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 ABSTRACT 
 

Background. Scavenger Receptor Class B Type I (SR-BI) facilitates influx of cholesterol 

to the cell from lipoproteins in the circulation. This influx of cholesterol is important for 

many cellular functions, including synthesis of androgens. Castration-resistant prostate 

cancer tumors are able to synthesize androgens de novo in order to supplement the loss of 

exogenous sources often as a result of androgen deprivation therapy. By removing a 

source of cholesterol, silencing of SR-BI may impact the ability of prostate cancer cells, 

particularly those of castration-resistant state, to maintain the intracellular supply of 

androgens.  

 

Methods. SR-BI expression was knocked down in LNCaP (androgen-dependent) and 

C4-2 (castration-resistant) cells using small interfering RNA. The effect of down-

regulation of SR-BI on cell toxicity, cell viability, and expression of various proteins was 

examined using a LDH assay, a MTS assay and western blotting in both cell types. In 

addition, cholesterol synthesis activity was measured using the radiolabeled precursor, 

14C-acetate and cellular cholesterol, testosterone and PSA concentrations were assessed 

using fluorometric and colorometric assays.  

 

Results. Basal SR-BI and HSL protein expression was higher in C4-2 cells than LNCaP 

cells. Silencing of SR-BI expression by greater than 85% reduced PSA secretion in 

LNCaP and C4-2 SRBI-KD cells by 55% and 58% compared to negative control cells, 

respectively. SR-BI-KD C4-2 cells demonstrated significantly reduced cell viability 
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(>25%) compared the NC cells as well as an increased cholesterol synthesis 6 days post-

transfection.  

  

Conclusions. The down-regulation of SR-BI significantly impacted PSA production of 

both prostate cancer cell lines, as well as the viability of C4-2 cells in the presence and 

absence of HDL. Although corresponding changes in cholesterol and testosterone 

concentrations were not observed, the data suggest that silencing SR-BI and thereby 

reducing cholesterol influx impacts cholesterol pathways, as evidenced by a 

compensatory up-regulation of de novo cholesterol synthesis. This may affect substrate 

availability to the androgen synthesis pathway or may implicate a separate role of SR-BI 

in prostate cancer cells. 
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PREFACE 
 

 
A portion of the data and introductory information presented in the following thesis has 

been published in peer-reviewed journals. 
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 v 

TABLE OF CONTENTS 
ABSTRACT.................................................................................................................................. ii	  
PREFACE.................................................................................................................................... iv	  
TABLE OF CONTENTS............................................................................................................. v	  
LIST OF TABLES .....................................................................................................................vii	  
LIST OF FIGURES ..................................................................................................................viii	  
LIST OF ABBREVIATIONS ...................................................................................................xii	  
ACKNOWLEDGMENTS ........................................................................................................xiii	  

CHAPTER 1 INTRODUCTION .................................................................................... 1	  
1.1 OVERVIEW ......................................................................................................... 2	  
1.2 THE PROSTATE, ANDROGENS AND THE ANDROGEN RECEPTOR........ 3	  
1.3 CRPC AND DE NOVO ANDROGEN SYNTHESIS........................................... 7	  

3.3.1 CRPC EXPERIMENTAL MODELS ..........................................................................................................9	  
1.4 PROSTATE CANCER AND CHOLESTEROL ................................................ 11	  

1.4.1 DIETARY CHOLESTEROL AND PROSTATE CANCER ........................................................... 12	  
1.4.2 LIPOPROTEINS AND ANDROGEN-DEPRIVATION THERAPY........................................... 13	  

1.5 SOURCES OF CELLULAR CHOLESTEROL ................................................. 15	  
1.5.1 CHOLESTEROL SYNTHESIS ................................................................................................................. 15	  
1.5.2 METABOLISM OF INTRACELLULAR CHOLESTEROL .......................................................... 17	  
1.5.3 CHOLESTEROL TRANSPORT-EFFLUX AND INFLUX ............................................................ 19	  

1.5.3.1 ATP-BINDING CASSETTE TRANSPORTER SUBFAMILY A1 .................................... 19	  
1.5.3.2 LOW-DENSITY LIPOPROTEIN RECEPTOR ......................................................................... 20	  
1.5.3.3 SCAVENGER RECEPTOR CLASS B TYPE I ......................................................................... 21	  

1.6 CHOLESTEROL IN STEROIDOGENIC TISSUES ......................................... 23	  
1.7 NEW ANDROGEN RECEPTOR-SIGNALING THERAPIES ......................... 24	  

1.7.2 STATINS AS PROSTATE CANCER THERAPEUTICS................................................................ 27	  
1.8 OBJECTIVE ....................................................................................................... 29	  
1.9 SIGNIFICANCE OF THE RESEARCH ............................................................ 30	  
1.10 HYPOTHESIS .................................................................................................. 30	  

CHAPTER 2 AIMS ...................................................................................................... 31	  
2.1 SPECIFIC AIMS................................................................................................. 32	  
2.2 RATIONALE...................................................................................................... 33	  

CHAPTER 3 MATERIALS AND METHODS............................................................ 36	  
3.1 MATERIALS AND REAGENTS ...................................................................... 37	  

3.1.1 ANTIBODIES .................................................................................................................................................. 37	  
3.2 CELL CULTURE ............................................................................................... 38	  
3.3 PROTEIN QUANTIFICATION......................................................................... 38	  
3.4.  SIRNA TRANSFECTION PROTOCOL.......................................................... 40	  
3.5 CELL CYTOTOXICITY AND VIABILITY ..................................................... 42	  

3.5.1 LDH ASSAY .................................................................................................................................................... 42	  
3.5.2 MTS ASSAY .................................................................................................................................................... 43	  

3.6 WESTERN BLOTTING..................................................................................... 45	  
3.7 CHOLESTEROL ANALYSES .......................................................................... 46	  

3.7.1 CHOLESTEROL QUANTIFICATION .................................................................................................. 46	  
3.7.2 CHOLESTEROL SYNTHESIS (HMGCR ACTIVITY) ASSAY ................................................. 48	  

3.8 TESTOSTERONE ASSAY ................................................................................ 49	  
3.9 PROSTATE SPECIFIC ANTIGEN ASSAY ..................................................... 51	  

3.9.1 BASAL PSA AND RESPONSE TO DHT............................................................................................. 52	  
3.10 STATISTICAL ANALYSES ........................................................................... 53	  



 vi 

CHAPTER 4 RESULTS ............................................................................................... 54	  
4.1 AIM 1 EXPERIMENTS ..................................................................................... 55	  

4.1.1 PSA SECRETION IN THE PRESENCE AND ABSENCE OF DHT.......................................... 55	  
4.1.2 BASAL PROTEIN EXPRESSION........................................................................................................... 56	  

4.1.2.2  BASAL SR-BI AND HSL EXPRESSION .................................................................................. 58	  
4.2 AIM 2 EXPERIMENTS ..................................................................................... 59	  

4.2.1 SIRNA-INDUCED SILENCING OF SR-BI ......................................................................................... 59	  
4.2.2 CYTOXOCITY OF SR-BI SILENCED CELLS ................................................................................. 61	  
4.2.3 CELL VIABILITY OF SR-BI SILENCED CELLS ........................................................................... 63	  

4.3 AIM 3 EXPERIMENTS ..................................................................................... 64	  
4.3.1 CELLULAR CHOLESTEROL IN SR-BI SILENCED CELLS ..................................................... 64	  
4.3.2 PROTEIN EXPRESSION IN SR-BI SILENCED CELLS ............................................................... 67	  

4.3.2.1 INFLUX AND EFFLUX TRANSPORTERS.............................................................................. 67	  
4.3.2.2. CHOLESTEROL METABOLISM ENZYMES ........................................................................ 68	  
4.3.2.3 CHOLESTEROL SYNTHESIS- HMGCR EXPRESSION .................................................... 71	  

4.3.3 CHOLESTEROL SYNTHESIS ACTIVITY......................................................................................... 71	  
4.4 AIM 4 EXPERIMENTS ..................................................................................... 73	  

4.4.1 PSA SECRETION IN SR-BI SILENCED CELLS ............................................................................. 73	  
4.4.2 INTRACELLULAR TESTOSTERONE IN SR-BI SILENCED CELLS.................................... 76	  
4.4.3 STAR AND AR PROTEIN EXPRESSION IN SR-BI SILENCED CELLS ............................. 78	  

CHAPTER 5 DISCUSSION......................................................................................... 80	  
5.1 BASAL SR-BI IN LNCAP AND C4-2 .............................................................. 81	  
5.2 SR-BI SILENCING AFFECTS CELL VIABILITY.......................................... 84	  
5.3 SR-BI SILENCING AFFECTS CHOLESTEROL SYNTHESIS ...................... 85	  
5.4 SR-BI SILENCING-INDUCED EFFECTS ON PSA ........................................ 88	  
5.5 SR-BI MEDIATED SIGNAL TRANSDUCTION............................................. 91	  
5.6 LIMITATIONS OF CURRENT RESEARCH AND FUTURE STUDIES........ 94	  
5.7 CONCLUSIONS................................................................................................. 96	  
5.8 SIGNIFICANCE OF FINDINGS ....................................................................... 97	  

REFERENCES........................................................................................................................... 98	  
APPENDICES .......................................................................................................................... 117	  

APPENDIX A: PROTEIN CONTENT IN CELL LINES.......................................... 118	  
APPENDIX B: SIRNA METHOD DEVELOPMENT .............................................. 119	  
APPENDIX C: SIRNA METHOD DEVELOPMENT .............................................. 120	  
APPENDIX D: LIPOPROTEIN METHOD DEVELOPMENT ................................ 121	  
APPENDIX E: LDL-INDUCED VIABILITY ........................................................... 122	  
APPENDIX F: INTRACELLULAR CHOLESTEROL............................................. 123	  
APPENDIX G: CHOLESTEROL SYNTHESIS DAY 3 ........................................... 124	  
APPENDIX H: FUTURE STUDIES.......................................................................... 125	  

 

 



 vii 

LIST OF TABLES 
 

Table	  1:	  Antibody	  specifications	  used	  in	  western	  blotting	  techniques. ............................................38	  
 
 
 



 viii 

LIST OF FIGURES 
 

Figure	  1:	  Classical	  and	  backdoor	  steroidogenic	  pathways	  (Adapted	  from	  (12))............................. 8	  
	  
Figure	  2A-D:	  LNCaP	  xenograft	  ex	  vivo	  cholesterol	  synthesis	  activity	  (A),	  ACAT2	  (B)	  and	  SR-BI	  

(C)	  protein	  expression	  and	  testosterone	  (C)	  concentrations	  in	  androgen-dependent	  (AD),	  
nadir/castrate	  and	  castration-resistant	  (CRPC)	  tumour	  samples	  (adapted	  from	  (50)).	  
*,**,	  p<.05	  as	  compared	  to	  AD	  and	  Nadir,	  respectively. ................................................................17	  

	  
Figure	  3:	  	  Plasma	  membrane	  topology	  of	  Scavenger	  Receptor	  Class	  B	  Type	  I	  (103). ...................21	  
	  
Figure	  4:	  A	  typical	  BSA	  standard	  curve	  is	  shown.	  This	  standard	  curve	  plots	  absorbance	  at	  

650nm	  against	  known	  concentrations	  of	  BSA	  (μg/mL).	  The	  equation	  of	  the	  line	  is	  
determined	  and	  sample	  protein	  concentrations	  are	  extrapolated	  by	  solving	  for	  x. ..........40	  

	  
Figure	  5:	  A	  typical	  Amplex®	  Red	  cholesterol	  assay	  standard	  curve	  is	  shown.	  This	  standard	  

curve	  plots	  fluorescence	  (excitation	  of	  530	  nm	  and	  emmission	  of	  590	  nm)	  of	  known	  
concentrations	  of	  cholesterol	  (μg/mL).	  The	  equation	  of	  the	  line	  is	  determined	  and	  
sample	  cholesterol	  concentrations	  are	  determined	  by	  solving	  for	  x.......................................47	  

	  
Figure	  6:	  A	  typical	  testosterone	  standard	  curve	  is	  shown.	  This	  standard	  curve	  plots	  

absorbance	  (450	  nm-540	  nm)	  corrected	  for	  non-specific	  binding	  (NSB)	  against	  known	  
log-transformed	  testosterone	  concentrations.	  The	  equation	  of	  the	  sigmoidal	  line	  is	  
determined	  using	  4-parametric	  linear	  regression	  model. ..........................................................50	  

	  
Figure	  7:	  A	  typical	  PSA	  standard	  curve	  is	  shown.	  This	  standard	  curve	  plots	  absorbance	  at	  

450nm	  against	  known	  concentrations	  of	  PSA	  (ng/mL)	  as	  provided.	  The	  equation	  of	  the	  
line	  is	  determined	  and	  sample	  PSA	  concentrations	  are	  determined	  by	  solving	  for	  x........52	  

	  
Figure	  8:	  PSA	  secretion	  (ng/mL)	  per	  ug	  of	  protein	  in	  LNCaP	  and	  C4-2	  cells	  untreated	  (-DHT)	  

and	  treated	  (+DHT)	  with	  10nM	  DHT	  in	  5%	  CSS	  for	  72	  hours.	  Columns,	  mean	  (n=6	  for	  
LNCaP	  and	  n=12	  for	  C4-2);	  bars,	  +/-SD.	  *,	  p<.05,	  -DHT	  vs	  +DHT	  of	  each	  group,	  ⧧ ,  p<.05,	  -
DHT	  LNCaP	  vs	  –DHT	  C4-2. .......................................................................................................................56	  

	  
Figure	  9:	  Basal	  protein	  expression	  derived	  from	  Western	  blots	  of	  proteins	  involved	  in	  

cholesterol	  influx	  (SR-BI,	  LDLrec),	  efflux	  (ABC-A1),	  synthesis	  (HMGCR),	  metabolism	  
(ACAT-1,	  ACAT-2	  and	  HSL),	  transport	  into	  mitochondria	  (stAR)	  and	  the	  androgen	  
receptor	  (AR)	  in	  LNCaP	  (grey)	  and	  C4-2	  cells	  (black).	  All	  values	  are	  shown	  normalized	  to	  
expression	  in	  LNCaP	  cells.	  Columns,	  mean	  (n	  is	  specified	  below	  the	  respective	  proteins);	  
bars,	  +/-SEM.	  *,	  p<.05,	  LNCaP	  vs	  C4-2. ................................................................................................57	  

	  
Figure	  10A-D:	  Basal	  protein	  expression	  of	  SR-BI	  (A)	  and	  HSL	  (C)	  in	  LNCaP	  and	  C4-2	  cells	  

normalized	  to	  expression	  in	  LNCaP	  cells.	  Representative	  blots	  of	  each	  protein	  are	  shown	  
for	  SR-BI	  (B)	  and	  HSL	  (D)	  with	  the	  respective	  actin	  bands.	  Columns,	  mean	  (n=8	  for	  SR-BI	  
and	  n=4	  for	  HSL);	  bars,	  +/-SEM.	  *,	  p<.05............................................................................................58	  

	  
Figure	  11A-B:	  Silencing	  of	  SR-BI	  protein	  expression	  in	  C4-2	  (A)	  and	  LNCaP	  (B)	  cells	  at	  Day	  1,	  3	  

and	  6	  post-transfection	  with	  negative	  control	  (NC)	  and	  SR-BI	  (SRBI-KD)	  siRNA.	  Data	  is	  
shown	  as	  the	  fold	  change	  in	  SR-BI	  expression	  from	  the	  expression	  in	  a	  pre-transfection	  
control	  for	  each	  cell	  type.	  NC	  was	  not	  significantly	  different	  than	  Blank	  (not	  shown).	  
Inset	  diagrams	  demonstrate	  representative	  blots	  analyzed	  in	  each	  cell	  type.	  Columns,	  
mean	  (n=6);	  bars,	  +/-SEM.	  *,	  p<.05,	  NC	  versus	  SRBI-KD...............................................................60	  

	  



 ix 

Figure	  12A-B:	  Cell	  cytotoxicity	  is	  demonstrated	  as	  %	  cytotoxicity	  based	  on	  a	  100%	  cytotoxic	  
control,	  representing	  the	  amount	  of	  LDH	  in	  the	  media	  of	  C4-2	  (A)	  and	  LNCaP	  (B)	  cells	  
treated	  with	  SR-BI	  siRNA	  (SRBI-KD,	  black	  bars)	  and	  a	  negative	  control	  siRNA	  (NC,	  grey	  
bars)	  at	  Day	  1,	  3	  and	  6	  post-transfection.	  Values	  are	  controlled	  for	  day	  0	  cytotoxicity.	  
Columns,	  mean	  (n=5);	  bars,	  +/-SEM....................................................................................................62	  

	  
Figure	  13A-D:	  Cell	  viability	  is	  demonstrated	  as	  fold	  change	  in	  viability	  from	  the	  pre-

transfection	  (Day	  0)	  control	  in	  C4-2	  (A)	  and	  LNCaP	  (B)	  cells	  treated	  with	  SR-BI	  siRNA	  
(SRBI-KD,	  black	  columns),	  a	  negative	  control	  siRNA	  (NC,	  grey	  columns)	  at	  Day	  1,	  3	  and	  6	  
post-transfection.	  C&D:	  Measures	  were	  taken	  24hrs	  after	  the	  addition	  of	  10ug/mL	  HDL	  
(+HDL)	  which	  was	  added	  immediately	  post-transfection	  on	  Day	  0	  to	  NC	  (grey	  columns)	  
and	  SRBI-KD	  (black	  columns)	  cells.	  Columns,	  mean	  (n=6	  for	  A/B,	  n=3	  for	  C/D);	  bars,	  +/-
SEM.	  *,	  p<.05,	  SRBI-KD	  vs	  NC	  (A/B)	  and	  NC+HDL	  vs	  NC	  (C). ........................................................64	  

	  
Figure	  14A-D:	  Total	  cholesterol	  is	  shown	  as	  μg	  cholesterol	  per	  μg	  protein	  in	  whole	  cell	  lysates	  

of	  C4-2	  (A)	  and	  LNCaP	  (B)	  cells	  treated	  with	  SR-BI	  siRNA	  (SRBI-KD,	  black	  triangles)	  and	  
negative	  control	  (NC,	  grey	  boxes)	  siRNA	  at	  Day	  0	  (pre-transfection)	  and	  Day	  1,	  3	  and	  6	  
post-transfection.	  Free	  cholesterol	  (FC,	  dotted	  lines)	  and	  cholesteryl	  ester	  (CE,	  broken	  
lines)	  concentration	  (μg	  FC	  or	  CE/μg	  of	  protein)	  is	  shown	  in	  C4-2	  (C)	  and	  LNCaP	  (D)	  cells.	  
Curve,	  mean	  (n=5);	  error	  bars,	  +/-SEM..............................................................................................66	  

	  
Figure	  15A-D:	  Expression	  of	  LDLrec	  in	  C4-2	  (A)	  and	  LNCaP	  (B)	  cells	  at	  Day	  1,	  3	  and	  6	  post-

transfection	  with	  negative	  control	  (NC)	  and	  SR-BI	  (SRBI-KD)	  siRNA.	  Expression	  of	  ABC-
A1	  is	  shown	  in	  C4-2	  (C)	  and	  LNCaP	  (D)	  cells.	  Data	  is	  shown	  as	  the	  fold	  change	  in	  LDLrec	  
and	  ABC-A1	  expression	  from	  the	  respective	  protein	  expression	  in	  a	  pre-transfection	  
control	  for	  each	  cell	  type.	  Inset	  diagrams	  demonstrate	  representative	  blots	  analyzed	  in	  
each	  cell	  type.	  Columns,	  mean	  (n=6	  for	  LDLrec	  and	  n=5	  for	  ABC-A1);	  bars,	  +/-SEM..........68	  

