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ABSTRACT 27 
 28 
The androgen receptor (AR) is the major driver of prostate cancer growth and survival.  29 

However, almost all patients relapse with castration resistant disease (CRPC) when treated with 30 

anti-androgen therapy.  In CRPC, AR is often aberrantly activated independent of androgen.  31 

Targeting survival pathways downstream of AR could be a viable strategy to overcome CRPC.  32 

Surprisingly, little is known about how AR drives prostate cancer survival.  Furthermore, CRPC 33 

tumors in which Pten is lost are also resistant to eradication by PI3K inhibitors.  We sought to 34 

identify the mechanism by which AR drives tumor survival in CRPC to identify ways to 35 

overcome resistance to PI3K inhibition.  We found that integrin α6β1 and Bnip3 are selectively 36 

elevated in CRPC downstream of AR.  While integrin α6 promotes survival and is a direct 37 

transcriptional target of AR, the ability of AR to induce Bnip3 is dependent on adhesion to 38 

laminin and integrin α6β1-dependent nuclear translocation of HIF1α.  Integrin α6β1 and Bnip3 39 

were found to promote survival of CRPC cells selectively on laminin through the induction of 40 

autophagy and mitophagy.  Furthermore, blocking Bnip3 or integrin α6β1 restored sensitivity to 41 

PI3K inhibitors in Pten-negative CRPC.  We identified an AR driven pathway that cooperates 42 

with laminin and hypoxia to drive resistance to PI3K inhibitors.  These findings can help explain 43 

in part why PI3K inhibitors have failed in clinical trials to overcome AR-dependent CRPC. 44 

 45 

 46 

 47 

 48 

 49 

 50 

 51 

 52 

 53 
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INTRODUCTION 54 

 Death from prostate cancer is due to resistance to anti-androgen therapy (ADT), referred 55 

to as castration-resistant prostate cancer (CRPC).  ADT blocks the transcriptional functions of 56 

the androgen receptor (AR) by depriving it of androgen.  Despite the approval of two new ADT 57 

drugs, resistance to this therapy persists and almost all ADT-treated patients die from this 58 

disease.  Many mechanisms of resistance have been proposed, but the most common theme is 59 

that AR remains functionally intact.13  DNA sequencing studies demonstrate that over 84% of 60 

CRPC tumors sustain genetic alterations in the AR gene or in members of the AR signaling 61 

pathway, such that the tumors remain dependent on AR but no longer require androgen.  There 62 

has not been a single agent in clinical trials tested to date that can overcome this AR-dependent 63 

resistance, including immunotherapy.16, 51  Unfortunately, the signaling pathways downstream of 64 

AR that drive tumor cell survival during and after therapy resistance are essentially unknown. 65 

 Loss of Pten or constitutive activation of PI3K signaling occurs in ~60% of CRPC.30, 37  66 

Thus, it was expected that pharmacological inhibitors of PI3K and/or downstream effectors, 67 

such as Akt or mTor, would be effective therapies for CRPC.  While these drugs can repress 68 

cancer cell growth in vitro and in xenograft transplants, none have been effective as single 69 

agents in CRPC patients.11  The basis for this resistance is likely due to unknown AR-dependent 70 

survival pathways, since several in vitro studies have demonstrated that blocking PI3K 71 

increases AR-mediated survival. 72 

 In prostate cancer, integrin β4 is downregulated while integrin α6 is upregulated causing 73 

pairing of α6 with β1.10  We demonstrated that AR inhibits the expression of integrin β4 while 74 

directly inducing the expression of integrin α6, which further conferred a survival advantage to 75 

cells adherent to laminin.28   Because laminin is a major extracellular matrix component of the 76 

lymph node and bone microenvironment,18, 42 this pathway could be an important mechanism for 77 

escaping ADT treatment especially in the bone, the most common site of prostate cancer 78 

metastasis.32  ADT is known to induce a hypoxic environment within the prostate2, 6 and bone is 79 
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known to be hypoxic.22  The hypoxic response is mediated by HIF1α/HIF2α and elevated levels 80 

of HIF1α and HIF2α have been reported in CRPC and metastatic prostate cancer.5  81 

