaxel (Sigma-Aldrich, St. Louis, MO) plus varying concentrations 

and combinations of VE-465 (Vertex Pharmaceuticals, Abingdon, United Kingdom), or 

with 50 μM Z-VAD (EMD Chemicals, San Diego, CA). Z-VAD is a general caspase 

inhibitor and was used as a negative control to block caspase activity and apoptosis. 

Control cells were left untreated. Three independent biological replicates were 

performed, luminescence measured, and data analyzed.  

The Caspase-Glo™ 3/7 Assay (Promega, Madison, WI) lyophilized substrate (DEVD-

aminoluciferin powder) was resuspended in Caspase- Glo™ 3/7 lysis buffer and 

equilibrated to room temperature. Forty-eight or 72 hours after cell treatment, the 

Caspase- Glo™ 3/7 reagent was added in a 1:1 volume ratio to each well of the 96 well 

luminometer plate. Immediately following the addition of the reagent, the contents of the 
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wells were gently mixed with a plate shaker at 500 RPM for 30 seconds. After one hour 

incubation, the luminescence was measured with a Synergy HT plate reader (BioTek 

Instruments, Winooski, VT). Culture medium was used as a blank and "no-cell 

background" values were determined. 

1.5 Immunofluorescence 

PTX10 and 1A9 cells were grown on cover slips (Fisher Scientific, Hampton, NH) in 6-

well culture dishes (Corning, Corning, NY). Cells were washed 3 times with cold PBS 

and fixed in 4% paraformaldehyde for 15 minutes at room temperature, permeablized on 

ice for 2 minutes in 0.5% Tween-20/PBS and blocked in 5% nonfat dry milk (NFDM) for 

30 minutes at room temperature. Mitotic cells were stained with anti-phospho-Histone H3 

Serine 10 (Upstate, Charlottesville, VA) with 5% NFDM at a 1:200 dilution for 2 hours 

at 4°C. Secondary antibody of anti-Rabbit AlexaFluor 488 (Molecular Probes, Eugene, 

OR) was applied at a 1:400 dilution for 45 minutes at room temperature. Cells were 

washed 3 times in PBS and stained with TOPro (Molecular Probes, Eugene, OR) at a 

concentration of 3 μg/μl for 15 minutes to reveal the nucleus. Cover slips were mounted 

on slides and visualized using a Zeiss Axiovert 35 fluorescence microscope. 

1.6 Western Blot 

60% confluent cells were lysed in lysis buffer (0.137 M NaCl, 0.02 M TRIS pH 8.0, 10% 

Glycerol, and 1% NP-40), 50 μg total lysate separated by SDS-PAGE electrophoresis and 

transferred to nitrocellulose for immunoblotting.  Immunoblots were probed with an 

antibody to Aurora-A (Abcam Inc., Cambridge, MA), Aurora-B (GenScript, Piscitaway, 

NJ), phospho-AurB (Cell Signaling, Danvers, MA), p53 (Santa Cruz Biotechnology, 

Santa Cruz, CA) and phospho(S315)p53 (Cell Signaling, Danvers, MA). To ensure equal 
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loading blots were then probed with a monoclonal antibody to PP2A, catalytic subunit 

(BD Biosciences, San Jose, CA). 

1.7 Tissue Microarray Analysis 

TMA sections were stained at the WCI Tissue and Pathology Core 

Facility http://www.pathology.emory.edu/WCIPathCore/ with H&E and with AurA 

antibody (1:300 dilution, Abcam, Cambridge, MA). Staining was scored on a four level 

scale (0 = no staining, 1 = weak staining, 2 = moderate staining, 3 = intense staining)

GU patholog

 by a 

ist 

 

II. GENOME-WIDE PROMOTER ANALYSIS OF THE SOX4 

TRANSCRIPTIONAL NETWORK IN PROSTATE CANCER CELLS 

2.1 Cell Culture and Stable Cell Line Construction 

All cell lines were cultured as described by ATCC except LNCaP cells, which were 

cultured with T-Medium (Invitrogen, Carlsbad, CA). HA tagged SOX4 was cloned into 

the pHR-UBQ-IRES-eYFP-ΔU3 lentiviral vector (gift from Dr. Hihn Ly, Emory 

University) and stable cells isolated as previously described (123). 

2.2 ChIP Assay 

ChIP assays were performed as previously described (123).  Briefly, two 90% confluent 

P150s of both RWPE-1-FLAG-SOX4 or RWPE-1, or LNCaP-YFP and LNCaP-

YFP/HA-SOX4 or RWPE-1-YFP and RWPE-1-YFP/HA-SOX4 cells were formaldehyde 

fixed and lysed.  Chromatin suspensions were sonicated on a Branson Sonifier 250 with 

the settings:  Duty – 50%, Output Control - 3.  Sonication was performed on ice for four 

rounds of 8 four-second bursts.  Anti-HA 12CA5, Anti-Flag-M2 (Sigma-Aldrich, St. 

http://www.pathology.emory.edu/WCIPathCore/
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Louis, MI) or mouse IgG was used to immunoprecipitate protein-DNA complexes 

overnight at 4°C and collected using Dynal M280 sheep anti-mouse IgG beads 

(Invitrogen, Carlsbad, CA) for 2 hours.  Dynal beads were washed, protein-DNA 

complexes eluted and DNA purified.  Purified DNA was blunted and whole genome 

amplification performed by ligation-mediated PCR as described previously (153).  To 

confirm the ChIPOTLe predicted ChIP-chip peaks, PCR primers were designed to span 

the genomic coordinates of the predicted peak and each target site was confirmed in three 

independent ChIP assays.  All PCR primers used in ChIP-PCR can be found in 

APPENDIX E. 