	  
Figure	  16A-F:	  Expression	  of	  ACAT-1	  and	  ACAT-2	  in	  C4-2	  (A,C)	  and	  LNCaP	  (B,D)	  cells	  at	  Day	  1,	  3	  

and	  6	  post-transfection	  with	  negative	  control	  (NC)	  and	  SR-BI	  (SRBI-KD)	  siRNA.	  
Expression	  of	  HSL	  is	  shown	  in	  C4-2	  (E)	  and	  LNCaP	  (F)	  cells.	  Data	  is	  shown	  as	  the	  fold	  
change	  in	  ACAT-1,	  ACAT-2	  and	  HSL	  expression	  from	  the	  respective	  protein	  expression	  in	  
a	  pre-transfection	  control	  for	  each	  cell	  type.	  Inset	  diagrams	  demonstrate	  representative	  
blots	  analyzed	  in	  each	  cell	  type.	  Columns,	  mean	  (n=6;	  ACAT-1/2	  and	  n=4;	  HSL);	  bars,	  +/-
SEM.	  *,	  p<.05.	  NC	  versus	  SRBI-KD. ........................................................................................................70	  

	  
Figure	  17A-B:	  Expression	  of	  HMGCR	  in	  C4-2	  (A)	  and	  LNCaP	  (B)	  cells	  at	  Day	  1,	  3	  and	  6	  post-

transfection	  with	  negative	  control	  (NC)	  and	  SR-BI	  (SRBI-KD)	  siRNA.	  Data	  is	  shown	  as	  the	  
fold	  change	  in	  HMGCR	  expression	  from	  the	  expression	  in	  a	  pre-transfection	  control	  for	  
each	  cell	  type.	  Inset	  diagrams	  demonstrate	  representative	  blots	  analyzed	  in	  each	  cell	  
type.	  Columns,	  mean	  (n=5);	  bars,	  +/-SEM. ........................................................................................71	  

	  
Figure	  18:	  Cholesterol	  synthesis	  was	  measured	  by	  following	  the	  incorporation	  of	  14C-acetate	  

into	  cellular	  cholesterol	  as	  measured	  by	  scintillation	  counting	  after	  separation	  by	  thin	  
layer	  chromatography	  in	  C4-2	  and	  LNCaP	  cells	  at	  Day	  0	  (white	  columns)	  and	  Day	  6	  post-
transfection	  with	  negative	  control	  siRNA	  (NC,	  grey	  columns)	  and	  SR-BI	  siRNA	  (SRBI-KD,	  
black	  columns).	  All	  values	  are	  corrected	  by	  3H-cholesterol	  control	  counts	  (dpm)	  and	  by	  
ug	  of	  protein	  in	  a	  given	  sample.	  Columns,	  mean	  (n=3);	  bars,	  +/-	  SEM.	  *,	  p<.05	  Day	  6	  NC	  vs	  
Day	  6	  SRBI-KD.............................................................................................................................................73	  

	  
Figure	  19A-B:	  PSA	  secretion	  is	  demonstrated	  as	  concentration	  in	  the	  media	  of	  C4-2	  (A)	  and	  

LNCaP	  (B)	  cells	  treated	  with	  SR-BI	  siRNA	  (SRBI-KD,	  black	  triangles),	  a	  negative	  control	  
siRNA	  (NC,	  grey	  squares)	  at	  Day	  0	  (pre-transfection)	  and	  Day	  1,	  3	  and	  6	  post-
transfection.	  Values	  were	  adjusted	  for	  the	  amount	  of	  protein	  in	  the	  respective	  samples.	  
Curve,	  mean	  (n=5);	  bars,	  +/-SEM.	  *,	  p<.05	  Day	  6	  NC	  versus	  Day	  6	  SRBI-KD. .........................75	  



 x 

Figure	  20A-B:	  Intracellular	  testosterone	  concentration	  (ηg/mL)	  is	  shown	  in	  C4-2	  (A)	  and	  
LNCaP	  (B)	  cells	  treated	  with	  SRBI	  siRNA	  (SRBI-KD,	  black	  triangles)	  and	  a	  negative	  
control	  siRNA	  (NC,	  grey	  squares)	  at	  Day	  0	  (pre-transfection)	  and	  Day	  1,	  3	  and	  6	  post-
transfection.	  Values	  were	  adjusted	  for	  the	  amount	  of	  protein	  (μg)	  in	  the	  respective	  
samples.	  Curve,	  mean	  (n=5);	  bars,	  +/-SEM.	  *,	  p<.05	  Day	  3	  NC	  versus	  Day	  3	  SRBI-KD........77	  

	  
Figure	  21A-D:	  Expression	  of	  stAR	  in	  C4-2	  (A)	  and	  LNCaP	  (B)	  cells	  at	  Day	  1,	  3	  and	  6	  post-

transfection	  with	  negative	  control	  (NC)	  and	  SR-BI	  (SRBI-KD)	  siRNA.	  Expression	  of	  AR	  is	  
shown	  in	  C4-2	  (C)	  and	  LNCaP	  (D)	  cells.	  Data	  is	  shown	  as	  the	  fold	  change	  of	  stAR	  and	  AR	  
expression	  from	  the	  respective	  protein	  expression	  in	  a	  pre-transfection	  control	  for	  each	  
cell	  type.	  Inset	  diagrams	  demonstrate	  representative	  blots	  analyzed	  in	  each	  cell	  type.	  
Columns,	  mean	  (n=3	  for	  stAR	  and	  n=6	  for	  AR);	  bars,	  +/-SEM. ...................................................79	  

	  
Figure	  22:	  Diagram	  of	  cellular	  cholesterol	  ()	  pathways-	  synthesis,	  metabolism,	  influx	  and	  

efflux.	  Cholesterol	  moves	  to	  mitchondria	  where	  stAR	  initiates	  androgen	  synthesis	  by	  
shuttling	  cholesterol	  into	  the	  intermitochondrial	  space.	  Androgens	  (T)	  bind	  to	  the	  AR	  
and	  cause	  gene	  transcription	  (Adapted	  from	  (156)). ...................................................................82	  

	  
Figure	  23:	  A	  depiction	  of	  one	  possible	  SR-BI-mediated	  effect	  on	  cell	  signaling	  pathways.	  Src	  is	  

activated	  by	  SR-BI	  thereby	  eliciting	  downstream	  phosphorylation	  and	  consequent	  
activation	  of	  ERK1/2	  and	  Akt	  which	  then	  induce	  cellular	  events	  (adapted	  from	  (188)). 93	  

	  
Figure	  A:	  Picograms	  of	  protein	  per	  cell;	  LNCaP	  (grey	  column)	  and	  C4-2	  (black	  column).	  

Columns,	  mean	  (n=3);	  bars,	  +/-	  SEM................................................................................................ 118	  
	  
Figure	  B.	  A-D:	  Cell	  cytotoxicity	  is	  displayed	  in	  C4-2	  (A)	  and	  LNCaP	  (B)	  cells	  treated	  with	  1	  and	  

10nM	  final	  concentration	  of	  negative	  control	  (NC,	  grey	  columns)	  and	  SR-BI	  (SRBI-KD,	  
black	  columns)	  siRNA	  with	  1-7.5uL	  of	  RNAiMax;	  a	  cationic	  delivery	  system.	  Values	  are	  
expressed	  as	  fold	  change	  in	  LDH	  release	  (cytotoxicity)	  from	  an	  untreated	  control	  group.	  
The	  lowest	  cytotoxic	  dose	  with	  the	  least	  difference	  between	  NC	  and	  SRBI-KD	  (1	  or10nM	  
siRNA	  +	  2.5	  or	  5.0uL	  RNAiMax)	  groups	  were	  tested	  using	  western	  blots	  for	  the	  most	  
efficient	  and	  persistent	  reduction	  in	  SR-BI	  expression.	  The	  optimal	  dose	  of	  10nM	  final	  
concentration	  of	  siRNA	  with	  5.0uL	  of	  RNAiMax	  was	  chosen.	  In	  addition,	  25nM	  and	  50nM	  
siRNA	  with	  a	  different	  cationic	  delivery	  system	  (Lipofectamine®	  2000)	  were	  tested	  but	  
are	  not	  shown	  here	  because	  they	  were	  quickly	  ruled	  out	  due	  to	  lack	  of	  expression	  
changes	  and	  significant	  toxicity......................................................................................................... 119	  

	  
Figure	  C.	  A-B:	  Cell	  viability	  of	  cells	  grown	  in	  5%	  CSS	  as	  opposed	  to	  1%FBS	  is	  demonstrated	  as	  

fold	  change	  in	  viability	  from	  the	  pre-transfection	  (Day	  0)	  control	  in	  C4-2	  (A)	  and	  LNCaP	  
(B)	  cells	  treated	  with	  SR-BI	  siRNA	  (SRBI-KD,	  black	  columns),	  a	  negative	  control	  siRNA	  
(NC,	  grey	  columns)	  at	  Day	  1,	  3	  and	  6	  post-transfection.	  Columns,	  mean	  (n=2);	  bars,	  +/-
SEM. ............................................................................................................................................................. 120	  

	  
Figure	  D.	  A-D:	  Cell	  viability	  of	  LNCaP	  and	  C4-2	  cells	  in	  response	  to	  increasing	  doses	  of	  HDL	  (A,	  

C4-2	  and	  B,	  LNCaP)	  and	  LDL	  (C,	  C4-2	  and	  D,	  LNCaP)	  is	  demonstrated	  as	  fold	  change	  from	  
untreated	  controls	  (Blank).	  Measures	  were	  taken	  using	  an	  MTS	  assay	  24hrs	  after	  the	  
addition	  of	  0-50μg/mL	  HDL	  or	  0-31.3μg/mL	  LDL.	  Columns,	  mean	  (n=3);	  bars,	  +/-SEM.121	  

	  
Figure	  E.	  A-B:	  Cell	  viability	  is	  demonstrated	  as	  fold	  change	  from	  Day	  0	  (white	  column)	  in	  C4-2	  

(A)	  and	  LNCaP	  (B)	  cells	  as	  above.	  Measures	  were	  taken	  24hrs	  after	  	  the	  addition	  of	  
6.25ug	  LDL	  (+LDL)	  which	  was	  added	  immediately	  post-transfection	  to	  NC	  (grey	  columns)	  
and	  SRBI-KD	  (black	  columns)	  cells.	  Columns,	  mean	  (n=3);	  bars,	  +/-SEM........................... 122	  

	  
Figure	  F.	  A-D:	  Total	  cholesterol	  is	  shown	  as	  μg	  cholesterol	  per	  μg	  protein	  in	  intracellular	  

samples	  of	  C4-2	  (A)	  and	  LNCaP	  (B)	  cells	  treated	  with	  SR-BI	  siRNA	  (SRBI-KD,	  black	  



 xi 

triangles)	  and	  negative	  control	  (NC,	  grey	  boxes)	  siRNA	  at	  Day	  0	  (pre-transfection)	  and	  
Day	  1,	  3	  and	  6	  post-transfection.	  Free	  cholesterol	  (FC,	  dotted	  lines)	  and	  cholestseryl	  
ester	  (CE,	  broken	  lines)	  concentration	  (μg	  FC	  or	  CE/μg	  of	  protein)	  is	  shown	  in	  C4-2	  (C)	  
and	  LNCaP	  (D)	  cells.	  Curve,	  mean	  (n=3);	  error	  bars,	  +/-SD. .................................................... 123	  

	  
Figure	  G.	  Cholesterol	  synthesis	  was	  measured	  by	  following	  the	  incorporation	  of	  14C-acetate	  

into	  cellular	  cholesterol	  as	  measured	  by	  scintillation	  counting	  after	  separation	  by	  thin	  
layer	  chromatography	  in	  C4-2	  at	  Day	  0	  (light	  grey	  column)	  and	  Day	  3	  and	  6	  post-
transfection	  with	  negative	  control	  siRNA	  (NC,	  grey	  columns)	  and	  SR-BI	  siRNA	  (SRBI-KD,	  
black	  columns).	  All	  values	  are	  corrected	  by	  3H-cholesterol	  control	  counts	  (dpm)	  and	  the	  
amount	  of	  protein	  in	  each	  sample	  well	  (ug).	  Columns,	  mean	  (n=3);	  bars,	  +/-	  SEM.	  *,	  p<.05	  
Day	  6	  SRBI-KD	  vs	  Day	  6	  NC. ................................................................................................................. 124	  

	  
Figure	  H.	  A-C:	  Depicted	  in	  this	  figure	  is	  SR-BI	  expression	  (A),	  cell	  viability	  (B)	  and	  PSA	  

secretion	  (C)	  results	  from	  a	  2-dose	  siRNA	  protocol	  in	  C4-2	  cells.	  Cells	  were	  treated	  with	  
10nM	  NC	  and	  SR-BI	  siRNA	  for	  5	  hours	  and	  then	  again,	  24	  hours	  following	  the	  first	  
transfection.	  Western	  blot,	  MTS	  and	  PSA	  assays	  were	  completed	  1,	  3	  and	  6	  days	  after	  the	  
2nd	  transfection.	  The	  expression	  data	  shows	  an	  improved	  silencing	  at	  Day	  1	  (SRBI-KD	  
cells),	  a	  greater	  reduction	  in	  cell	  viability	  at	  Day	  6	  (SRBI-KD)	  and	  similar	  PSA	  secretion	  
as	  compared	  to	  the	  single	  dose	  protocol.	  Columns/curves,	  mean	  (n=1)............................. 125	  

 
	  



 xii 

LIST OF ABBREVIATIONS 
 

ABC-A1  ATP-binding cassette transporter-subfamily A1 

ACAT  Acyl-Coenzyme A:cholesterol acyltransferase 

AR   Androgen Receptor 

C4-2   LNCaP-derived castration-resistant cell line 

CaP  Prostate Cancer 

CEs  Cholesteryl esters 

CRPC  Castration-resistant prostate cancer 

DHT  Dihydrotestosterone 

HDL  High-density lipoprotein 

HMGCR  3-hydroxy-3-methylglutaryl-Coenzyme A reductase 

HSL  Hormone sensitive lipase 

LDL  Low-density lipoprotein  

LDLrec Low-density lipoprotein receptor 

LNCaP  Lymph node metastatic prostate adenocarcinoma cell-line, androgen-

dependent 

NC  Negative control siRNA transfected cells 

SR-BI  Scavenger receptor Class B Type I 

SRBI-KD SR-BI siRNA transfected cells 

stAR  Steroidogenic acute regulatory protein 



 xiii 

ACKNOWLEDGMENTS 
 

 

I would like to thank Dr. Kishor Wasan, my supervisor, for his invaluable advice, critical 

scientific eye and constant encouragement and patience throughout my degree. Also, 

thank you Dr. Wasan for your contagious enthusiasm for science which has made for a 

wonderful learning environment that fostered my own scientific exploration. 

 

I would also like to thank my committee members, Dr. Michael Cox, Dr. John Hill, Dr. 

Marc Levine and Dr. Larry Lynd for the incredible input and support provided over the 

course of this project.  

 

I would also like to acknowledge Dr. Carlos Leon for his guidance and technical support 

from the onset of this work.  

 

Finally, I would very much like to thank my lab members past and present; Kris, Steve, 

Sheila, Jackie, Jo-Ann, Jenny, Pavel, Olena, Fady and Jin-Ying, for their help trouble-

shooting and all the wonderful advice they have provided.   

 

I would like to acknowledge the Canadian Institute for Health Research for their financial 

support. 



 1 

 

 

 

CHAPTER 1 INTRODUCTION 



 2 

1.1 OVERVIEW 

 
 Prostate cancer (CaP) is the most frequently diagnosed cancer among North 

American men as well as the third leading cause of cancer-related deaths in the same 

cohort (1,2). In Canada in 2011, an estimated 25,500 men will be diagnosed and 4,100 

will die of CaP (3). Unfortunately, it is thought that incidence rates will continue to rise 

in the coming years due to the aging baby boomer population (1,4). In addition to being 

older than 65, it appears that a familial history, African heritage, obesity, diet and 

lifestyle may put an individual at higher risk of having CaP (5). The only viable treatment 

option for prostate cancer that has metastasized beyond the confines of the prostate is 

androgen deprivation therapy (ADT). This treatment serves to cut-off androgen sources 

in the body, namely the testes (6) and is carried out through chemical or surgical 

castration of the testes-the major sources of androgens in males. The premise of this 

androgen depletion is to remove the principal driving force behind growth, proliferation 

and differentiation in the prostate; androgens. Although this treatment is initially very 

successful and leads to tumour regression, more than 80% of these cancers will re-emerge 

(7). Unfortunately, the cancer that recurs is more aggressive, evasive and deadly, likely 

due to the clonal selection and adaptive responses that occur in the low androgen 

environment (6). Consequently, this form of CaP does not respond to hormone therapy, 

resulting in a very negative prognosis (6). This recurrent form of CaP has been termed 

androgen-independent, hormone-refractory and androgen-insensitive, among others. 

Recently, the term most universally used term is castration-resistant prostate cancer 

(CRPC). CRPC is the preferred term by our group and others, as it reflects the knowledge 

that the re-emergent CaP is not independent of androgens or their influence, as was once 
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believed.  

 

 The recurrence of CaP in the castration-resistant form arises due to an array of 

interrelated and complex molecular changes, many of which remain incompletely 

understood (6,8).  In the last few decades, extensive research has been directed toward 

elucidation of these mechanisms. As a result, a number of pathogenic pathways have 

been proposed. Interestingly, many involve the persistence or re-emergence of androgens, 

the androgen receptor (AR) and androgen-regulated genes in the progression to CRPC 

(6). This continued reliance on the androgen receptor warrants a more in depth look at 

targeting this signaling axis in CRPC.  

 

1.2 THE PROSTATE, ANDROGENS AND THE ANDROGEN RECEPTOR  

 

 The prostate is an exocrine gland in the male reproductive system. It is situated 

inferior to the bladder, anterior to the rectum and it encircles a distal portion of the 

urethra. The main function of the prostate is the production and secretion of an alkaline 

fluid into the seminal mixture so as to neutralize the acidity encountered by sperm in the 

vaginal tract. The prostate is composed of four histologically distinct zones: the 

peripheral, central, transitional and anterior fibromuscular. The peripheral zone is the 

largest and most frequent location affected by CaP; CaP that is associated with greater 

biological aggressiveness and thus a greater likelihood of dissemination (9). 

 

 The normal growth, development and secretory function of the prostate, as well as 
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many other sex-related characteristics are controlled by androgens, including testosterone 

and dihydrotestosterone (DHT), which are a subclass of steroid hormones (10). Similarly, 

androgens have been implicated in the growth and proliferation of CaP, a discovery that 

earned Charles Huggins the 1966 Nobel Prize (11). Huggins found that in dogs with 

advanced metastatic CaP that treatment with castration or addition of estrogens caused a 

regression of tumour growth. It is because of these initial experiments that therapeutic 

intervention has largely been directed towards removal of androgen sources.  

