
SUPPLEMENTAL MATERIALS AND METHODS 

Cell culture, DNA transfection, and luciferase assays. Culture of LNCaP cell and the isogenic 

c-Myc and NeuT murine prostate cancer cell lines, DNA transfection and luciferase assays, were 

performed as previously described (1-7). The Nanog and SOX2 promoter luciferase reporter 

plasmids were described in (8). 

Mice, chemicals reagents, Western blotting. Experimental procedures with transgenic mice 

were approved by the ethics committee of Thomas Jefferson University. Cyclin D1-/- mice (9) 

were in the FVB strain.  The castration and androgen replacement protocol was conducted as 

previously described (10). Dihydrotestosterone (DHT) was from Sigma. Mouse ventral prostates 

were fixed in 4% paraformaldehyde, then used for sectioning and hematoxylin and eosin (H&E) 

staining. Antibodies used for Western Blot analysis and immunohistochemical staining in this 

study were as follows: cyclin D1 (DCS-6), SOX2 (SC-20088), Cytokeratin 5 (COVANCE Signet 

Antibodies cat #pRB-160P) and Cytokeratin 8 (COVANCE Signet Antibodies, cat # MMS-

162P), Nanog (cat #ab80892), PK1B (cat # ab44392) and Ki67 (cat #ab-15580) were from 

AbCam. 

siRNA transfection. The siRNA to cyclin D1 and control siRNA (Santa Cruz, Biotechnology) 

were transfected using oligofectamine (Invitrogen) according to the manufacturer's instructions. 

Briefly, cells were seeded at 60% density in 6 well plates.  Cells were washed once in PBS 

followed by transfection with either control siRNA or cyclin D1 siRNA to a final concentration 

of 80 nM in phenol red free, serum free and antibiotic free DMEM. In stimulation experiments, 

cells were arrested by starvation in 0.1% FBS or 5% charcoal stripped medium for 72 hrs. Cells 

were stimulated with either 10% serum or DHT at physiological concentrations for 24 hrs and 

collected for western blotting and/or DNA content analysis by flow cytometry.  



shRNA infection. pTRIPZ lentiviral inducible shRNAmir empty vector was from Open 

Biosystem, (cat #RHS4750), the target sequences of PTRIPZ-CD1 (Cyclin D1 shRNAmir 

inserted plasmid) are #3 TCCTTGTTGTTGGTTGTTT, and #4 TGCATGTTCGTGGCCTCTA. 

We followed the protocol of the TransLenti Viral Packaging Mix System (Open Biosystem, cat# 

TLP4615). The transfect vector and pTRIPZ-CD1 together with packaging plasmids were 

introduced into HEK293T cells by calcium phosphate precipitation. After 48 hours, the 

supernatant of HEK293T cells were collected and mixed with equal volumes of fresh medium, 

the mixture filtered through a 0.45μm filter. With the addition of Polybrene (8ug/ml) the mixture 

was then added to target cells (10ml/10cm plate). The stable lines were puromycin selected 

(1ug/ml) for 72 hours after which 1ug/ml of doxycycline (Dox) was added. REP fluorescence of 

positive cells was observed at 24 hours after induction. 

Statistical Analysis. Comparisons between groups were analyzed by two-sided t-test. A 

difference of P < 0.05 was considered to be statistically significant. All analyses were done with 

SPSS 11.5 software.  Data are expressed as mean ± SEM.  

Microarray analysis methods.  Affymetrix Mouse Genome 430 2.0 arrays were used for gene 

expression profiling of RNA collected from mouse tissues. Quantile normalization of the chip 

intensities was used as described (7). The limma package was used to analyze the microarray 

experiments for differential expression.  Multiple comparison adjustments were made using the 

Benjamini-Hochberg correction (11).  Differentially expressed genes are identified as genes with 

adjusted P <= 0.05.  

 In order to investigate experimental gene signatures in clinical datasets, differentially 

expressed probesets were mapped to homologous human Entrez Genes.  First, probesets on the 

Affymetrix Mouse Genome 430 2.0 array were mapped to Entrez Gene identifiers using 



information from the Affymetrix annotation file.  Next, homologous human Entrez Genes were 

identified using data obtained from the NCBI Homologene database.  Probesets that did not map 

to homologous Entrez Genes were removed.  All genes were retained from probesets that map to 

multiple genes. 

 Gene expression microarray data from 79 prostate cancer samples linked to biochemical 

recurrence (BCR, defined by post-op PSA > 0.2 ng ml-1) information was obtained from the 

literature (12).  Expression data was pre-processed using the Affymetrix MAS5 algorithm.   