2.3 ChIP-chip Analysis 

To determine the direct SOX4 target genes on a global scale we performed ChIP assays in 

triplicate from the LNCaP cell line stably expressing SOX4 and in duplicate from a 

control cell line that expressed YFP alone.  Immunoprecipitated and input DNA were 

subjected to whole genome amplification, Cy3/Cy5 fluorescent labeling, and 

hybridization to the NimbleGen 25K human promoter array set. Input and 

immunoprecipitated DNA isolated from LNCaP-YFP and LNCaP-YFP/HA-SOX4 cells 

were amplified using linker-mediated PCR as described previously (153).  Amplified 

DNA was labeled and hybridized in triplicate by NimbleGen Systems, Inc to their human 

25K promoter array.  Raw hybridization data was Z-score normalized and ratios of IP to 

Input DNA were determined for each sample.  ChIPOTle software was used to determine 

enriched peaks using a 500 bp sliding window every 50 bp as previously described (123).  

NimbleGen microarray data are available from the GEO database, accession number 

GEO11915. 
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2.4 Plasmid Luciferase Assays 

PCR fragments representing the binding sites in the EGFR, ERBB2 and TLE1 promoter 

sequences were cloned in front of the pGL3-promoter luciferase construct (Promega, 

Fitchburg, WI).  Primers sequences used can be found in APPENDIX E.  LNCaP cells 

were transfected with 100 ng of a TK-Renilla construct, 500 ng of pGL3-promoter vector 

alone and with cloned inserts, as well as 500 ng of either a SOX4 or vector expression 

construct. Dual Luciferase assays were performed 48 hours post transfection according to 

the manufacturer’s guidelines (Promega, Fitchburg, WI). All assays were performed in 

triplicate on separate days. 

2.5 Quantitative Real Time PCR 

LNCaP cells were plated in 6-well culture dishes and grown to 90% confluency before 

transfection with 1 μg of SOX4 plasmid or vector control using Lipofectamine-2000 

(Invitrogen, Carlsbad, CA). 24 hours post-transfection total RNA was harvested using the 

RNeasy kit (Qiagen, Valencia, CA) and reverse transcription performed using Superscript 

II reverse transcriptase (Invitrogen, Carlsbad, CA).  QPCR was performed using SYBR 

Green I (Invitrogen, Carlsbad, CA) on a Bio-Rad iCycler using 18s or β-actin as a control 

and data analyzed using the delta-Ct method (114).  All primers used in this study are 

listed in APPENDIX E. 

2.6 Microarray Analysis 

Total RNA was isolated from three independent experiments of either vector control or 

SOX4 transfected LNCaP cells as described above. Each transfection was performed in 

triplicate and each sample was hybridized in duplicate creating six data points for each 
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condition. Total RNA was submitted to the Winship Cancer Institute DNA Microarray 

Core facility (http://microarray.cancer.emory.edu/). All samples demonstrated RNA 

integrity (RIN) of 8.3 or greater using an Agilent 2100 Bioanalyzer. RNA was hybridized 

to the Illumina Human6 v2 Expression Beadchip that query roughly 47,000 transcripts 

with 48,701 probes, and after normalization significantly changed probes were calculated 

using Significance Analysis of Microarrays (SAM) software (188).  Settings for SAM 

were: two-class unpaired (X4 vs. Vector control), Imputation engine – 10 Nearest 

Neighbor, Permutations – 500, RNG seed – 1234567, Delta – 1.316, Fold Change – 1.5, 

False discovery rate – 0.749%.  Microarray data are available in the GEO database, 

accession number GEO11915. 

2.7 Βeta-catenin Luciferase Assay 

90% confluent LNCaP cells were transfected with a combination of the following 

plasmids:  TK Renilla – 10ng, TOP-Flash Firefly – 100ng, vector control – 100ng, SOX4 

vector – 100, 200, or 300 ng, β-catenin A33Y mutant – 100 ng.  24 hrs post-transfection 

cells were lysed and dual luciferase assay performed according to the manufacturers 

instructions (Promega).  All assays were performed in triplicate.  

2.8 Electromobility Shift Assays 

Recombinant GST-SOX4-DNA binding domain (SOX4-DBD) corresponding to amino 

acids 1-340 was cloned into the pGEX4T-1 plasmid (gift from Dr. Anita Corbet, Emory 

University) and purified with Glutathione Sepharose 4B beads (GE Healthcare Bio-

Sciences AB, Uppsala, Sweden).  Double-stranded, 35-mer oligos containing either a 

core SOX4 binding site (AACAAAG) or a mutated site (CCTGGCA) were end-labeled 

using T4 Polynucleotide Kinase.  1, 2, 4 and 8 µg of GST-SOX4-DBD were incubated in 
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PBS with 50,000 cpm of probe, a mutated binding site or unlabeled competitor oligos.  

All oligo sequences can be found in APPENDIX E.  Binding reactions were carried out 

at 4°C for 30 minutes, complexes loaded onto a non-denaturing acryalmide gel and 

exposed overnight at -80°C 

2.9 Immunoblotting 

Cells were lysed in lysis buffer (0.137M NaCl, 0.02M TRIS pH 8.0, 10% Glycerol, and 

1% NP-40), 50 μg total lysate separated by SDS-PAGE electrophoresis and transferred to 

nitrocellulose for immunoblotting.  Immunoblots were probed with polyclonal rabbit 

SOX4 antisera described previously (112) and DICER1 (Santa Cruz Biotech., Santa Cruz, 

CA).  To control for equal loading Immunoblots were probed with a monoclonal antibody 

to Protein phosphatase 2A (PP2A) catalytic subunit (BD Biosciences, San Jose, CA). 
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