 Androgens are primarily synthesized by the Leydig cells of the testes through a 

series of enzymatic bioconversions from a common precursor, cholesterol (Figure 1-

adapted from (12)). The cells of the zona reticularis in the adrenal gland also produces a 

small amount of testosterone, in addition to the androgen precursors, 

dehydroepiandrosterone (DHEA) and androstenedione (AED), that can be converted into 

testosterone in other tissues. These biosynthetic pathways all begin with cholesterol, 

therefore all steroid hormones share a similar cyclopentanophenanthrene 4-ring structure 

with varying modifications (13). The androgen synthesis pathway is initiated in the 

mitochondria of steroidogenic cells (14,15). In order for steroidogenesis to occur, 

cholesterol must be moved across the mitochondrial membrane into the mitochondrial 

matrix; the location of steroidogenic enzymes. The transport of cholesterol from the outer 

mitochondrial membrane to the inner mitochondrial membrane is facilitated by 

steroidogenic acute regulatory protein (stAR) (16,17). Once in the mitochondrial space, 

cholesterol is transformed by CYP11A1, also called P450 side-chain cleavage enzyme or 

desmolase, into the steroid precursor pregnenolone (18). CYP11A1 has been deemed the 

determinant enzyme for steroidogenic potential, as it is the first and rate-limiting step in 
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steroid synthesis (13,19). The androgen synthesis process is similar in all steroidogenic 

tissues, with some tissue-specific variations, but essentially pregnenolone continues along 

the classical pathway through a number of enzymatic steps terminating mainly in 

testosterone (Figure 1).  

 

 Once synthesized, androgens exert their effects on the prostate and in CaP by 

binding to the androgen receptor (AR), a ligand-activated nuclear receptor (10). The AR 

is expressed in many different human tissues. The main androgens involved in AR 

binding are testosterone and DHT. DHT is a more potent androgen that is the product of 

testosterone reduction facilitated by the action of two isoforms of steroid 5-α reductase, 

SRD5A1 and 5A2 (18). These enzymes are highly active in prostatic cells making their 

reaction product, DHT, the predominant androgen in the prostate (20). Androgens bind to 

the AR in the cytosol, where it is generally found linked to a large group of stabilizing 

protein chaperones, including a large heat shock protein (HSP) complex (21). The 

binding of DHT to AR stimulates release of the large HSP chaperone complex after 

which the DHT-AR unit homodimerizes with an additional DHT-AR complex. The 

homodimer then translocates to the nucleus where it can interact with androgen response 

elements and thereby, initiate transcription of multiple target genes involved in cell 

growth, proliferation and survival (10,22). One such target gene is prostate specific 

antigen (PSA), which is a serine protease whose function is to solubilize seminal fluid. 

PSA is used as a biomarker for CaP screening and progression and serves as a valuable 

indicator of response to androgens in experimental models, as discussed in the next 

section (23). Although there is considerable debate with regard to the utility of PSA in the 
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diagnosis of CaP, it is thought to be the most useful non-invasive screening tool for early 

detection of CaP.   

 

 Hormone therapy is the first-line therapy for disseminated CaP that has spread 

beyond the confines of the prostate. The most commonly used ADT is chemical 

castration which targets the androgen-AR signaling pathway discussed above. Chemical 

castration acts on the leutinizing hormone-releasing hormone (LHRH) in the 

hypothalamus, subsequently affecting the release of leutinizing hormone (LH) and 

follicular stimulating hormone (FSH) from the pituitary. LH and FSH are the responsible 

for stimulating androgen production in the testes. This feedback loop was first described 

by Schally and Guillemin winning them the 1977 Nobel prize in medicine and was 

termed the hypothalamic-pituitary-gonadal axis (24). LHRH agonists such as Lupron® or 

Zoladex®, are given at low levels causing an initial up-regulation of androgen 

production, termed a ‘flare’ due to compensatory measures in the negative androgen 

feedback loop (25). This is followed by a regression in androgen production, which may 

take up to one month to take effect. Thus, there is an intermediary period in this treatment 

process in which circulating androgens are high and often an additional therapy to 

counteract the androgen flare effect is necessary generally by administering either anti-

androgens or AR-antagonists, such as Casodex®. The combination of castration with 

anti-androgen treatment is termed maximal androgen blockade (26). Although this 

treatment elicits significant tumour regression, it seems that CaP, in time, will recur as 

CRPC.  
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1.3 CRPC AND DE NOVO ANDROGEN SYNTHESIS 

 

 The importance of androgens and the AR in the development of CaP was 

discovered in the middle of the twentieth century when it was observed that removal of 

androgens decreased AR activity and expression, resulting in subsequent regression of 

tumors (11). In the last decade, this same relationship between androgens and the AR has 

been shown to remain important in the progression to and survival of CRPC. As 

mentioned previously, CRPC cells have the ability to synthesize androgens de novo 

(6,27-29). This has been demonstrated by following radiolabelled precursors, including 

acetic acid, through the androgen synthesis pathway within ex vivo CRPC tumors. 

Additionally, a number of groups have found that CRPC tumors not only possess the 

necessary steroidogenic enzymes for intracellular androgen creation, but also, have 

detected alterations in the expression of genes encoding many of these enzymes (27,29). 

These alterations included an up-regulated mRNA of CYP17A1, HSD3B1, HSD3B2 (3β-

Hydroxy steroid dehydrogenase 1 and 2), AKR1C1, AKR1C3 (aldo-keto reductase 1C1 

and 3) and SRD5A1 (steroid 5α -reductase type 1) (Figure 1). CYP17A1 acts to modify 

pregnenolone and progesterone, while HSD3B1 and 2 convert pregnenolone to 

progesterone. AKR1C1 and 3 catalyze the biosynthetic steps from androstenedione to 

testosterone and SRD5A1 converts progesterone to pregnan-3,20-dione. In addition, 

some of these enzymes are part of the backdoor pathway that diverts reactants from the 

classical pathway and facilitates creation of DHT without the requirement of testosterone 

as a direct precursor (27-30).   
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Figure 1: Classical and backdoor steroidogenic pathways (Adapted from (12)).   
 

 These findings are relevant because it was accepted for years that recurrent tumors 

were surviving in a virtually androgen-null environment as reflected by measures taken 

from the serum. Despite castrate androgen levels in the circulation, concentrations within 

tumours persist, likely due to de novo synthesis or conversion of adrenal precursors, in 

levels sufficient to activate the AR (27,31-37). Testosterone levels within metastases of 

castrated men have been documented at three times higher than the levels within primary 

tumors of eugonadal men (28). Similarly, intraprostatic DHT in castrated men was found 

to be reduced by only 20% compared to untreated men (37). Furthermore, it was 
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demonstrated through the use of short-hairpin RNA, that knockdown of the AR and thus, 

inhibition of the androgen-AR pathway, results in lack of tumor progression after 

castration and even regression of growth in the CRPC cell line, C4-2 (35,38). These 

findings indicate that the AR still requires ligand binding in order to exert its 

transcriptional effect on growth, proliferation, and survival of CRPC cells. Some recent 

studies suggest that this ligand is provided by residual sources of androgen in the body, 

namely the adrenal glands, rather than via de novo androgen synthesis within the tumor 

cells. This was based on the finding that DHEA and androstenedione levels also seem to 

persist intratumorally in castrated men (37). Also, the enzymes converting testosterone to 

DHT- SRD5A1 and 2, and DHEA to androstenedione- HSD3B1 and 2, were upregulated 

to a greater extent than other enzymes in the synthesis pathway (39,40). However, it has 

also been demonstrated that an adrenalectomy paired with ADT does not limit CaP 

progression, suggesting limited involvement of adrenal precursors (41,42). Regardless of 

the source, intratumoral de novo androgen synthesis or adrenal precursor conversion, it is 

apparent that the biologically relevant levels present after castration are likely 

contributing to the survival and progression of CRPC tumors. Therefore, investigating the 

source of the upstream precursor cholesterol for the generation of androgens in a castrate 

environment may be therapeutically relevant.   

 

3.3.1 CRPC EXPERIMENTAL MODELS 
 

 In order to study these mechanisms effectively, it is important to have a reliable 

experimental model. Cell lines have been cultured from different human CaP samples in 
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order to capture different stages of the disease for study in vitro. These include the 

commonly used androgen-sensitive CaP cell line derived from lymph node metastases, 

LNCaP, as well as a lineage-derived second generation subline of LNCaP cells, C4-

2(43). LNCaP cells are androgen receptor positive for both mRNA and protein. These 

cells also possess a mutation in the phosphatase and tensin homolog (PTEN) gene- a 

common tumour suppressor. C4-2 cells were derived by subcutaneous co-inoculation of 

LNCaP and a human osteosarcoma cell line twice over in castrated mice thus producing a 

castration-resistant cell line. The generation of a subline of LNCaP and an osteosarcoma 

cell line reflects not only the proclivity of CaP to metastasize to bone, but also the 

influence that the bone stromal environment can exert on progression to androgen-

independence (44). The LNCaP and C4-2 cell lines also have a T877A mutation in the 

AR that results from a threonine replaced by an alanine at residue 877. In addition, the 

castration-resistant cell lines PC-3, derived from bone metastases and DU145 derived 

from brain metastases, both AR negative and are, along with LNCaP, three of the first 

and most commonly used CaP cell lines. DuCaP and VCaP were derived from the same 

patient taken from dura mater and vertebral metastases, respectively; both express a wild 

type AR (43,45-47). The cell lines implemented in the study of CaP are often selected 

based on their unique characteristics. 

 

An animal model that has been developed to allow for study of CaP as it 

progresses from androgen-dependence to castration-resistance is the murine prostate 

xenograft model (48). The most widely used xenograft model is the LNCaP xenograft 

model. LNCaP cells are inoculated subcutaneously in severe combined immunodeficient 



 11 

(SCID) mice and tumor growth in the normal androgen environment, termed androgen-

dependent tumors (AD), is permitted until a predetermined tumor volume is attained. 

This tumor growth is marked by a continuous rise in PSA levels. At this point, the mice 

are castrated and a consequent fall in PSA levels is observed. The tumors are considered 

to be nadir when PSA drops to basal levels. Any surviving tumor cells in the mice tend to 

have a recurrence in growth after approximately six weeks. Again, this tumor growth is 

marked by a rebound in PSA levels, at which point the tumors are called castration-

resistant CaP (CRPC) (48). The LNCaP xenograft model was used by our group to 

examine certain points in cholesterol regulation between the different stages of disease. 

The findings of which, will be discussed in the following sections have provided much of 

the impetus for this project (49-52).  

 

1.4 PROSTATE CANCER AND CHOLESTEROL 

 Cholesterol is an essential molecule that has been studied extensively since it was 

discovered over two centuries ago. Due to its presence in all the cells of the body, 

cholesterol predictably has many important biological roles, including maintenance of 

membrane structure, signal transduction and provision of precursor to bile and androgen 

synthesis (53). Consequently, cholesterol has been implicated in the pathogenesis of 

many disease states, most notably cardiovascular disease, but also in many forms of 

cancer, including CaP (54). Focus has been directed towards cholesterol in CaP for more 

than fifty years following the findings of increased cholesterol content in prostatic 

adenomas in 1942 (54,55). This cholesterol accumulation is thought to be due to 

dysregulation of the complex pathways of cholesterol homeostasis. Cancer is 
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characterized by a rapid and unregulated proliferation of cells. It has been proposed that 

the increased levels of cholesterol in CaP may support cell proliferation by contributing 

cholesterol for membrane composition and signal transduction (56,57). In addition, we 

propose that cholesterol dysregulation may also provide precursor for de novo synthesis 

of androgens that stimulate cell division within castration-resistant tumors.  

 

 Cholesterol is obtained by humans from two major sources- from the diet and from 

de novo synthesis within the cells of the body, namely liver cells (53). Cholesterol in the 

circulation from either source is contained in soluble packages called lipoproteins. 

Lipoproteins, in general, consist of a neutral core of lipids surrounded by a monolayer of 

polarized phospholipids, often with proteins on the surface called apoproteins (58). The 

size and density of particles is variable, from the large and triglyceride-rich chylomicrons 

to the smaller high-density lipoproteins (HDL) (58). Lipoproteins are predominantly 

formed in the liver and the intestine and are then released into the circulation where they 

undergo further enzymatic transformations, as well as interacting with lipoprotein 

transporters that facilitate uptake of lipid contents. The most predominant lipoproteins in 

the circulation are low-density lipoproteins (LDL) and HDL. Both HDL and LDL contain 

high amounts of cholesterol and cholesteryl esters (58).  

 

1.4.1 DIETARY CHOLESTEROL AND PROSTATE CANCER 
 
 The first source of cholesterol for humans is through dietary consumption. 

Although one cannot ingest enough food to support the daily cholesterol requirement in 

the body, meats and dairy provide a significant amount of cholesterol. Many 
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epidemiological studies over the years have examined dietary cholesterol consumption 

and its link to CaP incidence. This research focus was stimulated by the finding that 

obesity and the characteristics associated with obesity, including the high fat and high 

calorie diet of the Western world, have been linked to many cancers, including CaP (59-

61). In addition to being correlated with the overall incidence of CaP, the Western diet 

has also been linked to metastatic progression of CaP (62-65). One particular study 

associated serum cholesterol levels with grade of cancer and found that men with higher 

cholesterol (>240 mg/dl) were more likely than men with desirable (<200 mg/dL) or 

borderline levels (200-240 mg/dL) to develop high-grade or rapidly-growing metastatic 

CaP (66). This finding was particularly prominent among men with higher body mass 

index. However, many other studies correlating serum cholesterol and CaP incidence 

have demonstrated the opposite finding (67-70), indicating a need to perhaps look 

directly at tumor cholesterol levels which may not be reflective of serum levels. A few 

recent studies in a xenograft model demonstrate interesting results with dietary variation. 

Using the androgen-dependent, LNCaP and the castration-resistant brain metastases-

derived, DU145, to grow tumor xenografts in mice, data indicate that a diet with 

increased fat content induces proliferation and growth of the tumors, while inducing 

cholesterol accumulation in these tumors (51,52). However, the exact relationship 

between cholesterol, tumor growth and CaP incidence has yet to be fully elucidated.  

1.4.2 LIPOPROTEINS AND ANDROGEN-DEPRIVATION THERAPY  
 

 Interestingly, due to the intricate relationship between androgen and cholesterol, the 

anabolic action of androgens consequently can impact overall fat mass and lipid profile 
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(71,72). Thus, the effects caused by androgen-deprivation therapy in men have been the 

topic of significant study. This research has mostly been aimed to elucidate atherogenic 

consequences during and post-therapy. However, these effects are also relevant when one 

considers that many of the post-ADT patients will subsequently develop CRPC. Thus, 

any changes in cholesterol induced by reducing androgens may be significant for the 

progression and ultimately, for the recurrence of the disease itself.  

 

 The loss of testosterone resulting from ADT causes increases in obesity, 

specifically truncal fat deposition, while decreasing lean body mass and causing 

significant changes to the lipid profile (71,73). The changes seen in the lipid profiles of 

post-ADT subjects include an increase in total cholesterol, triglycerides, LDL-cholesterol 

and oxidized LDL even in the presence of statin therapy (73-75). Many of these changes 

are documented as early as three months after therapy initiation. Mixed results have been 

obtained for HDL-cholesterol levels. Some groups have found a decrease in HDL-

cholesterol post-ADT, while others have found no significant change (71-74,76). 

 

  No studies to date have looked at potential correlation between lipoprotein changes 

post-ADT and progression to CRPC. However, some studies have looked at the effect 

that lipoproteins have on androgen-dependent versus castration-resistant cancer cell 

growth. It was found that LDL, as well as remnant lipoprotein particles, which are the 

hydrolysis products of very low density lipoproteins and chylomicrons, induce 

proliferation of castration-resistant PC-3 cells, but not androgen-dependent LNCaP cells 

(77). Interestingly, LDL and HDL have been found to stimulate androgen production in 
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steroidogenic tissues (78-81). The lipoprotein-induced proliferation likely reflects a need 

for lipid source for rapidly dividing cells. Since CRPC cells have been found to be 

steroidogenic it is possible that this finding may also support lipoprotein-stimulated 

androgen production. Thus the post-ADT changes may provide an environment for CaP 

recurrence and growth.  

1.5 SOURCES OF CELLULAR CHOLESTEROL 

 Cells within the body, including tumor cells, can obtain cholesterol from de novo 

synthesis or from lipoproteins in the circulation. Once in the cell, cholesterol is stored as 

cholesteryl esters in lipid droplets, but can be metabolized when the need for cholesterol 

arises. Cholesterol homeostasis is a very complex network of pathways, transporters and 

enzymes (53). It has been proposed that cholesterol homeostasis enters into a state of 

dysregulation in cancer, demonstrated by the accumulation in tumors (55). Some recent 

discoveries by our group and many others have renewed interest in the study of 

cholesterol and its potential role in the progression to CRPC.  

 

1.5.1 CHOLESTEROL SYNTHESIS 
 

 Cholesterol is synthesized from acetyl-CoA in the endoplasmic reticulum (ER) of 

all cells of the body through the multi-step mevalonate pathway. The rate-limiting step in 

this process is 3-hydroxy-3-methylglutaryl-Coenzyme A reductase (HMGCR) which 

converts 3-hydroxy-3-methyl-glutaryl-Coenzyme A into mevalonate (53,82). Cholesterol 

synthesis is controlled at the transcriptional level by sterol regulatory element binding 

protein (SREBP-2). SREBP-2 is found within the endoplasmic reticulum (ER) bound to 
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SCAP (SREBP cleavage activating protein). SCAP is, in turn, bound to another ER 

protein, INSIG, when sterol levels are normal within the cell thereby retaining the 

SREBP in the ER. In times of low cellular cholesterol levels and thus, cellular cholesterol 

need, SCAP and INSIG do not associate and SREBP can then move to the golgi 

apparatus. Golgi-associated proteases cleave SREBP from SCAP and release it into the 

cytosol whereby it moves to the nucleus and acts as a transcription factor. SREBP binds 

to the sterol response element of many target genes causing induction of HMGCR protein 

expression as well as many other factors, including influx transporters, to increase 

cholesterol levels within the cell (53). Once the level of cholesterol is restored the 

transcriptional factor is returned to the ER. This pathway also responds to androgens 

because their biomolecular structure is similar to their precursor, cholesterol (49). 

 Our group found that HMGCR activity (Figure 2A) was increased in ex vivo tumor 

samples in the progression to the castrate-resistant state in a LNCaP xenograft model 

(50,83). Many other groups have found increases in protein expression of HMGCR in the 

progression to CRPC (79,84-87), however, our group did not find a significant change in 

HMGCR protein expression between tumor stages in a LNCaP xenograft model (50). The 

transcriptional regulation of HMGCR via SREBP-2 in CRPC has been explored in vitro 

and in a LNCaP xenograft model. It was shown at the cellular level in PC-3 and DU145, 

both castration-resistant cell lines, that the presence of cholesterol no longer initiates 

down-regulation of this key transcriptional factor. Thus, the downstream effectors of 

SREBP-2 including HMGCR, are not down-regulated and thus cholesterol levels remain 

high. However, a normal response to sterols was seen in androgen-dependent LNCaP 

cells and non-carcinogenic prostatic epithelium (79,84-87). These findings were mirrored 
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in AD and CRPC cell lines and LNCaP xenograft tumor samples (49,88,89). These 

findings suggest an explanation for the increased levels of cholesterol in CRPC tissue 

specimens and consequently, have raised the possibility that dysregulation in cholesterol 

homeostasis may be linked closely to androgens (49,58,90).   

 

 

Figure 2A-D: LNCaP xenograft ex vivo cholesterol synthesis activity (A), ACAT2 
(B) and SR-BI (C) protein expression and testosterone (C) concentrations in 
androgen-dependent (AD), nadir/castrate and castration-resistant (CRPC) tumour 
samples (adapted from (50)). *,**, p<.05 as compared to AD and Nadir, 
respectively. 
 