Expression values were translated from probeset space to Entrez Gene space by finding the 

median value of all probesets that map to a given Entrez Gene.   Gene expression signatures of 

experimental perturbations (e.g. cyclin D1 KO vs. WT) were defined using all genes on the 

Glinsky et al array in the set of homologous human Entrez Genes associated with differentially 

expressed mouse probesets.  Gene expression values were median centered across samples and 

expression signatures of cyclin D1 and/or DHT activity were defined for each sample as the 

average expression value of the corresponding genes.   Association of expression signatures with 

BCR was determined as described (13).  Briefly, a Cox proportional hazards analysis was 

conducted using the R survival package to calculate the association of expression signatures with 

BCR.  Additionally, K-means clustering was used to identify two cancer sample clusters from 

the gene expression data.  Cluster centers for the K-means algorithm were initialized using the 

two samples separated by the greatest Euclidean distance.  The difference in survival between 

the two clusters was inferred using Kaplan-Meier analysis implemented with the R survival 

package and by the concordance index, calculated using the R survcomp package.   

Bootstrapping with 10,000 randomly drawn samples was used to estimate the distribution of the 



concordance index.  Finally, multivariate cox proportional hazards analysis was used to generate 

prediction models combining Gleason score with expression signatures. 

 Gene expression microarray data profiling primary prostate cancer cell line 

prostatospheres was obtained from the Gene Expression Omnibus (GSE19713) (14).  Affymetrix 

.CEL files were normalized using robust multi-chip average (RMA) implemented in the affy 

package of Bioconductor.  As described above, expression values were translated from probeset 

space to Entrez Gene space and gene signatures of experimental perturbations were generated.  

Association of expression signatures with stemness was detected using the pairwise t-test to 

compare expression of the signatures in prostatospheres vs. the parental cell line. 

 Gene sets related to the stem cell state of differentiation were collected from the literature 

(15, 16).  We evaluated the fraction of genes up-regulated or down-regulated by cyclin D1 that 

belong to each stem cell associated gene set, using the hypergeometric distribution to calculate a 

P-value of enrichment.  A P-value less than 0.05 indicate significant enrichment.  The set of all 

homologous human genes that could be mapped to probes on the Affymetrix Mouse Genome 

430 2.0 platform were used as a reference set.   Gene set enrichment analysis (GSEA) (17) was 

used as an alternative functional enrichment method.  GSEA was implemented in the R statistical 

environment.  Under GSEA, the recommended threshold of FDR <= 0.25 was used to indicate 

significant enrichment. Gene set enrichment analysis (17) implicated the enrichment of the 

cyclin D1 up-regulated gene signature in a second set of genes associated with the ES cell state  

(FDR = 0.165 <0.25 is significant) (18). 

RNA extraction from ventral prostate, Real-time quantitative RT-PCR. RNA samples were 

extracted from prostate tissues using RecoverAll™ Total Nucleic Acid Isolation Kit for FFPE 

Tissues (Applied Biosystems, Foster City, CA). This was followed by RQ1 DNase I (Promega 



Inc, Madison, WI) mediated removal of contaminating DNA from RNA preparations followed 

by RNA clean-up using RNAEasy Kit (Qiagen Inc, Valencia, CA). Equal amounts of purified 

RNA was reverse transcribed into c-DNA using Iscript Reverse transcriptase kit (Bio-Rad, 

Hercules, CA) (19). 

Real-Time quantitative PCR was performed using Power SYBR Green PCR Kit (Applied 

Biosystems, Foster City, CA) using template c-DNA generated from these samples along with 

following gene primers (20): Nanog, forward cagaaaaaccagtggttgaagactag and reverse 

gcaatggatgctgggatactc; sox2, forward ggcagctacagcatgatgcaggagc and reverse 

ctggtcatggagttgtactgcagg; 18 s rRNA oligonucleotides were used as control (21).  

Prostatosphere assays. Prostatosphere assays were conducted as previously described (22) with 

minor modification. LNCaP cells were cultured in DMEM/F12 medium with B-27 and N2 

supplement (Invitrogen), plated at 4000 cells/ml (4 ml/plate) on 6 cm ultra-low attachment plate 

(Corning). The prostatospheres were then cultured at 37ºC, 5% CO2 for 10 days. The 

prostatospheres were counted under a microscope. 