Furthermore, hypoxia directly stimulates the expression of integrin α6 and β1.6, 44, 46  Thus, 82 

hypoxia-induced integrin α6β1 expression may provide an additional mechanism for prostate 83 

cancer survival upon ADT treatment. 84 

  HIF1α/HIF2α mediate their survival effects under hypoxic conditions in part through 85 

direct transcriptional induction of target genes.  One established target is Bnip3.19, 47  Bnip3 is 86 

reportedly elevated in castration-resistant tumor cell lines after passage in vivo in castrated 87 

mice,8 and elevated Bnip3 expression in human prostate cancers predicts for poor outcome.9, 54  88 

Bnip3, a BH3 family member, is localized on mitochondria and reportedly induces apoptosis, 89 

autophagy, or mitophagy.55  The mechanism by which it induces apoptosis seems to primarily 90 

be a result of excessive overexpression.4  Bnip3 is proposed to control autophagy through its 91 

ability to interact with Bcl-xL, thus removing the negative constraint on the pro-autophagy 92 

protein, Beclin.3  Bnip3 also contains an LC3-interacting region (LIR), which binds LC3 on 93 

nascent autophagy membranes and thereby recruits mitochondria into autophagosomes.57  94 

Genetic evidence demonstrates a role for Bnip3, and its homologue Nix/Bnip3L, in regulating 95 

mitochondrial clearance.17,56  In this study, we tested the hypothesis that Bnip3 links the 96 

AR/integrin α6β1 pathway and the hypoxia pathway to selectively promote the survival of 97 

CRPC.   98 

 99 

RESULTS 100 

 Elevated Integrin α6β1 and Bnip3 expression positively correlate with CRPC.  101 

Gene expression data from two human patient-derived xenograft (PDX) LuCaP tumor models, 102 

comparing androgen-sensitive lines to their castration-resistant variants, revealed ~2-fold 103 

increase in integrin α6 and β1 mRNA in CRPC (Fig. 1A).  Elevated integrin α6 protein 104 

expression, based on IHC staining, was previously observed in CRPC LuCaP PDX tumors.46   105 
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Basal integrin α6 expression was higher in castration-resistant C4-2 and C4-2B cells adherent 106 

to laminin relative to their parental androgen-sensitive LNCaP cells (Fig. 1B).24, 50, 53  Stimulation 107 

with synthetic androgen, R1881, increased both integrin α6 and β1 expression in all cell lines, 108 

but to a higher degree in the C4-2 and C4-2B cells (Fig. 1B).  Conversely, integrin β4 was 109 

decreased by androgen as previously reported.28   110 

 Gene expression data from the PDX LuCaP tumor models, revealed an increase in 111 

Bnip3 mRNA, specifically in the CRPC tumors (Fig. 1A).  Microarray data comparing LNCaP 112 

and C4-2 cells previously identified a 2.4-fold increase in Bnip3 mRNA in C4-2 cells.8  We 113 

similarly observed increased Bnip3 expression in C4-2 and C4-2B cells adherent to laminin 114 

relative to LNCaP, at both the transcript and protein level following androgen stimulation (Fig. 115 

1B,C).  IHC staining of androgen-sensitive versus castrate-resistant LuCaP PDX tumors 116 

similarly revealed elevated Bnip3 expression in CRPC (Fig. 1D).  Thus, elevated integrin α6β1 117 

and Bnip3 expression is associated with castration resistance and both are stimulated by 118 

androgen.  119 

 Androgen stimulates Bnip3 expression through Integrin α6 and HIF1α.  Bnip3 is a 120 

classic hypoxia target directly induced by HIF1α.19, 47  HIF1α and HIF2α are highly elevated in 121 

the two C4-2 castration-resistant lines relative to LNCaP (Fig. 1E).  As seen previously, Bcl-xL 122 

is also induced by androgen28 and interestingly it is more elevated in the CRPC lines (Fig. 1E), 123 

consistent with increased AR signaling in these cells.  We compared the kinetics of Bnip3 124 

mRNA induction by R1881 to the known AR target, PSA.  While PSA mRNA increased within 3-125 