1.5.2 METABOLISM OF INTRACELLULAR CHOLESTEROL 

 Cholesterol in its free form is toxic to the cell because it is a pro-apoptotic, thus it is 

quickly converted to the nontoxic storage form, cholesteryl esters (CE), after synthesis or 
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influx (53). This conversion from free cholesterol to CE is completed by acetyl coA:acyl 

tranferase (ACAT) which adds a fatty acid to the hydroxyl group the third carbon of first 

hexane ring in the cholesterol moiety (82). ACAT exists as two isoforms in humans, 

ACAT-1 and ACAT-2. Both are integral membrane proteins of approximately 50kDa 

(91). In general, the ACAT enzymes are most active in times of cholesterol excess within 

cells (82). While ACAT-1 is thought to be ubiquitously expressed in the body, ACAT-2, 

is predominantly found in the brain and intestine (92,93). However, protein expression of 

both has been demonstrated in CaP (50,83).    

 

 When cholesterol levels are low or free cholesterol is required for cellular 

processes, hormone sensitive lipase (HSL), a neutral cholesteryl ester hydrolase 

hydrolyzes CE to free cholesterol (94). As its name suggests, HSL is regulated in part by 

hormone levels, but appears to also be controlled by cholesterol feedback mechanisms 

similar to HMGCR (95). Furthermore, it has been found in murine steroidogenic tissues 

that HSL selectively hydrolyzes CE from HDL to create androgens and this enzyme is 

present in the CRPC tumor cell (79,86,96). 

 

 Changes in the expression of ACAT-1, ACAT-2 and HSL have been 

demonstrated in CaP. Among the changes observed was a significant decrease in ACAT-

2 expression from AD to the CRPC state in a LNCaP xenograft model (Figure 2B), as 

well as an increase in HSL from AD to nadir (50,96). These findings, paired with the fact 

that intracellular tumor testosterone levels also increased from nadir to CRPC in the same 

model, indirectly imply that the alterations in cholesterol processes, such as decreased 
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packaging of cholesterol to its storage form, are perhaps to provide substrate for de novo 

androgen synthesis (50).  

 

1.5.3 CHOLESTEROL TRANSPORT-EFFLUX AND INFLUX 

 
 In addition to being synthesized and metabolized within the cell, cholesterol is 

fluxed in and out of the cell through the plasma membrane in a dynamic fashion (53). 

Since cholesterol exists in the circulation within lipoproteins it is transported to and from 

these lipoproteins at cell membranes (58). Lipoprotein profiles naturally change with age 

and obesity, two factors that have been correlated to CaP incidence, perhaps inferring 

provision of lipoprotein-derived cholesterol to cells also changes in CaP (59,65).  

 

1.5.3.1 ATP-BINDING CASSETTE TRANSPORTER SUBFAMILY A1 
 
 
 When the cell has ample free cholesterol, the conversion to the storage form is 

activated. Additionally, efflux pathways are upregulated in order to rid the cell of the 

toxic molecule. The major cholesterol efflux transporters in cells are from the ATP-

binding cassette transporter superfamily (ABCs). The major families involved in the 

efflux of cholesterol are the ABC-As and ABC-Gs, but most namely, ABC-A1. This is a 

large, 220 kDa protein has two six-helix transmembrane domains that are thought to form 

an aqueous pocket that translocates molecules to the cell surface (97,98). ABC-A1 is an 

important mediator in the first step of reverse cholesterol transport- the efflux of cellular 

cholesterol and phospholipids to membrane-bound apolipoproteins. It is found in many 

tissues of the body because of this important cholesterol efflux function, including CaP 
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and specifically, CRPC (50,99,100).  Preliminary data suggest that ABC-A1 protein 

expression is increased in castration-resistant tumor cells when compared to an androgen-

dependent counterpart, further implicating altered cholesterol regulation in CaP 

recurrence (50,100).  

 

1.5.3.2 LOW-DENSITY LIPOPROTEIN RECEPTOR 
 

 Cholesterol in the circulation is predominantly found in lipoproteins and can be 

taken up by lipoprotein transporters into the cell. One of the major lipoprotein 

transporters involved in this influx of cholesterol is the low-density lipoprotein receptor 

(LDLrec). This transporter interacts with a number of different donor lipoproteins in 

order to take up cholesterol (101). LDLrec predominantly binds to apoB100 and apoE-

containing lipoproteins, such as LDL, VLDL and chylomicrons (101). Lipoproteins 

bound to the LDLrec are then taken into cells via an endosomal pathway. This involves 

uptake of the entire lipoprotein particle into clathrin-coated endosomal compartment 

where acidic catabolism occurs and the lipid contents of the lipoprotein particles can then 

be used or metabolized by the cell into storage form (101). The receptors are recycled 

back to the cell surface in the endosome. LDLrec is controlled at the transcriptional level 

by SREBP-2, much like HMGCR and HSL. As described previously, SREBP-2-mediated 

cholesterol regulation appears to be dysfunctional in CRPC. These findings have 

stimulated some research exploring the relationship between the SREBP-2 dysregulation 

and its implication for LDLrec expression and activity. The few studies that have 

examined LDLrec in CRPC have found that the transporter is present in CRPC and is up-

regulated, perhaps due to the lack of SREBP-2-mediated control (45,50,88,89).  
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1.5.3.3 SCAVENGER RECEPTOR CLASS B TYPE I 
 

 The second major cholesterol influx transporter is scavenger receptor class B type I 

(SR-BI), or CLA-1 (CD36 and LIMPII analogous-1) as it is sometimes called to in 

humans. This 82 kDa protein is a ubiquitous protein involved in reverse cholesterol 

transport (94,102), but it is more densely expressed in cells involved in cholesterol 

metabolism, such as the liver, and steroidogenic tissues (103). Morphologically, SR-BI 

has a horseshoe-like membrane topology with two transmembrane domains that serve to 

anchor a large extracellular domain (Figure 3) (103).  

 

  

 

 

 

 

 

 

 

 

 

Figure 3:  Plasma membrane topology of Scavenger Receptor Class B Type I (103). 
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 SR-BI has become colloquially termed the ‘HDL transporter’ because it is one of 

the few receptors through which HDL-cholesterol can be taken into cells and because it 

has an apparent preference for the selective uptake of HDL-CE in steroidogenic and 

hepatic tissues of mice (94,103-107). However, there is some debate whether this holds 

true for human tissues, as rodent models predominantly rely on HDL, rather than LDL, 

which is the most abundant lipoprotein in humans (108,109).  Furthermore, research of 

the last decade has suggested that SR-BI is also capable of bidirectional free cholesterol 

flux, as well as uptake of cholesteryl esters, triglycerides and phospholipids from LDL, 

VLDL and modified lipoproteins (94,103,110,111). The exact mechanism by which SR-

BI takes in cholesterol from lipoproteins is not completely understood. However, the 

mechanism of selective HDL-CE uptake is thought to involve a collision-mediated 

transfer of only the CE content after the lipoprotein docks onto the receptor surface 

(105,112,113). The docking is thought to occur because of interaction with both the lipid 

and apoprotein of the lipoprotein (111,112,114). SR-BI is thought to be regulated in a 

feedback-type fashion by both androgens and cholesterol, although inversely, in that, 

decreased androgen levels and increased cholesterol curtail the expression of SR-BI 

(94,115).  

 

 The presence of SR-BI in CRPC has been confirmed by protein expression in PC-3 

cells and in the CRPC tumors in a LNCaP xenograft model by our group and others 

(50,100,116,117). Furthermore, our group found that protein expression of SR-BI was 

significantly increased from nadir to CRPC in combination with a rebound in 

intratumoral testosterone concentrations (Figure 2C and D) (50). Interestingly, it has also 
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been discovered that males have significantly higher mRNA levels of SCARB1, the SR-

BI gene (118-120). The natural predominance of SCARB1 in males paired with the 

preliminary results our group have obtained in the LNCaP xenograft model provides 

more impetus to pursue an explanation for the potential role of SR-BI in changing 

androgen and cholesterol levels in the progression to CRPC.     

   

1.6 CHOLESTEROL IN STEROIDOGENIC TISSUES 

 
 It has been demonstrated by many groups that de novo androgen synthesis is 

occurring intratumorally in CRPC cells, indicating that they have become steroidogenic. 

Our data indicate that cholesterol pathways are altered and this is perhaps to facilitate 

provision of the substrate, free cholesterol, to this intratumoral steroidogenesis. Other 

steroidogenic tissues in the body, namely the adrenals, have been studied extensively and 

have demonstrated some interesting preferences when it comes to cholesterol sources for 

androgen synthesis. Since CRPC tumours appear to be steroidogenic, they may have also 

adapted some of the same tendencies of the classical steroidogenic tissues of the body, 

such as the adrenals. Thereby these tissues may provide insight into the mechanism of 

CRPC androgen synthesis and perhaps the potential source of cholesterol.  

 Adrenal cells seem to preferentially rely on lipoprotein sources for cholesterol 

precursor, namely through SR-BI, rather than from de novo synthesis via HMGCR 

(79,86,114). This was demonstrated by the fact that LDLR-knockout mice; mice lacking 

the LDL receptor gene and therefore the receptor, had unaffected steroid production. This 

finding suggests that either synthesis of cholesterol or a different lipoprotein transporter 

was compensating for the loss of LDLrec-mediated cholesterol influx (86). In contrast, 



 24 

SR-BI knockout mice have severely stunted steroidogenic capabilities (121). This decline 

in steroid production occurs despite a significant compensatory increase in HMGCR 

activity (114). This indicates that de novo synthesis of cholesterol is not able to 

compensate for the loss of cholesterol uptake via SR-BI. These studies suggest that 

steroidogenic tissues preferentially use HDL-CE from SR-BI-mediated influx for de novo 

androgen synthesis and perhaps, by inference, CRPC cells might have the same bias. This 

bias has also been demonstrated in breast cancer cells that are thought to possess a similar 

steroidogenic potential as their male counterpart, CaP (122,123). Also, adrenal cells over-

expressing SR-BI have demonstrated induction of steroidogenesis and therefore SR-BI 

changes following castration may serve a similar function in CaP (124). Interestingly, the 

work completed to date by our group in CRPC complements the inferences made from 

steroidogenic tissues. Namely, SR-BI expression is statistically significantly increased 

upon progression to CRPC, paired with an unchanged HMGCR expression and an 

increased HMGCR activity (50). However, caution must be taken when attempting to 

translate murine findings to humans, particularly from a lipoprotein prospective as 

humans and rodents have different lipoprotein profiles.  

 

1.7 NEW ANDROGEN RECEPTOR-SIGNALING THERAPIES  

 
It has become very apparent with the research of the last few decades that the 

aggressive, complex and heterogeneous nature of castration-resistant CaP has made it a 

very challenging and thus far, impossible disease to treat effectively. The standard for 

treatment of CRPC has been administration of the chemotherapeutic, docitaxel in 

combination with prednisone (125). The recent focus in CRPC has been towards 
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identifying potential new therapeutic targets, as the therapies currently implemented-

namely chemotherapy, achieve limited and often short-lived success. Considering that 

average survival of men with CRPC is less than 2 years, the need for more successful 

therapies is evident (126). The acknowledgment that the androgen receptor and androgen-

response axis is still an integral part of CRPC has resulted in the development of a 

number of new therapies that are focused on this relationship between androgens and the 

androgen receptor at different points in the pathway. Such therapies include abiraterone 

acetate, an orally bioavailable specific CYP17A inhibitor, MDV3100, a small androgen 

receptor antagonist, and 17-AAG and STA-9090, inhibitors of heat shock protein-90, all 

of which are under development in a clinical setting (127-131). 

 

Abiraterone acetate acts in a similar manner to ketoconazole, in that it is a 

cytochorome P450 inhibitor. However, it has greater specificity for CYP17A1 and 

displays more potent inhibition thereof. Abiraterone inhibits two key reactions in 

androgen biosynthesis via 17α hydroxylase and 17,20 lyase preventing modification of 

pregnenolone and progesterone. In Phase II and III trials the drug elicited PSA decreases 

of more than 50% from baseline in 20% of chemotherapy-naïve patients and 36% of 

docetaxel-treated patients when treated with abiraterone acetate (132,133). Despite the 

success in lowering PSA, the side effects that have limited the utility of ketoconazole, 

primarily due to secondary mineralcorticoid excess are still present in patients taking 

abiraterone acetate. However, administration of eplerenone, a mineralcorticoid inhibitor, 

eliminated a large portion of these side effects including hypertension, hypokalemia and 
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edema (131,132). As a result, in April of 2011 abiraterone acetate or Zytiga™, received 

FDA approval for treatment of metastatic castration-resistant CaP.  

 

MDV3100 is an orally administered AR inhibitor that is more potent than its AR 

antagonist predecessors, flutamide and bicalutamide, which have low affinity for the AR. 

MDV3100 has entered into multinational Phase III trials after 56% of chemotherapy-

naïve patients experienced more than a 50% decrease in PSA levels (134). However, the 

initial success of this AR inhibitor is shadowed by the reversal of function of 

bicalutamide, from antagonist to agonist, seen in the presence of increased AR after 

longterm androgen withdrawal, such as in CRPC (135-138). This paradigm is thought to 

occur in part because these AR inhibitors bind to the ligand binding pocket of the 

receptor causing a subsequent change in the ligand binding domain. The change in the 

ligand binding domain induced by these antiandrogens, although effective at first, 

increases the rate of AR mutations, AR expression and cofactor expression thought to 

lead to the CRPC state and the paradoxical agonist effect of bicalutamide seen at this 

state (8,135,139,140). Although MDV3100 acts directly to block androgen binding and 

prevents translocation to the nucleus, it is possible that the same reversal of function may 

occur as seen with bicalutamide (134). Thus far, MDV3100 has not elicited significant 

side effects in subjects other than fatigue (134).  

 

17-AAG is a benzoquinone ansamycin antibiotic that acts to inhibit the binding of 

heat shock protein-90 to the AR and subsequently disrupts AR stabilization. This drug 

underwent a two-stage Phase II trial in metastatic CRPC patients, but the study was 
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closed prematurely because PSA response was limited (130). Another small molecule 

heat shock protein-90 inhibitor, STA-9090 (ganetespib), is undergoing Phase II clinical 

trials with and without dutasteride, an SRD5A1 and 2 inhibitor. It is hoped that targeting 

multiple points in the AR-signaling pathway may improve the success of both drugs 

(141).  

Although numerous novel therapeutics are being tested in clinical trials, this small 

selection was included to demonstrate the many potential points of intervention in the 

androgen receptor signaling pathway. In the last year a number of therapies not 

exclusively targeting the AR pathway have also had successful Phase III results. 

Sipeucel-T (Provenge®), an immunotherapy, and Cabazitaxel (Jevtana®), a 

chemotherapeutic agent, have both received FDA approval for the treatment of CRPC. 

While, alpharadin, a targeted α-radiotherapy and OGX-011 (Custersin), an anti-sense 

oligonucleotide targeting clusterin, have been given fast track designation and will likely 

receive approval as well. Although these recent approvals are promising, the exploration 

of novel targets must continue (142).  

 

1.7.2 STATINS AS PROSTATE CANCER THERAPEUTICS 
 
 
 The exploration of cholesterol in CaP is not novel. In fact, considerable 

retrospective analyses have assessed statin use in CaP patients. Statins are a large class of 

drugs that are used extensively in cardiovascular disease because these drugs act to lower 

cholesterol levels by inhibiting HMGCR, the rate-limiting enzyme in cholesterol 

synthesis. Not only do statins cause decrease in total cholesterol, they also decrease LDL-
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cholesterol and provide a modest increase in HDL-cholesterol (143). Interestingly, this 

reduction in plasma cholesterol and change in lipoprotein profile is accompanied by a 

reduction in PSA in non-cancer patients, which may indicate interruption in the normal 

steroidogenic processes in these men (66,144,145). In addition, these lipoprotein effects 

may be corrective for the changes induced post-ADT, namely increased total and LDL 

cholesterol, and thus statins could potentially be implemented to prevent progression to 

CRPC. Although no studies have looked specifically at statins in CRPC patients or the 

direct effects on tumor cholesterol, many studies have explored the potential of using 

statins as a preventative therapy. The results of epidemiologic studies assessing the 

association between statin use and incident CaP risk have been mixed (144,146). These 

mixed findings may be due to the heterogeneity of study protocols or may be as a result 

of statin-induced SRD5A2 expression. This enzyme catalyzes the conversion of 

testosterone to the potent metabolite, DHT (147). More recent studies have explored the 

specific association between statin use and more advanced CaP cases that have 

metastasized. These studies have found a reduction in the onset of the aggressive, late-

stage disease state in statin users (66,144,148). The apparent benefit of statin use in the 

more advanced stages of cancer provides support for the importance of cholesterol but 

more research is necessary, particularly in a CRPC cohort.  

 

 A major obstacle of systemic treatments, such as statins is penetration and 

targeting of cancerous tissues. In vitro studies bypass this obstacle and a few have 

explored statin effects in CaP tumour cells. Interestingly, the inhibition of HMGCR by 

statins has a greater effect in androgen-dependent, LNCaP cells compared to castration-
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resistant, PC-3 cells (89). Although both cell lines were responsive to changing levels of 

sterols, the LNCaP cells appeared to alter cholesterol synthesis to a greater extent than 

the PC-3, demonstrating that cholesterol dysregulation may be playing a role in the 

effectiveness of statins. Furthermore, some in vitro research has shown that statins, 

namely lovastatin, simvastatin and atorvastatin, cause growth inhibition in LNCaP cells, 

as well as in a few CRPC cell lines, but to a lesser extent (149). However, in a recent 

study exposing castration-resistant cells to statins combined with a COX-2 inhibitor, a 

potent anti-inflammatory agent, significant cell death was observed (150). These results 

did not examine effects on intracellular steroids, therefore it is difficult to determine if the 

impact on cells is elicited through attenuation of the steroid synthesis pathway rather than 

reflecting anti-proliferative or autophagic effects (151). However, the different responses 

observed between statin-treated androgen-dependent and castration-resistant cells 

warrants further study to properly assess the effect of statins or other cholesterol 

modulators on intratumoral steroidogenesis and the utility, thereof, as viable therapeutic 

options alone or in combination. 

 

1.8 OBJECTIVE 
 

The goal of the studies in my thesis was to determine the effect of knocking down 

the expression of SR-BI in two CaP cell lines, by examining different points of cellular 

regulation and proteins in the cholesterol and androgen-signaling pathways. 
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1.9 SIGNIFICANCE OF THE RESEARCH 
 

The exploration of the physiological role of SR-BI in CaP may be important due 

to the findings presented above, specifically our finding in the LNCaP xenograft model 

that demonstrated an up-regulation of SR-BI expression in the progression from nadir to 

castration-resistance paired with an increased ex vivo cholesterol synthesis activity and 

rebound in testosterone production (50). In addition, the importance of cholesterol in 

rapidly dividing cancer cells has been a topic of investigation in connection with 

membrane integrity and lipid raft content, but few groups have explored the potential link 

to the intracellular supply of precursor for de novo steroidogenesis in the castration-

resistant state. Therefore, it is hoped that determination of the effects of SR-BI down-

regulation in CaP cells will help elucidate the importance of this influx transporter for the 

survival and growth of these cells.  

  

1.10 HYPOTHESIS  
 

Castration-resistant CaP cells (C4-2) rely on Scavenger Receptor Class B Type I 

as a major source of cholesterol, particularly for de novo androgen synthesis, compared to 

androgen-dependent LNCaP cells.  
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CHAPTER 2 AIMS 
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2.1 SPECIFIC AIMS 
 

AIM 1:  

To verify the LNCaP and C4-2 cell model via PSA response to androgens and 

characterize the basal expression of SR-BI in LNCaP and C4-2 cells.  