 
 



REFERENCES 

1. Albanese, C., D'Amico, M., Reutens, A. T., Fu, M., Watanabe, G., Lee, R. J., et al. 
Activation of the cyclin D1 gene by the E1A-associated protein p300 through AP-1 
inhibits cellular apoptosis. J. Biol. Chem. 34186-34195, 1999. 

2. Fu, G. F., Lin, X. H., Han, Q. W., Fan, Y. R., Xu, Y. F., Guo, D., et al. RNA interference 
remarkably suppresses bcl-2 gene expression in cancer cells in vitro and in vivo. Cancer 
Biol Ther. 822-829, 2005. 

3. Huynh, H., Nguyen, T. T., Chan, E., and Tran, E. Inhibition of ErbB-2 and ErbB-3 
expression by quercetin prevents transforming growth factor alpha (TGF-alpha)- and 
epidermal growth factor (EGF)-induced human PC-3 prostate cancer cell proliferation. 
Int J Oncol. 821-829, 2003. 

4. Ma, Z., Hung Nguyen, T., Hoa Huynh, T., Tien Do, P., and Huynh, H. Reduction of rat 
prostate weight by combined quercetin-finasteride treatment is associated with cell cycle 
deregulation. J Endocrinol. 493-507, 2004. 

5. Casimiro, M., Rodriguez, O., Pootrakul, L., Aventian, M., Lushina, N., Cromelin, C., et 
al. ErbB-2 induces the cyclin D1 gene in prostate epithelial cells in vitro and in vivo. 
Cancer Res. 4364-4372, 2007. 

6. Petre, C. E., Wetherill, Y. B., Danielsen, M., and Knudsen, K. E. Cyclin D1: mechanism 
and consequence of androgen receptor co-repressor activity. J Biol Chem. 2207-2215, 
2002. 

7. Ju, X., Ertel, A., Casimiro, M. C., Yu, Z., Meng, H., McCue, P. A., et al. Novel 
oncogene-induced metastatic prostate cancer cell lines define human prostate cancer 
progression signatures. Cancer Res. 978-989, 2013. 

8. Wu, K., Jiao, X., Li, Z., Katiyar, S., Casimiro, M. C., Yang, W., et al. Cell fate 
determination factor Dachshund reprograms breast cancer stem cell function. The Journal 
of Biological Chemistry. 2132-2142, 2011. 

9. Fantl, V., Stamp, G., Andrews, A., Rosewell, I., and Dickson, C. Mice lacking cyclin D1 
are small and show defects in eye and mammary gland development. Genes Dev. 2364-
2372, 1995. 

10. Kim, T. S., Heinlein, C., Hackman, R. C., and Nelson, P. S. Phenotypic analysis of mice 
lacking the Tmprss2-encoded protease. Mol Cell Biol. 965-975, 2006. 

11. Benjamini, Y. and Hochberg, Y. Controlling the False Discovery Rate: A Practical and 
Powerful Approach to Multiple Testing. Journal of the Royal Statistical Society. 289-300, 
1995. 

12. Glinsky, G. V., Glinskii, A. B., Stephenson, A. J., Hoffman, R. M., and Gerald, W. L. 
Gene expression profiling predicts clinical outcome of prostate cancer. J Clin Invest. 913-
923, 2004. 

13. Taylor, B. S., Schultz, N., Hieronymus, H., Gopalan, A., Xiao, Y., Carver, B. S., et al. 
Integrative genomic profiling of human prostate cancer. Cancer Cell. 11-22, 2010. 

14. Duhagon, M. A., Hurt, E. M., Sotelo-Silveira, J. R., Zhang, X., and Farrar, W. L. 
Genomic profiling of tumor initiating prostatospheres. BMC Genomics. 324, 2010. 

15. Ben-Porath, I., Thomson, M. W., Carey, V. J., Ge, R., Bell, G. W., Regev, A., et al. An 
embryonic stem cell-like gene expression signature in poorly differentiated aggressive 
human tumors. Nat Genet. 499-507, 2008. 



16. Wong, D. J., Liu, H., Ridky, T. W., Cassarino, D., Segal, E., and Chang, H. Y. Module 
map of stem cell genes guides creation of epithelial cancer stem cells. Cell Stem Cell. 
333-344, 2008. 

17. Subramanian, A., Tamayo, P., Mootha, V. K., Mukherjee, S., Ebert, B. L., Gillette, M. 
A., et al. Gene set enrichment analysis: a knowledge-based approach for interpreting 
genome-wide expression profiles. Proc Natl Acad Sci U S A. 15545-15550, 2005. 