 

AIM 2:  

To determine the effect of silencing SR-BI expression on cell cytotoxicity and 

viability in LNCaP and C4-2 cells. 

 

AIM 3:  

To determine the effect of silencing SR-BI on cholesterol levels and 

compensatory cholesterol processes, namely cholesterol efflux (ABC-A1) and influx 

(LDLrec) transporter expression, cholesterol synthesis (HMGCR) and metabolism 

(ACAT-1, ACAT-2 and HSL).  

 

AIM 4:  

To determine the effect of silencing SR-BI on androgen production, PSA response 

and protein expression of steroidogenic acute regulatory protein (stAR) and the androgen 

receptor (AR).   
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2.2 RATIONALE 
 
AIM 1: 

It was discovered in an LNCaP xenograft model that SR-BI protein expression 

was increased in CRPC tumours as compared to AD and PSA nadir tumours post-

castration. In addition, ex vivo, cholesterol synthesis was increased at CRPC, in concert 

with a decreased ACAT-2 expression (50). These findings, paired with a rebound in 

intratumoral testosterone concentrations in the same model at CRPC has led to the 

supposition that at the castration-resistant disease state, more cholesterol is required for 

synthesis of androgens.  Furthermore, the SR-BI up-regulation paired with inferences 

from steroidogenic tissue preference for cholesterol influx via this transporter, have led to 

the proposal that SR-BI is up-regulated at CRPC as part of an adaptive response to the 

exposure to an androgen-deprived environment. 

 

The androgen-sensitive LNCaP cell lines and its second generation castration-

resistant subline, C4-2, were chosen as the experimental model because, despite their 

differences in androgen requirement, they have similar phenotypic features including 

PSA mRNA and protein and a mutated AR. The response to DHT treatment in both cell 

lines helped to determine if the cells were behaving as previous studies have predicted 

(43).  The assessment of basal protein expression ascertained if the castrate environment 

the C4-2 cells were exposed to upon their derivation terminally altered these cells 

compared to the LNCaP cells with respect to cholesterol-related proteins and points in the 

androgen-signaling pathway. In addition, these measures served as a baseline for 

comparison to siRNA-induced changes in other Aim 3 and 4.  
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AIM 2:   

Preliminary in vitro data in C4-2 and LNCaP cells completed in Aim 1 and the 

evidence from the xenograft model suggested that SR-BI was up-regulated to support 

cellular cholesterol need at the castration-resistant state (50). To determine if this influx 

transporter is physiologically important to the cells, the cytotoxicity and viability of cells 

with silenced SR-BI was examined.  

 

AIM 3:  

Cholesterol homeostasis is complex and has many points of regulation. Evidence 

suggests that cholesterol homeostasis becomes dysregulated in CRPC (49,54). To 

determine if silencing SR-BI affected this balance differentially in LNCaP compared to 

C4-2 the cholesterol levels were measured. As well the protein expression of other points 

of cholesterol regulation, including the other major influx transporter; LDLrec, the efflux 

transporter; ABC-A1, the rate-limiting enzyme in cholesterol synthesis; HMGCR and 

cholesterol metabolism enzymes; ACAT-1, ACAT-2 and HSL were assessed. 

 

AIM 4:  

Evidence suggests that cholesterol influx and cellular processing may be linked to 

de novo androgen synthesis within the cell, since increased testosterone production was 

associated with an increased SR-BI expression at CRPC (50). To determine if SR-BI 

silencing affected intracellular androgen synthesis, the expression of stAR; the 
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mitochondrial cholesterol shuttle and intracellular testosterone concentrations were 

assessed. The binding of androgens to the AR elicits PSA production. Analyses of AR 

expression and PSA secretion in LNCaP and C4-2 cells were performed to determine if 

SR-BI silencing elicited effects on downstream effectors in the androgen-androgen 

receptor signaling pathway.
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CHAPTER 3 MATERIALS AND 
METHODS 
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3.1 MATERIALS AND REAGENTS 
 

Poly-L-lysine (0.01% solution), cholesterol, Triton® X-100, dimethyl sulphoxide, 

phenylmethylsulfonyl fluoride, protease inhibitor cocktail, Trizma®-hydrochloride, 

Trizma® base, glycine, lyophilized bovine serum albumin, sodium dodecyl sulfate, 

ammonium persulfate, tetramethylethylenediamine, sodium hydroxide, sodium chloride, 

sodium deoxycholate, nonyl phenoxypolyethenyl ethanol (NP-40) and 

ethylenediamininetetraacetic acid (Sigma-Aldrich, St. Louis, MO, USA), human high and 

low-density lipoproteins (Biovision Research Products, Mountain View CA, USA), acetic 

acid [1-14C]- (American Radiolabeled Chemicals, Inc., Saint Louis, MO, USA), 

cholesterol [1, 2-3H(N)]- (PerkinElmer Inc. Waltham, MA, USA). Scintillation fluid was 

purchased from MP Biomedicals (Solon OH, USA). RPMI-1640 without phenol red, 

Hank’s balanced salt solution, 0.25% trypsin-EDTA, penicillin-streptomycin liquid, fetal 

bovine serum, charcoal-stripped fetal bovine serum, OptiMEM®, Lipofectamine 

RNAiMax®, Stealth RNAi® Negative Control Duplexes and Stealth RNAi® SCARB1 

duplex oligonucleotides (HSS101571) were purchased from Invitrogen (Life 

Technologies, Invitrogen, Burlington, Ontario). Choloroform, ethyl acetate, hexanes, 

ethanol, methanol and isopropanol were purchased from Fisher Scientific (Waltham, MA, 

USA). SuperSubstrate® West Pico Solution was obtained from Thermo Scientific 

(Rockford IL, USA).  

3.1.1 ANTIBODIES 
 

The characteristics of the primary antibodies used for the western blotting 

procedures described in section 3.6, including target amino acid region, dilution, 

mammalian host and source company are detailed in Table 1. Goat polyclonal anti-rabbit 
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IgG, bovine polyclonal anti-goat IgG and donkey anti-mouse IgG all conjugated to horse 

radish peroxidase were used as secondary antibodies matched with the corresponding 

host of the primary antibodies (Novus Biologicals, Littleton, CO, USA and Santa Cruz 

Biotechnology Inc., Santa Cruz CA, USA).  

Table 1: Antibody specifications used in western blotting techniques. 

 

 

3.2 CELL CULTURE  
 

The human CaP cell lines, LNCaP and C4-2, were generously provided by Dr. 

Paul Rennie from the Prostate Centre at Vancouver General Hospital. LNCaP cells were 

used between the passage numbers of 41-48. Both cell lines were maintained in phenol 

red-free RPMI-1640 media supplemented with 10% non heat-inactivated fetal bovine 

serum and 1% penicillin-streptomycin at 37°C in a humidified, 5% CO2 environment.  

3.3 PROTEIN QUANTIFICATION 
 

In order to quantify the amount of protein in cell samples in experiments detailed 

below, the Dc Protein Assay (BioRad, Hercules CA, USA); a modified Lowry assay, was 

implemented. Cells from each experiment were washed with HBSS to remove dead cells 

and debris and were subsequently lysed using ice cold modified radio-

immunoprecipitation assay (RIPA) buffer, supplemented with 1% protease inhibitor 
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cocktail and phenylmethanesulfonylfluoride (PMSF) which was added to culture plates 

containing cells. After an hour, the cells in RIPA were scraped and extracted from the 

surface of the plate and were placed in individual 1.5 mL microcentrifuge tubes. The 

eppendorfs were then centrifuged at 11,000 rpm for 20 minutes at 4 °C. The supernatant 

was removed from the solid pellet of cell debris and was used for protein quantification. 

Triplicate wells with 5 uL of cell lysate or the appropriate amount of BSA standard were 

added to a 96-well plate. 25 uL of Reagent A’, a 50:1 solution of Reagent A (alkaline 

copper tartrate): Reagent S (mild detergent), was added to the wells followed by 200 uL 

of Reagent B (Folin reagent). Alkaline copper tartrate reacts with proteins in the samples 

and elicits a blue colour upon addition of the Folin reagent. The plate was mixed and 

allowed to sit for 15 minutes at which point the absorbance at 650 nm was measured 

using a Labsystems, Multiskan plate reader (Fisher Scientific, Waltham, MA, USA). The 

BSA standard curve was created by diluting a known amount of a 2 mg/mL BSA 

standard solution to the desired concentrations between 0-30 µg/mL. A sample BSA 

standard curve has been provided in Figure 4. Absorbance values obtained for cell 

samples were extrapolated from the equation of the regression line of the BSA standard 

curve. The amount of protein in 1 million LNCaP and C4-2 cells was measured to 

determine if relative amounts of protein in the two cell lines were comparable, as protein 

was used to normalize data between treatment groups (Appendix A).  
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Figure 4: A typical BSA standard curve is shown. This standard curve plots 
absorbance at 650nm against known concentrations of BSA (µg/mL). The equation 
of the line is determined and sample protein concentrations are extrapolated by 
solving for x. 
 
 

3.4.  SIRNA TRANSFECTION PROTOCOL 
 

Cells were seeded in RPMI-1640 with 5% FBS at a density of 7.5 x 104 in 6-well 

plates or 5 x 103 in 96-well (both are 7.5 x 103 cells/cm2) pre-treated with poly-L-lysine, a 

positively charged synthetic amino acid that promotes adherence. 24 hours after seeding, 

the media was changed to RPMI with 1% FBS and no antibiotics to optimize 

transfection. 10nM final concentration of Stealth RNAi duplexes targeting the SR-BI 

gene (HSS101571: AUAAUCCGAACUUGUCCUUGAAGGG) and Low GC Negative 

Control Duplexes with 2.0 x 103 µM of Lipofectamine® RNAiMAX cationic lipid 

reagent diluted in OptiMEM® were combined in a sterile 1.5 mL microcentrifuge tube, 
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mixed gently and allowed to incubate at room temperature for 20 minutes. This 

incubation allows for the cationic lipids to surround the duplexes to facilitate diffusion 

across the plasma membrane of cells. This solution, either SR-BI siRNA (SRBI-KD) or 

negative control siRNA (NC), or OptiMEM® alone (Blank) was added to the antibiotic-

free cell media and was left to incubate at 37°C for 5 hours (152). After 5 hours, the 

transfection media was removed carefully and replaced with 2 mL of antibiotic 

supplemented RPMI with 1% FBS. Viable cells and media samples for the experiments 

described below were then collected pre-transfection (day 0), 24 hours post-tranfection 

(day 1), 72 hours post-transfection (day 3) and 144 hours post-transfection (day 6). The 

optimal siRNA concentration of 10 nM with 2.0 nM cationic lipid delivery solution was 

selected after performing a series of protein expression and cytotoxicity assays using the 

final concentrations of 1-50 nM siRNA combined with 1-5 µL (or 0.4-2.0 nM) of 

RNAiMax® lipid reagent. Appendix B demonstrates the results for the dose 

combinations of 1 nM or 10 nM siRNA with 2.5 µL (1.0 nM) or 5.0 µL (2.0 nM) cationic 

lipid reagent in both C4-2 and LNCaP cells. The combination of 10nM siRNA and 2.0 

nM RNAiMax® elicited the greatest SR-BI protein silencing (Appendix B, Figure B: C-

D) and least cytotoxicity (Appendix B, Figure B: A-B) and thereby, was chosen for use in 

all experiments.  

Comparison of cytotoxicity between NC and SRBI-KD doses was also 

considered, as it is important that the delivery system itself is not eliciting non-specific 

toxicity. In addition, the optimal dose was assessed in cells using 5% charcoal-dextran 

stripped serum in RPMI-1640 instead of 1% FBS. The viability (see section 3.5.1 for 

protocol) of C4-2 and LNCaP cells subjected to 5% CSS are shown in Appendix C. 
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LNCaP cells displayed no growth after siRNA treatment, therefore 1% FBS was 

implemented for siRNA experiments.  

 

3.5 CELL CYTOTOXICITY AND VIABILITY  
 

Cells were plated in 96-well plates at a density of 5x103 cells per well 24 hours 

prior to transfection as detailed above. Treatments and controls were assigned triplicate 

wells in each plate. 50 µL of medium was taken from above the cells at the described 

time points; day 0 and day 1, 3 and 6 post-transfection to use in the cytotoxicity 

experiments set up on a separate 96-well plate, while the remaining cells were washed 

carefully twice with HBSS and used for the viability assays.  

3.5.1 LDH ASSAY 
 

The lactate dehydrogenase (LDH) assay was used to assess cytotoxicity. The 

cytotoxicity of cells was measured based on the presence of lactate dehydrogenase (LDH) 

in the media which causes conversion of a tetrazolium salt into a red formazan product. 

The formazan product results in absorbance readings at 492 nm directly proportional to 

presence of LDH thereby giving an indication of the membrane integrity of cells. 50 µL 

of LDH substrate was added to the 50 µL of media removed from each sample well and 

placed in a separate 96-well plate. The plate was then covered to protect from light and 

was incubated for 30 minutes at which point the absorbance was read at 492 nm. A 100% 

death control was obtained as an absolute positive control by exposing untreated cells, 

seeded at the same density as treated cells, with 10uL of a 1% t-octylphenoxy-

polyethoxyethanol (triton X-100) solution in HBSS for two hours. Triton X-100 is a non-
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ionic surfactant that easily solubilizes membranes and therefore leads to necrosis and 

subsequent maximal LDH release into media. In addition, a positive LDH control 

provided by the kit was used to confirm the reaction was taking place. A background 

reading was obtained by measuring absorbance of media alone, in addition to a volume-

corrected media control with 10uL of the triton X-100 solution to control for dilution 

effects in the 100% death group.   

 

3.5.2 MTS ASSAY 
 

Cell viability was assessed using the CellTiter 96® AQueous One Solution Cell 

Proliferation or MTS assay. This assay measures metabolically active cells since NADH 

and NADPH are produced via mitochondrial respiration, a process indicative of living 

cells. This NADH or NADPH can reduce a tetrazolium compound (3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium), 

thereby producing a formazan product that elicits a colorimetric reading proportional to 

its quantity at 492 nm. Therefore the absorbance reading obtained is proportional to the 

number of living cells. Cells remaining in the plates were washed and 50 µL of a 2:3 

solution of MTS reagent with 1% FBS RPMI media was added carefully to the cells 

(83,153). The plate was then covered with aluminum foil to protect from light and was 

incubated at 37 °C for 3 hours. After 3 hours, absorbance readings at 492 nm were taken 

using a plate reader. A background reading was obtained for the MTS and media 

solution. Average absorbance values were calculated from the replicates of the treatment 

and control cells. 
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3.5.2.1 LIPOPROTEIN QUANTIFICATION 
 

Commercial human HDL and LDL were diluted in serum-free RPMI and were 

subsequently passed through a 22 µm filter in order to remove any large impurities. 

Doses of lipoprotein in serum free RPMI were determined by assessing the protein 

content in the diluted samples using the protein assay described previously. 

Concentrations of HDL from 0-50 µg/mL based on protein content and 0-31.3 µg/mL of 

LDL were tested for effects on viability using the MTS assay described above in C4-2 

and LNCaP cells without siRNA treatment (Appendix D). Cells were plated at 7.5x103 

cells/cm2 in 24-well plates. 24 hours after plating, media containing the desired doses of 

lipoproteins were added to triplicate wells. The viability was assessed 24 hours later and 

was compared to un-treated controls. 10 µg/mL HDL was chosen as the optimal dose to 

use for further viability experiments presented in Aim 2 because it was the dose that 

elicited the maximal effect on viability of both cell lines (Appendix D, Figure A and B).  

6.25 µg/mL LDL was chosen for further because none of the LDL doses elicited 

increased viability (Appendix D, Figure C and D). The optimal lipoprotein doses were 

added to siRNA experiments (seen in section 4.2) immediately after transfection and 

therefore, 24 hours prior to cell viability assessment. 
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3.6 WESTERN BLOTTING 
 

Cell samples taken at day 0 and day 1, 3 and 6 post-transfection, as described in 

section 3.4, were lysed in modified RIPA and the supernatant of each sample was 

collected as described in section 3.3. Equivalent aliquots of protein (15 µg protein per 

lane), determined by BioRad Dc protein assay, were loaded onto 7%, 10% or 4-15% 

SDS-PAGE gels. Lower percentage and gradient gels were used for separation of large 

proteins (> 200 kD). Gel electrophoresis was run for an hour at a constant voltage of 

100V in Mini Transwell Protean system.  Gels were removed from the cassettes, rinsed in 

distilled water and were subsequently transferred onto nitrocellulose membranes. The 

transfer process was 90 minutes at constant voltage of 100V using 1X Towbin’s transfer 

buffer (154). After transfer, membranes were blocked with 3:1 blocking buffer (3:1, 3% 

milk: 3% BSA) or 3% BSA alone for 1-2 hours, followed by treatment with primary 

antibodies overnight in the respective blocking buffers at 4°C. The next day, primary 

antibodies were removed and blots were washed 3 times for 6 minutes with 1% TBS-

0.1% Tween. Blots were then treated with the respective secondary antibodies diluted in 

1% TBS-0.1%Tween for two hours. Blots were washed an additional 3 times with 1% 

TBS-0.1% Tween and were then treated with SuperSubstrate® West Pico Solution at 

1mL per 1 cm2 of membrane. After 5 minutes, the chemiluminescent reagent was poured 

off and blots were developed using an Epi-Chemi II Gel Documentation system. Band 

density was analyzed using Labworks densitometric analysis program. The protein band 

of interest was normalized to the β-actin band (loading control) in the same well. All 

basal protein expression values in LNCaP and C4-2 cells are expressed as the normalized 

band density for each protein relative to the LNCaP cell line (fold change from LNCaP), 
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so as to present them in the same figure. All protein expression data completed in the 

siRNA experiments is presented as fold change in actin-normalized band density of a 

treatment group (SRBI-KD or NC) from the pre-transfection (day 0) control in the 

respective cell line. 

 

3.7 CHOLESTEROL ANALYSES 
 

 Cell lysates from siRNA experiments in LNCaP and C4-2 cells were extracted as 

described in section 3.4 at day 0 and day 1, 3 and 6 post-transfection. Cell lysates prior to 

centrifugation, as described in section 3.3, were used to reflect a whole cell cholesterol 

fraction. All subsequent analyses of cholesterol parameters using these lysates were 

corrected for protein levels in each sample.   

 

3.7.1 CHOLESTEROL QUANTIFICATION 
 

Whole cell lysates from LNCaP and C4-2 pre-transfection and day 1, day 3 and 

day 6 post-transfection were collected using cold modified RIPA buffer as described 

above. Cholesterol content of whole cell lysates was analyzed using an Amplex® Red 

Cholesterol assay (Invitrogen). Samples were diluted in 1X reaction buffer from 1:5 (day 

0 and day 1) to 1:50 (day 3 and day 6) and 50 µL of each of these samples and cholesterol 

standards, 0-8 µg/ml, were added in triplicate to a 96-well plate. Hydrogen peroxide was 

used a positive control for the reaction. 300 µM Amplex® Red solution was created by 

combining Amplex Red stock solution, horseradish peroxidase, cholesterol oxidase and 

cholesterol esterase with 1X reaction buffer (as provided in the kit). 50 µl of this solution 



 47 

was added to each of the triplicate well of standard and sample. A separate Amplex® Red 

solution without esterase was created in order to determine cholesteryl esters (esterase-

free values subtracted from esterase values). The plate was covered with aluminum foil 

and incubated for 30 minutes at 37 °C.  Fluorescence readings were obtained on a 

fluorescent plate reader at an excitation wavelength of 530nm and an emission 

wavelength of 590 nm. Total cholesterol values were extrapolated from the standard 

curve (Figure 5) and were expressed as cholesterol concentration per µg of protein in 

each sample. In addition, the area under the cholesterol-time curve (AUC) created in each 

experiment, was determined using GraphPad Prism software. This program determines 

AUC using the trapezoidal method.  

 

 

 

 

 

 

 

 

 

Figure 5: A typical Amplex® Red cholesterol assay standard curve is shown. This 
standard curve plots fluorescence (excitation of 530 nm and emmission of 590 nm) 
of known concentrations of cholesterol (µg/mL). The equation of the line is 
determined and sample cholesterol concentrations are determined by solving for x. 
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3.7.2 CHOLESTEROL SYNTHESIS (HMGCR ACTIVITY) ASSAY 
 

Cells were grown with a similar silencing protocol as described in section 3.4 in 

6-well plates. At day 0 and day 6 the cell media was removed from the plates. Cells were 

washed carefully with HBSS and 500 µL of 1% FBS RPMI with .5 µCi of 14C-acetic acid 

was added to the wells for 3 hours. Cells were washed 3 times with HBSS following 

incubation with radioactive acetate. 500µL of distilled water was added to each well and 

cells were scraped carefully from the surface. Cells and water were extracted from the 

wells and were pipetted into the bottle of a glass tube. A 1:1000 solution of 3H-

cholesterol in 100% ethanol was prepared and vortexed. 10uL of this 1 µCi/mL solution 

was added to the tubes containing cells as a lipid recovery control.  

3.7.2.1 LIPID EXTRACTION 
 

The lipid content of these cell samples were then extracted using the Bligh Dyer 

lipid extraction method (155).  3.75 mL of 2:1 chloroform:methanol was added to the 

glass tubes containing cells and 3H-cholesterol. Tubes were then vortezed for 5 minutes. 

1.25 mL of chloroform and 1.25 mL distilled water were then added sequentially to the 

tubes, followed each by 1 minute of vortexing. The tubes were then centrifuged at 425 g 

for 2 minutes at which point the upper layer was discarded and the lower layer was 

transferred to a clean glass tube. The samples were then evaporated using nitrogen and 

reconstituted in 100 µL of chloroform.  

3.7.2.2 THIN LAYER CHROMATOGRAPHY 
 

Samples resuspended in chloroform were dotted onto a silica gel plate, 1 inch 

from the bottom edge. Samples were run alongside a cold cholesterol control (10 mg/mL) 
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and 10 µL of the 3H [1,2]-cholesterol in ethanol. Samples were placed in a covered glass 

TLC chamber with 200 mL of a 9:1 solution of hexanes and ethyl acetate, respectively. 

This solution served as the mobile phase and facilited separation of lipids in the samples 

on the silica gel plate (50). After 2-3 hours of runtime, the plate was exposed to iodine 

crystals that cause lipid spots to appear yellow-orange on the plate. Similar sized pieces 

of silica plate were cut for each sample at the same point as the cold cholesterol control 

and were placed in 6 mL of scintillation fluid. Disintegrations per minute for 14C and 3H 

were assessed using a beta counter. Values of for synthesis for the treatment and control 

groups were obtained by dividing 14C dpm by 3H dpm and then values were normalized 

to protein content in a given sample.  

 

3.8 TESTOSTERONE ASSAY 
 

Cell lysates and media samples from above LNCaP and C4-2 cells at day 0, day 1, 

3 and 6 post-transfection (section 3.4) were collected for testosterone analysis using a 

testosterone ELISA (R&D Systems, Minneapolis MN, USA).  Samples were diluted in 

calibrator diluent provided in the kit; 1:2 for media samples, day 0 and day 1 samples, 

and 1:10 for day 3 and day 6 samples. Dilutions were completed in order to obtain values 

within the working range of .041 ng/mL to 10 ng/mL of testosterone but were adjusted 

post-assay. The mean minimum detectable dose for this assay was 0.03 ng/mL. Primary 

antibody solution was added to a 96-well plate and allowed to incubate for an hour prior 

to addition of 50 µL of sample and testosterone standards in duplicate. Testosterone 

conjugate was then added to the wells and the plate was then incubated for 3 hours at 

room temperature on a horizontal orbital microplate shaker at 500±50 rpm. All the wells 
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were then aspirated and washed 4 times prior to the addition of substrate solution and 

were incubated for 30 minutes at room temperature protected from light. Stop solution (a 

diluted  acid) was then added to terminate the reaction and the plate was measured at 450 

nm with a wavelength correction at 540 nm to account for imperfections in the plate. 

Mean readings for the samples and standards were calculated and the non-specific 

binding (wells with calibrator diluent) optical density was subtracted from each. A 

standard curve was created using a four-parametric logistical regression model equation 

(Fig. 6) and testosterone concentrations were extrapolated from the following equation: 

                      

Values extrapolated from the curve were corrected for protein in a given sample. 

 

 

 

 

 
 
 
 
 
 
 
 
 

Figure 6: A typical testosterone standard curve is shown. This standard curve plots 
absorbance (450 nm-540 nm) corrected for non-specific binding (NSB) against 
known log-transformed testosterone concentrations. The equation of the sigmoidal 
line is determined using 4-parametric linear regression model. 
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3.9 PROSTATE SPECIFIC ANTIGEN ASSAY 
 

A prostate specific antigen enzyme linked immunosorbant assay was used to 

analyze PSA and was purchased from ClinPro Intl. (Union City, CA, USA). Cell media 

fractions from each time point (day 0 - day 6) and treatment group (NC and SRBI-KD) 

were analyzed based on the manufacturers protocol (83).  Media samples were diluted in 

serum-free RPMI at 1:10 for day 0 and day 1 samples and 1:50 for day 3 and day 6 

samples in order to stay within the standard curve. 50 µL of diluted media samples and 

standards (0 ng/mL-120 ng/mL) were added in triplicate to antibody-coated wells along 

with 50 µL of zero buffer (as provided in the kit) and incubated at room temperature for 

an hour. The plate was washed thoroughly and treated with 100 µL of an enzyme 

conjugate reagent for an hour. After another washing, 100 µL of TMB reagent was added 

and absorbance at 450 nm was measured using a Labsystems, Multiskan plate reader 

(Fisher Scientific, Waltham, MA, USA). PSA concentration in the samples was 

extrapolated from the standard curve created from known concentration samples provided 

in the kit. These values were subsequently normalized to the protein content in the 

respective samples. A sample PSA standard curve is shown in Figure 7.  
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Figure 7: A typical PSA standard curve is shown. This standard curve plots 
absorbance at 450nm against known concentrations of PSA (ng/mL) as provided. 
The equation of the line is determined and sample PSA concentrations are 
determined by solving for x. 
 

3.9.1 BASAL PSA AND RESPONSE TO DHT 
 

LNCaP and C4-2 cells were seeded at 1.0 x105 cells per well in a 6-well plate in 

10% FBS RPMI After 24 hours the media was replaced with 5% CSS RPMI for 2 days at 

which point media was changed to either 10nM dihydrotestosterone in 2 mL 5% CSS 

RPMI or 2 mL of 5% CSS RPMI alone. The media was collected 72 hours later and was 

analyzed using the above assay protocol. Cells were washed twice with HBSS and 

protein content was analyzed for normalization in the respective cell samples. The data 

using this specific protocol is described in section 4.1.1.  
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3.10 STATISTICAL ANALYSES 
 

The statistical analyses on all data were performed using GraphPad Prism 

software. Student’s t-tests were used to determine differences between NC and SRBI-KD 

at each time point. A one-way analysis of variance was used to analyze the basal protein 

expression in LNCaP and C4-2 cells in Figure 9 and a two-way analysis of variance was 

used to determine differences in the PSA response in LNCaP and C4-2 cells +/- DHT 

seen in Figure 8. These statistical analyses were followed up with a Tukey post-hoc 

analysis. All data are shown as mean +/- standard error of the mean. Means of the data 

sets were considered to be statistically significantly different if p <0.05. Differences 

between the NC group and untreated control (Blanks) were assessed for each experiment, 

at each time point and were not found to be statistically different. Therefore, NC was 

used as a comparison to SRBI-KD for the results presented, rather than the Blank.  
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CHAPTER 4 RESULTS 
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4.1 AIM 1 EXPERIMENTS 
 

4.1.1 PSA SECRETION IN THE PRESENCE AND ABSENCE OF DHT 
 

The androgen-sensitive CaP cell line, LNCaP, and the castration-resistant lineage-

derived cell line, C4-2, were chosen as the experimental model. Both cell lines were 

treated with 10 nM DHT and the resulting prostate-specific antigen (PSA) response was 

analyzed, as described in section 3.9.1. In the absence of DHT treatment (-DHT) it was 

found that C4-2 cells had a significantly higher basal PSA level as compared to the 

LNCaP cells (Figure 8). C4-2 cells secreted approximately 53.3 ng/mL per ug of protein, 

while the LNCaP cells secreted 12.9 ng/mL per ug protein, an approximate 4-fold 

difference. Upon treatment with 10nM DHT (+DHT), C4-2 cells secreted approximately 

110.9 ng/mL per ug protein, while LNCaP cells secreted 41.1 ng/mL per ug protein. 

Despite the difference in basal PSA levels, both cell lines responded with a significant 

increase in PSA from the respective untreated group as can be seen in Figure 8. 
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Figure 8: PSA secretion (ng/mL) per ug of protein in LNCaP and C4-2 cells 
untreated (-DHT) and treated (+DHT) with 10nM DHT in 5% CSS for 72 hours. 
Columns, mean (n=6 for LNCaP and n=12 for C4-2); bars, +/-SD. *, p<.05, -DHT vs 
+DHT of each group, ⧧ ,  p<.05, -DHT LNCaP vs –DHT C4-2.    
 

4.1.2 BASAL PROTEIN EXPRESSION  
 

Basal protein expression in C4-2 and LNCaP cells as derived from Western blot 

analyses is demonstrated in Figure 9. These expression levels were evaluated in pre-

transfection cell samples (day 0) of the two CaP cell lines. LNCaP and C4-2 protein 

expression levels were statistically compared to each other using a one-way ANOVA. All 

proteins examined, with the exception of SR-BI and HSL (see Figure 10) did not have 

significantly different expression levels in LNCaP and C4-2 cells, although LDLrec and 

stAR demonstrated an increasing pattern.  
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Figure 9: Basal protein expression derived from Western blots of proteins involved in cholesterol influx (SR-BI, LDLrec), 
efflux (ABC-A1), synthesis (HMGCR), metabolism (ACAT-1, ACAT-2 and HSL), transport into mitochondria (stAR) and the 
androgen receptor (AR) in LNCaP (grey) and C4-2 cells (black). All values are shown normalized to expression in LNCaP 
cells. Columns, mean (n is specified below the respective proteins); bars, +/-SEM. *, p<.05, LNCaP vs C4-2. 
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4.1.2.2  BASAL SR-BI AND HSL EXPRESSION 
 

The protein expression of SR-BI (Fig. 10A) and HSL (Fig. 10C) was found to be 

significantly higher in C4-2 cells than LNCaP cells in the basal condition (as taken from 

Figure 9). HSL expression has approximately 1.6 fold higher and SR-BI expression was 

approximately 2.1 fold higher in C4-2 cells as compared to LNCaP cells. Figure 10B and 

10D show representative blots of the expression of SR-BI, HSL and the corresponding 

actin bands in both cell types.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10A-D: Basal protein expression of SR-BI (A) and HSL (C) in LNCaP and 
C4-2 cells normalized to expression in LNCaP cells. Representative blots of each 
protein are shown for SR-BI (B) and HSL (D) with the respective actin bands. 
Columns, mean (n=8 for SR-BI and n=4 for HSL); bars, +/-SEM. *, p<.05.  
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4.2 AIM 2 EXPERIMENTS  

4.2.1 SIRNA-INDUCED SILENCING OF SR-BI 
 

The protein expression of SR-BI in LNCaP and C4-2 cells treated with the 

optimal dose of 10 nM SR-BI siRNA (SRBI-KD) or negative control (NC) siRNA with 

2.0 nM Lipofectamine RNAiMAX was examined in order to determine if the knockdown 

resulted in >80% reduction in protein expression. Protein samples at day 0 and day 1, 3, 

and 6 post-transfection were analyzed by western blot to determine the degree of SR-BI 

silencing obtained. All values are expressed as fold change from day 0 values for the 

respective cell type. As can be seen in Figure 11A and 11B, the protein expression of SR-

BI in C4-2 and LNCaP cells, respectively, was decreased by greater than 80% by day 3 

and to >90% by day 6. These results confirmed that the protocol utilized was providing 

persistent and significant knockdown of SR-BI expression in both cell types. 
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Figure 11A-B: Silencing of SR-BI protein expression in C4-2 (A) and LNCaP (B) cells at Day 1, 3 and 6 post-transfection with 
negative control (NC) and SR-BI (SRBI-KD) siRNA. Data is shown as the fold change in SR-BI expression from the expression 
in a pre-transfection control for each cell type. NC was not significantly different than Blank (not shown). Inset diagrams 
demonstrate representative blots analyzed in each cell type. Columns, mean (n=6); bars, +/-SEM. *, p<.05, NC versus SRBI-
KD.  
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4.2.2 CYTOXOCITY OF SR-BI SILENCED CELLS  
 

The cytotoxicity of C4-2 and LNCaP cells post-transfection with negative control 

(NC) or SR-BI (SRBI-KD) siRNA was assessed to determine if there was any RNAi-

related effects or cytotoxic effects specific to SR-BI silencing. Values are expressed as a 

percent of the 100% cytotoxicity control and were normalized to the cytotoxicity 

observed at day 0 in each cell type. The means of the cytotoxicity measured at each day 

in the SRBI-KD group were compared to the NC counterpart at that particular time point. 

The treatment groups were not significantly different in either C4-2 cells (Figure 12A) or 

LNCaP cells (Figure 12B). However, these data display a trend toward greater 

cytotoxicity in the SRBI-KD cells, particularly in the C4-2 cells and may be found to be 

significantly different if the power was improved.  
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Figure 12A-B: Cell cytotoxicity is demonstrated as % cytotoxicity based on a 100% cytotoxic control, representing the amount 
of LDH in the media of C4-2 (A) and LNCaP (B) cells treated with SR-BI siRNA (SRBI-KD, black bars) and a negative 
control siRNA (NC, grey bars) at Day 1, 3 and 6 post-transfection. Values are controlled for day 0 cytotoxicity. Columns, mean 
(n=5); bars, +/-SEM. 
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4.2.3 CELL VIABILITY OF SR-BI SILENCED CELLS  
 

The viability of cells treated with SR-BI (SRBI-KD) and negative control (NC) 

siRNA was assessed over the 6-day siRNA protocol discussed in section 3.4. The 

viability of each treatment group, SRBI-KD or NC, was expressed as fold change from 

the pre-transfection control that has been considered 1.0. The viability of C4-2 cells 

treated with siRNA is shown in Figure 13A, while LNCaP data is shown in Figure 13B. 

In C4-2 cells at day 3 and day 6 the SRBI-KD cells have significantly lower viability than 

the NC cells on the same day by approximately 28% and 22%, respectively (Fig. 13A). 

SR-BI silencing seems to have affected LNCaP cell viability as well, but groups were not 

significantly different due to the large variability observed. In order to indirectly 

demonstrate that SR-BI activity was reduced along with the protein silencing, cells were 

treated with 10 µg/mL of HDL based on protein content and the resultant viability was 

analyzed (Figure 13C & D). Although other lipoproteins interact with SR-BI, HDL is 

thought to be its major substrate and does not interact with other influx transporters, such 

as LDL receptor (94,103). HDL was added to cells immediately following transfection 

and cell viability was assessed 24 hours later. NC C4-2 cells treated with HDL 

(NC+HDL, Fig. 13C) had significantly increased cell viability compared to the untreated 

NC cells, while the SRBI-KD C4-2 cells treated with HDL (SRBI-KD+HDL, Fig.13C) 

were not different from the untreated SRBI-KD cells. The same trend was seen in the 

LNCaP cells (Fig. 13D), but the difference was not significant. These data indicate that 

SR-BI activity was likely reduced in SRBI-KD cells because providing substrate did not 

correct for the reduction in viability. LDL addition did not have significant effect on the 

growth of either cell line (Appendix E). 
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Figure 13A-D: Cell viability is demonstrated as fold change in viability from the 
pre-transfection (Day 0) control in C4-2 (A) and LNCaP (B) cells treated with SR-BI 
siRNA (SRBI-KD, black columns), a negative control siRNA (NC, grey columns) at 
Day 1, 3 and 6 post-transfection. C&D: Measures were taken 24hrs after the 
addition of 10ug/mL HDL (+HDL) which was added immediately post-transfection 
on Day 0 to NC (grey columns) and SRBI-KD (black columns) cells. Columns, mean 
(n=6 for A/B, n=3 for C/D); bars, +/-SEM. *, p<.05, SRBI-KD vs NC (A/B) and 
NC+HDL vs NC (C).    

 

4.3 AIM 3 EXPERIMENTS 

4.3.1 CELLULAR CHOLESTEROL IN SR-BI SILENCED CELLS 
 

Total cellular cholesterol levels were measured pre-transfection (day 0) and at day 

1, 3, and 6 post-transfection in viable cells treated with SR-BI (SRBI-KD) or negative 

control (NC) siRNA. No statistically significant differences were observed in total 

cholesterol levels between SRBI-KD and NC-treated groups in either C4-2 (Figure 14A) 
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or LNCaP (Figure 14B) whole cell samples. It appears that the LNCaP cholesterol levels 

have a different trend at day 6 as compared to that of the C4-2 cellular cholesterol levels, 

but the areas under these concentration curves, 48.52 ± 4.18 and 61.38 ± 16.92 

µg⋅day/µL, respectively, were not statistically significantly different. Figure 14C and 14D 

depict the free cholesterol and cholesteryl ester concentrations in C4-2 and LNCaP whole 

cell samples, respectively. No changes were observed in either of these parameters. 

Intracellular cholesterol concentrations were also assessed using the dissolved fraction of 

RIPA lysates from each cell type and time point to determine if a membrane-free sample 

would demonstrate changes in cholesterol levels. No differences were seen between the 

NC and SRBI-KD groups in these samples, similar to the results for whole cell lysates 

(Appendix F). 
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Figure 14A-D: Total cholesterol is shown as µg cholesterol per µg protein in whole cell lysates of C4-2 (A) and LNCaP (B) cells 
treated with SR-BI siRNA (SRBI-KD, black triangles) and negative control (NC, grey boxes) siRNA at Day 0 (pre-
transfection) and Day 1, 3 and 6 post-transfection. Free cholesterol (FC, dotted lines) and cholesteryl ester (CE, broken lines) 
concentration (µg FC or CE/µg of protein) is shown in C4-2 (C) and LNCaP (D) cells. Curve, mean (n=5); error bars, +/-SEM.  
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4.3.2 PROTEIN EXPRESSION IN SR-BI SILENCED CELLS 

4.3.2.1 INFLUX AND EFFLUX TRANSPORTERS 
 

The lack of differences in cholesterol levels despite the significant down-

regulation of SR-BI raised the question of potential compensatory measures in other 

major cholesterol transporters. The LDL receptor is another major provider of exogenous 

cholesterol to the cell via influx from lipoprotein sources. The protein expression of the 

LDL receptor was assessed over the 6-day SR-BI silencing period in both cell lines and is 

shown in Figure 15A and B in C4-2 and LNCaP cells, respectively. All values are 

expressed as fold change from day 0 values for the respective cell type. No significant 

differences were observed between SRBI-KD and NC groups. Similarly, the protein 

expression of the major cholesterol efflux transporter, ABC-A1 was determined (Figure 

15C & D). Although it appears that ABC-A1 expression was decreased in the SR-BI 

silenced cells at day 3 and day 6 in C4-2 cells and at day 6 in LNCaP cells, the 

differences were not statistically significant.  