18. Assou, S., Le Carrour, T., Tondeur, S., Strom, S., Gabelle, A., Marty, S., et al. A meta-
analysis of human embryonic stem cells transcriptome integrated into a web-based 
expression atlas. Stem Cells. 961-973, 2007. 

19. Katiyar, S., Jiao, X., Addya, S., Ertel, A., Covarrubias, Y., Rose, V., et al. Mammary 
Gland Selective Excision of c-Jun Identifies Its Role in mRNA Splicing. Cancer Res. 
2012. 

20. Wu, K., Jiao, X., Li, Z., Katiyar, S., Casimiro, M. C., Yang, W., et al. Cell fate 
determination factor Dachshund reprograms breast cancer stem cell function. J Biol 
Chem. 2132-2142, 2011. 

21. Petre-Draviam, C. E., Williams, E. B., Burd, C. J., Gladden, A., Moghadam, H., Meller, 
J., et al. A central domain of cyclin D1 mediates nuclear receptor corepressor activity. 
Oncogene. 431-444, 2005. 

22. Bisson, I. and Prowse, D. M. WNT signaling regulates self-renewal and differentiation of 
prostate cancer cells with stem cell characteristics. Cell Res. 683-697, 2009. 

 

 



SUPPLEMENTAL DATA LEGENDS 

Supplemental Figure 1. Cyclin D1 is required for prostate development in vivo. (A) Cyclin 

D1-/- compared to cyclin D1+/+mice demonstrated a significant reduction in the ventral prostate 

and testis and in whole body weight (n=3 animals per group). Normalizing to body weight 

compensates for the difference in organ weight. (B) Mouse castration and DHT treatment 

protocol. 

Supplemental Figure 2. Cyclin D1 dependent DHT regulated gene expression. (A) Pie charts 

of genes differentially regulated by DHT in cyclin D1+/+ mouse prostates (n=3) and cyclin D1-/- 

mouse prostates (n=3) (P<0.05, fold change ≥2.0). Red signifies unregulated and green down 

regulated expression. (B) Venn diagram of intersection of genes differentially regulated between 

cyclin D1-/- and cyclin D1+/+ mouse prostates and those genes differentially regulated by DHT in 

cyclin D1+/+ mouse prostates (C) Unsupervised hierarchal clustering of 182 genes that are cyclin 

D1 dependent and also differentially regulated by DHT in cyclin D1+/+. 

Supplemental Figure 3. DHT regulated gene pathways in cyclin D1+/+ and cyclin D1-/- 

mouse prostates. (A) Unsupervised hierarchal clustering of 2253 genes differentially regulated 

by DHT in cyclin D1+/+ mouse prostates (P<0.05, fold change ≥2.0) and (B) the pathway 

analysis of genes graphically represented using the ES score  (KEGG). (C) Unsupervised 

hierarchal clustering of 186 genes differentially regulated by DHT in cyclin D1-/- mouse prostates 

(P<0.05, fold change≥2.0) and (D) the pathway analysis of genes graphically represented using 

the ES score (KEGG). 

Supplemental Figure 4. Cyclin D1 expression signature is induced in prostatospheres and 

induction of Wnt. (A) Cyclin D1 induced genes are enriched in stem cell associated gene sets.  

Darkness of color indicates the significance of the enrichment. Comparison is shown between 

cyclin D1 up-regulated gene signature and gene signature up-regulated in stem cells (ES-like 

signature) and Myc targets. (B) Schematic representation of Wnt/β-catenin signaling pathway, 

with components maintained by endogenous cyclin D1 in the murine ventral prostate indicated in 

yellow.  

Supplemental Figure 5. Endogenous cyclin D1 maintains prostate cancer stem cell 

population. (A) Western Blot analysis of LNCaP cells transfected with Doxcycline (Dox) 

inducible cyclin D1 shRNA (shRNA3, shRNA4), with relative abundance of protein determined 

by antibodies as  indicated in the figure. (B) Typical images of prostatospheres formed by cyclin 



D1 knock down in LNCaP cells compared to control cells. (C) FACS analysis of prostate cancer 

stem cells in LNCaP cells expressing cyclin D1 knock down shRNA. The prostate cancer stem 

cells were defined as CD49f+Trop2+ populations. 

Supplemental Table 1. Lists of genes differentially regulated by DHT in cyclin D1+/+ mice, 

DHT regulated genes in cyclin D1-/- mice and genes differentially regulated by cyclin D1 

Supplemental Table 2. Functional annotation clustering of cyclin D1 induced genes 