 

 

 

 

 

 

 

 

 



 68 

 

Figure 15A-D: Expression of LDLrec in C4-2 (A) and LNCaP (B) cells at Day 1, 3 
and 6 post-transfection with negative control (NC) and SR-BI (SRBI-KD) siRNA. 
Expression of ABC-A1 is shown in C4-2 (C) and LNCaP (D) cells. Data is shown as 
the fold change in LDLrec and ABC-A1 expression from the respective protein 
expression in a pre-transfection control for each cell type. Inset diagrams 
demonstrate representative blots analyzed in each cell type. Columns, mean (n=6 for 
LDLrec and n=5 for ABC-A1); bars, +/-SEM. 
 

4.3.2.2. CHOLESTEROL METABOLISM ENZYMES 
 

The possible effect of silencing SR-BI on the metabolic processing of cholesterol, 

namely the process of storing cholesterol as cholesteryl esters via ACAT-1 and ACAT-2 

and the release of free cholesterol from cholesteryl ester stores via HSL was assessed by 
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examining the protein expression of these enzymes. All values are expressed as fold 

change from day 0 values for the respective cell type. ACAT-1 and ACAT-2 protein 

levels did not change significantly in C4-2 cells (Fig. 16A and C) or in LNCaP cells (Fig. 

16B and D) treated with SR-BI siRNA as compared to the respective negative controls. 

However, Figure 16E demonstrates that HSL expression was significantly increased by 

~30% in SRBI-KD cells at day 3 compared to the day 3 NC counterpart in C4-2 cells. 

SR-BI silencing did not elicit any significant changes in the expression of HSL in LNCaP 

cells at any time point (Figure 16F). 
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Figure 16A-F: Expression of ACAT-1 and ACAT-2 in C4-2 (A,C) and LNCaP (B,D) 
cells at Day 1, 3 and 6 post-transfection with negative control (NC) and SR-BI 
(SRBI-KD) siRNA. Expression of HSL is shown in C4-2 (E) and LNCaP (F) cells. 
Data is shown as the fold change in ACAT-1, ACAT-2 and HSL expression from the 
respective protein expression in a pre-transfection control for each cell type. Inset 
diagrams demonstrate representative blots analyzed in each cell type. Columns, 
mean (n=6; ACAT-1/2 and n=4; HSL); bars, +/-SEM. *, p<.05. NC versus SRBI-KD. 
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4.3.2.3 CHOLESTEROL SYNTHESIS- HMGCR EXPRESSION 
 

Protein expression of HMG CoA reductase (HMGCR), the enzyme responsible 

for the rate-limiting step in intracellular de novo cholesterol synthesis, was examined to 

determine if SR-BI silencing would elicit compensatory changes. All values are 

expressed as fold change from day 0 values for the respective cell type. HMGCR protein 

expression, although displaying a decreasing tendency in the SRBI-KD group at all days 

and in both cell types, was not statistically different from the respective NC groups 

(Figure 17A and B).  

 

Figure 17A-B: Expression of HMGCR in C4-2 (A) and LNCaP (B) cells at Day 1, 3 
and 6 post-transfection with negative control (NC) and SR-BI (SRBI-KD) siRNA. 
Data is shown as the fold change in HMGCR expression from the expression in a 
pre-transfection control for each cell type. Inset diagrams demonstrate 
representative blots analyzed in each cell type. Columns, mean (n=5); bars, +/-SEM. 
 

4.3.3 CHOLESTEROL SYNTHESIS ACTIVITY 
 

The activity of HMGCR was also assessed due to its complex processing in the 

cell and therefore, potentially confounding representation in protein expression (Fig. 17). 

Scintillation readings of cholesterol on the silica gel plate, as confirmed by the position of 
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a cold cholesterol sample, were taken for both SRBI-KD and NC cells at day 0 and day 6. 

These measures reflected incorporation of the radiolabelled precursor, 14C-acetate, into 

cholesterol. The values obtained were then normalized to the amount of protein within 

the given sample. Data are expressed as 14C dpm incorporated into cholesterol divided by 

3H dpm control counts per µg protein in the sample. As can be seen in Figure 18, the 

HMGCR activity is significantly higher basally in C4-2 cells, as compared to LNCaP 

cells. There is no difference in the activity observed in LNCaP SRBI-KD and NC cells at 

day 6, while the C4-2 SRBI-KD cells have a significantly higher cholesterol synthesis 

activity, a difference of approximately 2 fold, at day 6 than the NC counterpart cells at 

the same time point. The HMGCR activity was also analyzed at day 3 post-transfection in 

C4-2 cells and can be seen in Appendix G.  
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Figure 18: Cholesterol synthesis was measured by following the incorporation of 
14C-acetate into cellular cholesterol as measured by scintillation counting after 
separation by thin layer chromatography in C4-2 and LNCaP cells at Day 0 (white 
columns) and Day 6 post-transfection with negative control siRNA (NC, grey 
columns) and SR-BI siRNA (SRBI-KD, black columns). All values are corrected by 
3H-cholesterol control counts (dpm) and by ug of protein in a given sample. 
Columns, mean (n=3); bars, +/- SEM. *, p<.05 Day 6 NC vs Day 6 SRBI-KD. 
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treatment group of both C4-2 and LNCaP cells was significantly lower than that of the 

respective negative control group (Fig. 19). At day 6 in C4-2 cells the SR-BI-KD cells 

had secreted 111.7+/- 27.5 ng/mL per ug protein as compared to 243+/- 37.6 ng/mL per 

ug protein secreted by the NC cells. LNCaP SR-BI-KD cells secreted 70.4 +/- 23.6 

ng/mL per ug protein versus 165.6 +/- 28.4 ng/mL per ug protein in the NC cells. This 

represents a reduction of approximately 55% and 58% in the C4-2 and LNCaP cells, 

respectively.
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Figure 19A-B: PSA secretion is demonstrated as concentration in the media of C4-2 (A) and LNCaP (B) cells treated with SR-
BI siRNA (SRBI-KD, black triangles), a negative control siRNA (NC, grey squares) at Day 0 (pre-transfection) and Day 1, 3 
and 6 post-transfection. Values were adjusted for the amount of protein in the respective samples. Curve, mean (n=5); bars, 
+/-SEM. *, p<.05 Day 6 NC versus Day 6 SRBI-KD.  
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4.4.2 INTRACELLULAR TESTOSTERONE IN SR-BI SILENCED CELLS 	   
 

Testosterone was measured in media and cell lysates at day 0 (pre-transfection), 

day 1, 3 and 6 post-transfection. All values obtained in the media samples were below the 

detection limit of the ELISA (0.03 ng/mL) and were therefore not quantifiable and were 

consequently not included. Intracellular testosterone levels, as taken from the supernatant 

of cell samples lysed with modified RIPA buffer, are shown in Figure 20. The amount of 

testosterone is shown as concentration (ng/mL) per µg of protein in the respective sample. 

Testosterone levels were not significantly different between SRBI-KD and NC groups in 

the LNCaP cells (Fig. 20B). However, the SRBI-KD group in the C4-2 cells at day 3 had 

significantly higher (~35%) intracellular testosterone concentration as compared to the 

NC group (Fig. 20A).   
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Figure 20A-B: Intracellular testosterone concentration (ηg/mL) is shown in C4-2 (A) and LNCaP (B) cells treated with SRBI 
siRNA (SRBI-KD, black triangles) and a negative control siRNA (NC, grey squares) at Day 0 (pre-transfection) and Day 1, 3 
and 6 post-transfection. Values were adjusted for the amount of protein (µg) in the respective samples. Curve, mean (n=5); 
bars, +/-SEM. *, p<.05 Day 3 NC versus Day 3 SRBI-KD.  
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4.4.3 STAR AND AR PROTEIN EXPRESSION IN SR-BI SILENCED CELLS	   
 

In order for cholesterol to be synthesized into androgens it must first be brought 

from the cellular compartment into the mitochondrial matrix. This step is completed by 

stAR. AR is the receptor that binds to androgens in the cytosol in order to elicit a number 

of effects, including PSA production. It was thought that the expression of these proteins 

may change in response to SR-BI down-regulation and subsequently reflect changes in 

the intracellular steroid production pathways. However, no differences were seen 

between the NC and SRBI-KD groups in either cell type indicating that silencing SR-BI 

does not effect the protein expression of stAR (Fig. 21A and B) or AR (Figure 21C and 

D). All values are expressed as fold change from day 0 values for the respective cell type. 
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Figure 21A-D: Expression of stAR in C4-2 (A) and LNCaP (B) cells at Day 1, 3 and 
6 post-transfection with negative control (NC) and SR-BI (SRBI-KD) siRNA. 
Expression of AR is shown in C4-2 (C) and LNCaP (D) cells. Data is shown as the 
fold change of stAR and AR expression from the respective protein expression in a 
pre-transfection control for each cell type. Inset diagrams demonstrate 
representative blots analyzed in each cell type. Columns, mean (n=3 for stAR and 
n=6 for AR); bars, +/-SEM. 
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CHAPTER 5 DISCUSSION 
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5.1 BASAL SR-BI IN LNCAP AND C4-2 
 
 Inevitably, disseminated CaP treated with hormone therapy will recur in a more 

aggressive castration-resistant form in the low exogenous androgen environment. Many 

lines of evidence support the importance of the androgen-AR signaling pathway in the 

castration-resistant state, including intracellular de novo synthesis of androgens from 

cholesterol. One source of cholesterol to the cell is SR-BI, a cholesterol influx 

transporter. SR-BI has been shown to be important for provision of cholesterol to the 

steroidogenic pathway in the adrenal tissues of rodents. In addition, perturbation of SR-

BI expression in humanized murine models elicits stunted steroid production, a deficit 

unchanged by compensatory increases in cholesterol synthesis (79,86,114). In addition, 

our group found that SR-BI expression was increased in an LNCaP xenograft model upon 

progression to castration-resistance (50). Therefore, the current study investigated the 

role of SR-BI as a potential source of precursor to de novo androgen synthesis (Fig. 22). 

Cholesterol homeostasis is complex, therefore four major points in cellular cholesterol 

regulation- efflux, influx, metabolism and synthesis, were examined in connection with 

the androgen AR-signaling pathway (Fig. 22).  
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Figure 22: Diagram of cellular cholesterol () pathways- synthesis, metabolism, 
influx and efflux. Cholesterol moves to mitchondria where stAR initiates androgen 
synthesis by shuttling cholesterol into the intermitochondrial space. Androgens (T) 
bind to the AR and cause gene transcription (Adapted from (156)).  
 

 To determine if SR-BI has a significant physiological role in CaP, particularly in 

different forms of the disease, LNCaP and C4-2 cells were selected as the model. In the 

absence of DHT treatment it was found that C4-2 cells had a significantly higher basal 

PSA level as compared to the LNCaP, confirming the findings of many other groups that 

C4-2 cells have a basally active AR and thus a higher basal PSA than LNCaP cells 

(43,157,158). DHT treatment caused a significant increase in PSA secretion in both cell 

types as can be seen in Figure 8. The mutated AR present in both the LNCaP and C4-2 

cells responds to androgens in a similar manner as the wild type receptor, but it has less 

!!!!"!
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binding specificity due to changes in the binding pocket (34) making it promiscuous. This 

promiscuity is present in approximately 10% of recurrent CaP facilitates AR activation 

via binding of a number of substrates in addition to androgens, including progesterone 

and cortisol (159,160).  

 

 The basal protein expression of major proteins in the cholesterol and the androgen 

receptor-signaling pathway were assessed. Interestingly, it was demonstrated herein that 

basal expression of SR-BI was two-fold higher in the C4-2 cells than the LNCaP cells 

(Fig. 10), while the LDLrec, although displaying a similar pattern was not statistically 

significantly different (Fig. 9). These findings are in agreement with the up-regulation of 

SR-BI observed at castration-resistance in the LNCaP xenograft model mentioned 

previously (50). Selective uptake of cholesteryl ester from HDL via SR-BI has been 

tightly linked to HSL expression near the surface of the cell (95). This co-expression is 

thought to serve cellular cholesterol needs by hydrolyzing incoming CEs into free 

cholesterol for use in cellular processes. Interestingly, this relationship is demonstrated 

herein, in that HSL, in concert with SR-BI, was significantly up-regulated basally in C4-2 

cells as compared to LNCaP cells (Fig. 10). These findings suggest that castration-

resistant cells may adapt to the exogenously low androgen environment in which they 

were derived by increasing cholesterol influx to supply cellular needs, including 

provision of precursor to de novo androgen synthesis (43,50). In addition, it is possible 

that the elevated SR-BI and HSL may reflect induction by the basal intracellular 

androgen concentrations, since androgens cause an increase in the expression of these 

proteins, an inverse response to that elicited by cholesterol (94,112,115,161,162). Basal 
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testosterone concentrations were found to be approximately 30% higher in C4-2 cells 

than the LNCaP cells as demonstrated by the day 0 values in Figure 20. Although this 

difference was not statistically significantly different it may have been sufficient to cause 

induction of SR-BI and HSL expression and may partially explain their up-regulation in 

C4-2 cells.  

 

 It was expected that the basal AR expression in C4-2 cells would be significantly 

higher than in the LNCaP cells, a finding demonstrated in C4-2 cells and a number of 

other sublines of LNCaP (34). The findings herein indicate this trend was present, 

however, the difference was not significant due to high variability in the expression levels 

obtained (Fig. 9). Although this finding was unexpected, the higher basal PSA seen in the 

C4-2 cells suggests that AR activity is higher and perhaps the technique used to extract 

the AR is the problem. As discussed previously, the AR moves to the nucleus upon 

androgen binding and it is possible that a more efficient nuclear protein extraction 

procedure would reflect the different AR protein levels found by other groups.  

 

5.2 SR-BI SILENCING AFFECTS CELL VIABILITY 
 
 Silencing target protein synthesis with RNA interference is emerging as a new 

modality for the treatment of cancer (163-165). Down-regulation of SR-BI expression 

using this method caused a significant reduction in the viability of C4-2 cells, but not in 

LNCaP cells despite a tendency toward the same effect (Fig.13A and B). This finding 

supports the aforementioned hypothesis that castration-resistant cells have a greater 

reliance on this transporter. The observed reduction in viability is thought to be due to the 

loss of SR-BI and not the transfection process, as all values are compared to cells 
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transfected with negative control siRNA and no significant toxicity was observed (Fig. 

12). A similar SR-BI silencing procedure was implemented in human granulosa luteal 

cells and the cell viability was not affected, further implicating a cell specific effect of 

SR-BI modulation (166). Addition of HDL, a SR-BI substrate, increased the viability of 

negative control cells as has been seen by other groups, but did not abrogate the reduced 

viability of the SRBI-KD cells (Fig. 13C and D) (77,167).  This result supports the 

hypothesis that the functional loss of SR-BI, and therefore a source of cholesterol, is 

responsible for the observed attenuation in viability, as well as potential signal 

transduction effects as discussed in section 5.5.   

  

 Cell cytotoxicity was not found to be significantly different, despite a trend towards 

greater toxicity in the SRBI-KD groups compared to NC groups, especially one day after 

the transfection (Fig. 12). This may indicate an initial insult to the membrane integrity 

due to the physical loss of SR-BI from the membrane structure, but it is difficult to be 

certain. The fact that the cytotoxicity data do not complement the viability data may 

indicate that maintenance of membrane integrity does not necessarily correlate directly 

with metabolic activity (168). Since a direct apoptotic marker was not measured, it is 

difficult to infer programmed cell death over necrosis based on the data obtained. 

However, the minimal cytotoxicity in conjunction with significant viability changes in 

SR-BI-KD versus NC cells indicates intracellular processes are likely affected to a 

greater extent after day 1.  

 

5.3 SR-BI SILENCING AFFECTS CHOLESTEROL SYNTHESIS 
 
 It was expected that the SR-BI silencing effects on cell viability were due to the 
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loss of cholesterol influx, the main function of this transporter. However, it was found 

that the cholesterol levels were unchanged between treatment groups (Fig. 14). The lack 

of change in cellular cholesterol indicates that perhaps the other cholesterol pathways 

were able to compensate for the loss of SR-BI-mediated influx and maintain cholesterol 

levels. Thus, it was expected that other major players in the complex network of 

cholesterol homeostasis, namely other influx transporters, efflux, synthesis and 

metabolism, would be altered as a result of the reduction in SR-BI (Fig. 22).	  	  

	  

	   Intuitively, it was assumed that reducing influx of cholesterol via SR-BI would 

cause an increased influx through the LDL receptor, the other major lipoprotein influx 

transporter, and decreased efflux via ABC-A1; a shift that would potentially be reflected 

by a change in protein expression. However, there were no significant changes observed 

in either the LDL receptor or ABC-A1 between the treatment groups, despite decreased 

expression in ABC-A1 in the SRBI-KD group (Fig. 15). Thus, it seems that the 

unchanged cholesterol levels in spite of the decrease in SR-BI could not be explicitly 

explained by changes in the efflux and influx transporters. Therefore, HMGCR, the rate-

limiting enzyme in de novo synthesis of cholesterol was examined.  

	  

	   Cholesterol is an essential molecule in all cells and therefore its homeostasis is 

tightly regulated (53,82). However, a major cholesterol regulator, SREBP-2, has been 

shown to be dysfunctional in castration-resistant cancer cells. This finding was supported 

by an increased ex vivo HMGCR activity observed by our group upon progression to 

castration-resistance in a LNCaP xenograft model (45,50,88,89). HMGCR, the rate-
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limiting step in the mevalonate pathway, is controlled at the transcriptional level by 

SREBP-2 (101). The higher basal cholesterol synthesis activity in C4-2 cells as compared 

to the LNCaP cells observed in this study may reflect this dysfunction, but SREBP-2 was 

not quantified therefore this is only speculation. HMGCR protein expression increases 

have been seen in the progression to CRPC (79,84-87). In the current study, the 

significant increase in activity seen at day 6 in the C4-2 cells with knocked down SR-BI 

(Fig. 18) was not mirrored by an increase in the HMGCR protein expression (Fig. 17). 

The lack of correlation between protein expression and activity of HMGCR may be a 

reflection of acute versus chronic regulation of the enzyme. While long-term regulation 

of HMGCR should be reflected in protein levels, acute alterations are better represented 

by the enzyme activity which is increased via phosphorylation by AMP-activated kinase 

(169,170). The increase in cholesterol synthesis in C4-2 SRBI-KD compared to NC cells 

6 days after transfection indicates a need to perhaps compensate for the loss of 

cholesterol influx from SR-BI, resulting in the unchanged cholesterol levels that were 

observed (Fig. 18).  Since this compensatory increase in synthesis was observed in 

parallel with decreased viability and unchanged cholesterol levels, it is possible that the 

increased synthesis was not only supplying membrane creation and proliferative 

requirements of the cell, but perhaps other cellular processes, such as the hypothesized 

androgen synthesis. The LNCaP cells did not display a similar increase in cholesterol 

synthesis in the SRBI-KD group at day 6 as compared to the NC cells. However, the total 

cholesterol in the LNCaP SRBI-KD at day 6 was lower than the NC group. Although this 

difference was not significant, the decreased cholesterol corresponds to the lack of 

compensatory up-regulation in cholesterol synthesis observed in the LNCaP cells.  
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 The effect of SR-BI silencing on cholesterol metabolism was also explored. Cells 

with adequate intracellular cholesterol will store it as cholesteryl esters in lipid droplets, a 

process facilitated by ACAT-1 and ACAT-2 (Fig. 22). Alternatively, in times of cellular 

cholesterol requirement, HSL hydrolyzes the CE stores or incoming CEs at the cell 

surface to create free cholesterol for use by the cell (Fig. 22). Although no significant 

changes in the expression of either ACAT isoform were observed (Fig. 16A-D), HSL 

expression was significantly altered in the C4-2 cells. At day 3 and day 6, the SRBI-KD 

cells had significantly decreased HSL expression as compared to the NC group in C4-2 

cells (Fig. 16E and F). A similar pattern was seen in the LNCaP cells at day 6 but was not 

stastically different. This finding is contrary to the premise that cholesterol need would be 

greater in response to reduced influx of cholesterol via SR-BI and thereby, HSL would 

have been expected to be up-regulated. However, the cholesterol levels in the cell did not 

change as a result of SR-BI silencing. Also, as mentioned, HSL expression has been 

linked to SR-BI expression and therefore SR-BI silencing may impact HSL expression 

due to their co-expressive tendencies (95). It is also possible, as hypothesized, that the 

loss of SR-BI caused a decrease in de novo androgen synthesis within these cells and 

consequently caused an attenuated hormone-induced expression of HSL. 

 

5.4 SR-BI SILENCING-INDUCED EFFECTS ON PSA 
 
 SR-BI down-regulation had an impact on cell viability, cholesterol synthesis and 

the hormone-regulated enzyme, HSL, within the cells. Therefore, it was critical to 

determine if the effects would permeate to more terminal effectors such as the expression 

of stAR and AR and the levels of intracellular testosterone and PSA secretion. A major 
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link between cellular cholesterol and the androgen-androgen receptor signaling pathway 

is the transport of cholesterol into the mitochondria for potential biosynthetic creation of 

androgens; a process facilitated by stAR (Fig. 22) (16). No significant change in the 

expression of stAR was induced by SR-BI silencing, despite seemingly decreased stAR 

expression in the SRBI-KD groups in the C4-2 cells and increased stAR expression in the 

same group in LNCaP cells beyond day 3 (Fig. 21A and B). 

 

 After stAR shuttles cholesterol into the inner mitochondrial space it can be 

converted into androgens, one of which is testosterone. Intracellular testosterone 

concentrations were measured in order to reflect changes in androgen synthesis within the 

cell. Since the media did not contain detectable amounts of testosterone (<.03ng/mL) it 

was thought that any testosterone changes observed would be a reflection of intracellular 

processes rather than exogenous changes to the cell media environment. Intracellular 

testosterone concentrations were not affected by SR-BI silencing, with the exception of 

the SRBI-KD groups at day 3 in the C4-2 cells, which was significantly higher than the 

respective NC group (Fig 20).  Although the testosterone levels in the both cell types 

decreased over time, the LNCaP cells had a spike in levels at day 1 in both treatment 

groups. Presumably, the passive diffusion of the minimal androgens present in the media 

would be equivalent in both cell types, therefore, this spike in testosterone likely reflects 

intracellular events, such as metabolism. As mentioned in the introduction, the mRNA 

and protein expression of steroid-5-α-reductase-1 (SRD5A1); the enzyme responsible for 

conversion of testosterone to DHT, are increased in CRPC (29,171). Therefore, if this is 

true in comparison between LNCaP and C4-2 cells, it is possible that DHT analysis or 
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SRD5A1 expression would give a more complete explanation of the testosterone 

differences observed. 

 

 Androgens, including testosterone, can bind to the AR and subsequently exert a 

number of transcriptional effects. AR expression was not significantly different between 

treatment groups in either cell line. However, the AR protein levels in the LNCaP cells, 

regardless of treatment group, appeared to increase with the time exposed to the steroid-

depleted environment, with the exception of levels at day 1 (Fig. 21C and D)	  (136). AR 

expression is regulated in part by androgens. Although testosterone was the only 

androgen measured, its concentration appeared to decrease over time, which is in 

opposition to the increased AR expression observed in the LNCaP cells. These data are 

counter-intuitive, as it is commonly known that, not only is the AR stabilized by the 

presence of androgens, but also, androgens decrease transcription of AR mRNA 

(172,173). In addition, the half-life of the AR in LNCaP cells in the absence of androgens 

is approximately 3 hours in comparison to 7 hours in C4-2 cells. However, it has been 

found that the AR in LNCaP cells in the absence of androgens was predominantly 

detected in the cytoplasm, versus a nuclear translocation in a castration-resistant cell line 

(34).  Therefore, it is possible that the technique used to lyse the cells may not fully 

extract nuclear protein. Therefore the observed expression reflected only the cytosolic 

fraction of AR and thereby, over-estimated the whole-cell AR expression. For future 

studies it may be important to determine the nuclear and cytosolic expression using an 

antibody directed to the C-terminal end of the AR. Alternatively, the spike in testosterone 

levels seen at day 1 in the LNCaP cells may have induced AR expression, a change that 
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manifested at day 3 and day 6. 	  

	  

	   A downstream indicator of androgenic regulation and AR activity commonly used 

as a clinical marker in CaP is prostate specific antigen (PSA) (23). As mentioned, 

androgens bind to the AR and this complex then translocates to the nucleus where it 

exerts a number of transcriptional programs, including PSA production (10,22). It has 

been debated whether PSA secretion in cell models directly translates to cell viability, 

however, PSA is a good indicator of the androgen-signaling pathway (174). PSA 

secretion in both the LNCaP and C4-2 SRBI-KD cells was significantly decreased, by 

58% and 55%, compared to the NC groups, respectively (Fig. 19). This indicates that 

perturbation of SR-BI expression may impact AR activity. However, the protein 

expression of the AR did not significantly change in the SRBI-KD cells as compared to 

the NC cells in either cell line (Fig. 21C and D), possibly indicating that another 

mechanism may be contributing to the observed decrease in PSA.   

 

5.5 SR-BI MEDIATED SIGNAL TRANSDUCTION 
 
 In addition to the transcriptional effects mentioned above, the AR may also exert 

non-transcriptional effects via interaction with other signaling cascades, specifically 

cross-reaction with mitogenic kinases (175-177). Signaling pathways that have been 

connected to AR activation appear to be particularly concentrated in lipid rafts (178,179). 

So too, it has been demonstrated that modulation of cholesterol content in the plasma 

membrane and consequently lipid raft functionality, reduced growth and PSA production 

by decreasing activity of the AR, an effect that was linked to suppression of Akt 

activation (180,181). Lipid raft and plasma membrane cholesterol content can be altered 
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by statins, as has been demonstrated in CaP, but also by SR-BI modulation 

(180,182,183). The lack of concrete changes in cellular cholesterol, testosterone and 

other downstream androgen-regulated proteins in the current study suggested that 

silencing SR-BI in CaP cells may be interrupting other pathways in addition to 

cholesterol influx. Interestingly, SR-BI has also been implicated in MAPK/ERK and 

PI3K/Akt signaling pathways whereby HDL, and not LDL, binding to SR-BI induces 

activation of PI3K, Akt and ERK (184-186). These findings may help explain the 

induction in CaP cell viability that was observed with the addition of HDL, but not LDL 

(Fig. 13C-D, Appendix E). Although there are many theories with regard to the specific 

role of SR-BI in signal transduction pathways, it appears that it may be due to the 

activation of Src (187). Src is a non-receptor tyrosine kinase that impacts downstream 

cellular events, including cell division and survival pathways, via PI3K phosphorylation 

(Fig. 23, adapted from (188)). Src activity is thought to be induced directly by SR-BI-

mediated binding to HDL.  
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Figure 23: A depiction of one possible SR-BI-mediated effect on cell signaling 
pathways. Src is activated by SR-BI thereby eliciting downstream phosphorylation 
and consequent activation of ERK1/2 and Akt which then induce cellular events 
(adapted from (188)).  
 
 Furthermore, a reduction in cell signaling has been connected to the loss of SR-BI. 

Knockdown of SR-BI using siRNA and inhibition of SR-BI using an antibody resulted in 

decreased phosphorylation of Akt in fibroblasts and activation of Ras in Chinese hamster 

ovary cells, respectively (189,190). Although the effects of HDL and SR-BI-mediated 

signal transduction have not received much attention in CaP thus far, the observations 

herein that silencing SR-BI causes a reduction in cell viability and that HDL addition to 

NC cells improves cell viability are in agreement with the findings from other cell models 

discussed above. Thus, the knockdown of SR-BI may not only have reduced cholesterol 

influx but may have also affected cell signaling, which contributed to the decreased cell 

viability and PSA secretion observed. Future studies are required to determine the 

specific mechanisms underlying the SR-BI silencing-induced effects seen in C4-2 and 
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LNCaP cells.  

 

5.6 LIMITATIONS OF CURRENT RESEARCH AND FUTURE STUDIES 
 

 The data suggest that silencing a cholesterol influx transporter has an effect on the 

PSA secretion of CaP cells. However, these findings were not reflected in testosterone 

levels, perhaps because changes occurred in one of the other androgens. Future studies 

examining multiple intracellular hormones including DHT, DHEA and progesterone 

using mass spectrometry may provide a more complete explanation of the 

aforementioned effects of SR-BI knockdown in CaP cells. This would be of particular 

importance if future work is completed using cell lines with the T877A mutated AR 

because it can interact with multiple androgens and androgen precursors. 

 

 Cholesterol homeostasis is complex; therefore, it may be important to assess gene 

expression in addition to protein and activity in future studies, so as to create a more 

complete profile of changes that occur. In addition, it was speculated that survival or anti-

apoptotic pathways might have been affected by SR-BI silencing. Future studies should 

directly analyze apoptosis in the form of a TUNEL or PARP cleavage assay, in addition 

to phosphorylation of Akt and ERK, to determine if signal transduction pathways are 

affected. 

 

 It was found that cholesterol synthesis, via increased HMGCR activity, was a major 

compensatory measure initiated in C4-2 cells when SR-BI was silenced. In future studies 

it will be important to examine the effects of inhibiting cholesterol synthesis alone and in 
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concert with SR-BI silencing to determine if the effects are amplified. This may be of 

particular interest due to the prevalence of statin use in CaP patients.   

 

 Humans have a predominance of LDL in our circulation, as compared to rodents, 

which are predominantly HDL mammals. To determine if the LDL receptor has a more 

important role than SR-BI for provision of cholesterol, similar studies down-regulating 

the LDL receptor should be completed. Also, the effects on parameters, such as viability, 

PSA production and cholesterol concentration should be measured in response to 

lipoprotein treatment, as these data were not collected in the current work. In addition, 

cellular fractionation and subsequent cholesterol analysis may aid in determining 

fraction-specific effects on cholesterol.  

 

 The RNAi protocol that was used to complete all studies in this project involved a 

single dose of siRNA. Although this method produced persistent down-regulation of SR-

BI protein expression, it may be important to investigate use of a multiple dosing 

procedure. A preliminary attempt at a dual-dosing SR-BI siRNA protocol and the 

subsequent effect on PSA and cell viability is shown in Appendix H. Should this work 

continue, it may be more appropriate to use this method. In addition, Kreiger et al. at 

Massachusetts Institute of Technology have developed a selective SR-BI inhibitor, called 

block lipid transport (BLT) (191). It may be useful to repeat the siRNA experiments 

using this inhibitor to determine if the same effects are observed, as an inhibitor would 

likely not change membrane morphology to the extent of siRNA. In addition, the specific 

impact on the activity of SR-BI and the mRNA expression should be examined, as 
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neither parameter was directly measured in the current project.  

 

 An examination of cholesterol pathways in other cell lines, such as PC-3 and VCaP, 

which have an absence of the AR and a wild-type AR, respectively, may provide further 

understanding of the link between cholesterol and the androgen-signaling pathway. Also, 

exploration of SR-BI in human tumour samples may help determine if the findings in a 

homogenous cell environment will have merit in the heterogeneous tissues.  

 

5.7 CONCLUSIONS 
 

In conclusion, it seems that silencing the expression of SR-BI in C4-2 cells 

reduces viability of these cells to a greater extent than LNCaP cells, a result that was 

complemented by a significantly decreased PSA secretion. This may reflect a greater 

reliance on the SR-BI transporter by C4-2 cells, an inference complemented by the 

finding that there was more SR-BI expressed basally in this cell type. These data provide 

support for the initial hypothesis. However, the PSA data in LNCaP cells suggest that, 

they too, were influenced by SR-BI down-regulation. Unfortunately, the lack of changes 

in cellular cholesterol concentrations and intracellular testosterone levels make it difficult 

to conclude that the growth effect is explicitly due to a lack of cholesterol provision to the 

de novo androgen synthesis pathway. However, the increase in cholesterol synthesis in 

the SR-BI silenced C4-2 cells indicates there is a need for compensatory supply of 

cholesterol to offset the attenuated influx. Furthermore, the addition of HDL, a substrate 

for SR-BI and known inducer of CaP cell growth, was not able to increase viability in 

SR-BI knockdown cells. These findings suggest that the loss of an SR-BI-mediated 
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mechanism; cholesterol influx or cell signaling, has affected not only compensatory 

cholesterol pathways, but also cell viability and downstream PSA secretion. This 

indicates that there may be a link between cholesterol influx and androgen-AR signaling. 

However, further exploration is necessary to determine if the observed effects were 

mediated by the loss of precursor for de novo androgen synthesis. 

 

5.8 SIGNIFICANCE OF FINDINGS 
 

The findings suggest that SR-BI silencing perturbs viability, PSA secretion and 

cholesterol synthesis of CaP cells, in particular the castration-resistant cell line, C4-2. 

Although further elucidation of the specific mechanism whereby SR-BI elicits these 

effects, it is possible that inhibiting the supply of cholesterol for de novo androgen 

synthesis or other cell needs, may be a novel point of therapeutic intervention alone or 

perhaps in combination with another therapy. There a very few treatments available for 

CRPC and even fewer that are effective. Therefore, exploration of any potential targets, 

such as cholesterol influx may be important for understanding the mechanisms of disease 

progression and the development of future therapies. 
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APPENDIX A: PROTEIN CONTENT IN CELL LINES 
 

 

Figure A: Picograms of protein per cell; LNCaP (grey column) and C4-2 (black 
column). Columns, mean (n=3); bars, +/- SEM.   
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APPENDIX B: SIRNA METHOD DEVELOPMENT 
 
 

 
 

Figure B. A-D: Cell cytotoxicity is displayed in C4-2 (A) and LNCaP (B) cells 
treated with 1 and 10nM final concentration of negative control (NC, grey columns) 
and SR-BI (SRBI-KD, black columns) siRNA with 1-7.5uL of RNAiMax; a cationic 
delivery system. Values are expressed as fold change in LDH release (cytotoxicity) 
from an untreated control group. The lowest cytotoxic dose with the least difference 
between NC and SRBI-KD (1 or10nM siRNA + 2.5 or 5.0uL RNAiMax) groups 
were tested using western blots for the most efficient and persistent reduction in SR-
BI expression. The optimal dose of 10nM final concentration of siRNA with 5.0uL of 
RNAiMax was chosen. In addition, 25nM and 50nM siRNA with a different cationic 
delivery system (Lipofectamine® 2000) were tested but are not shown here because 
they were quickly ruled out due to lack of expression changes and significant 
toxicity. 
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APPENDIX C: SIRNA METHOD DEVELOPMENT  
 

 

Figure C. A-B: Cell viability of cells grown in 5% CSS as opposed to 1%FBS is 
demonstrated as fold change in viability from the pre-transfection (Day 0) control in 
C4-2 (A) and LNCaP (B) cells treated with SR-BI siRNA (SRBI-KD, black 
columns), a negative control siRNA (NC, grey columns) at Day 1, 3 and 6 post-
transfection. Columns, mean (n=2); bars, +/-SEM.  
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APPENDIX D: LIPOPROTEIN METHOD DEVELOPMENT 
 

 

 

Figure D. A-D: Cell viability of LNCaP and C4-2 cells in response to increasing 
doses of HDL (A, C4-2 and B, LNCaP) and LDL (C, C4-2 and D, LNCaP) is 
demonstrated as fold change from untreated controls (Blank). Measures were taken 
using an MTS assay 24hrs after the addition of 0-50µg/mL HDL or 0-31.3µg/mL 
LDL. Columns, mean (n=3); bars, +/-SEM. 
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APPENDIX E: LDL-INDUCED VIABILITY 
 
 

 

Figure E. A-B: Cell viability is demonstrated as fold change from Day 0 (white 
column) in C4-2 (A) and LNCaP (B) cells as above. Measures were taken 24hrs after  
the addition of 6.25ug LDL (+LDL) which was added immediately post-transfection 
to NC (grey columns) and SRBI-KD (black columns) cells. Columns, mean (n=3); 
bars, +/-SEM. 
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APPENDIX F: INTRACELLULAR CHOLESTEROL 

 

Figure F. A-D: Total cholesterol is shown as µg cholesterol per µg protein in 
intracellular samples of C4-2 (A) and LNCaP (B) cells treated with SR-BI siRNA 
(SRBI-KD, black triangles) and negative control (NC, grey boxes) siRNA at Day 0 
(pre-transfection) and Day 1, 3 and 6 post-transfection. Free cholesterol (FC, dotted 
lines) and cholestseryl ester (CE, broken lines) concentration (µg FC or CE/µg of 
protein) is shown in C4-2 (C) and LNCaP (D) cells. Curve, mean (n=3); error bars, 
+/-SD.  
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APPENDIX G: CHOLESTEROL SYNTHESIS DAY 3 
 

 

Figure G. Cholesterol synthesis was measured by following the incorporation of 14C-
acetate into cellular cholesterol as measured by scintillation counting after 
separation by thin layer chromatography in C4-2 at Day 0 (light grey column) and 
Day 3 and 6 post-transfection with negative control siRNA (NC, grey columns) and 
SR-BI siRNA (SRBI-KD, black columns). All values are corrected by 3H-cholesterol 
control counts (dpm) and the amount of protein in each sample well (ug). Columns, 
mean (n=3); bars, +/- SEM. *, p<.05 Day 6 SRBI-KD vs Day 6 NC. 
 

!"

!#$%"

!#%"

!#&%"

'"

'#$%"

()*$" +(" ,-./*01" +(" ,-./*01"

123"!" 123"4" 123"5"!"
#$
%&
'%
(#
$)*
+,
'"
%&
-&
).
/0
1-
'+
)23

4!
)

56
7
89
:
)5
67

)6
%(
);
<)
6(
#'
%-
,)
,#

(7
=5
)

'#
)>
?+
)@
A)

B-7%)C#-,')2>?+&)6#&'D'(?,&E%/0#,A)

!"



 125 

APPENDIX H: FUTURE STUDIES 

 

Figure H. A-C: Depicted in this figure is SR-BI expression (A), cell viability (B) and 
PSA secretion (C) results from a 2-dose siRNA protocol in C4-2 cells. Cells were 
treated with 10nM NC and SR-BI siRNA for 5 hours and then again, 24 hours 
following the first transfection. Western blot, MTS and PSA assays were completed 
1, 3 and 6 days after the 2nd transfection. The expression data shows an improved 
silencing at Day 1 (SRBI-KD cells), a greater reduction in cell viability at Day 6 
(SRBI-KD) and similar PSA secretion as compared to the single dose protocol. 
Columns/curves, mean (n=1).  
 

 
 


	thesis
	thesis.2
	thesis.3
	thesis.4
	thesis.5
	thesis.6
	thesis.7
	thesis.8
	thesis.9
	thesis.10
	thesis.11
	thesis.12
	thesis.13