6 hours, Bnip3 transcript did not significantly increase until 18 hours (Fig. 2A).  Furthermore, 126 

blocking protein synthesis with cycloheximide prevented R1881 from increasing Bnip3 127 

transcription (Fig. 2B) indicating Bnip3 is not a direct target of AR.  We monitored the 128 

localization and induction of HIF1α, integrin α6, and AR over time following androgen 129 

stimulation.  In the first 6 hours, AR shifted into the nucleus and the direct targets of AR 130 

transcription, PSA and integrin α6, increased as expected (Fig. 2C).  C4-2 cells constitutively 131 
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express HIF1α, and while androgen does not significantly increase its expression (Fig. 1E), it 132 

did induce nuclear accumulation of HIF1α at 12 hours.  Bnip3 protein did not increase until after 133 

12 hours (Fig. 2C), indicating androgen induction of integrin α6 and HIF1α nuclear localization 134 

occurs prior to Bnip3 induction.   135 

 Inhibition of integrin α6 expression by Tet-inducible shRNA prevented Bnip3 induction in 136 

response to androgen and blocked HIF1α nuclear localization (Fig. 2D).  Inhibition of HIF1α by 137 

two different siRNAs prevented androgen-induced Bnip3 mRNA and protein expression (Fig. 138 

2E, Supplemental Fig. S1A,B), but did not suppress integrin α6 expression (Supplemental 139 

Fig. S1B).  These data indicate integrin α6 is required for androgen to stimulate HIF1α nuclear 140 

translocation to induce Bnip3 expression.  141 

 Integrin α6 and Bnip3 protect C4-2 cells from PI3K inhibition.  We found that C4-2 142 

cells are ten times more resistant to the class I-specific PI3K inhibitor, PX-866, than the parental 143 

LNCaP cells; LNCaP LD50 is 40nM, while C4-2 is 400nM (Supplemental Fig. S2). 144 

Furthermore, treatment of C4-2 cells with androgen made them completely resistant to 500nM 145 

PX-866.  One possibility is that androgen increases PI3K signaling or reduces the efficacy of 146 

PX-866 to block PI3K signaling.  While, androgen did increase Akt activation, as previously 147 

reported,29, 36, 45 it did not prevent PX-866 from inhibiting Akt at the higher doses (Fig. 3A).  To 148 

determine whether integrin α6 is required to protect C4-2 from PX-866, we blocked integrin α6 149 

expression with shRNA or plated cells on fibronectin.  Blocking either integrin α6 or adhesion to 150 

laminin blocked the ability of androgen to protect cells from PX-866 (Fig. 3B,C).  Thus, integrin 151 

α6-mediated adhesion to laminin is required for androgen to protect C4-2 cells from PI3K 152 

inhibition. 153 

 To determine whether Bnip3 is a downstream target of integrin α6-mediated survival, 154 

Bnip3 expression was inhibited with two different Tet-inducible shRNAs.  Without Bnip3, 155 

androgen stimulation could not protect the cells from death induced by PX-866 (Fig. 4A,B).  PX-156 

866 effectively blocked Akt activation without inhibiting Bnip3 expression and the shRNAs 157 
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effectively knocked down Bnip3 expression (Fig. 4C).  Thus, Bnip3 is required to protect tumor 158 

cells from PI3K inhibition.   159 

 Bnip3 promotes CRPC tumor growth and survival.  A total of 1 x 106 C4-2 cells 160 

harboring Tet-inducible Bnip3 shRNA were injected orthotopically into the ventral prostates of 161 

male SCID mice.  Immediately after tumor cell injection, half of the mice were fed doxycycline in 162 

5% sucrose in their drinking water, the other half only received sucrose.  After 2 weeks, half the 163 

mice in each group were then treated with 2mg/kg PX-866 or vehicle for 4 weeks.25  The tumors 164 

from mice treated with doxycycline (i.e. loss of Bnip3) or PX-866 (inhibition of PI3K) were 165 

reduced in size 1.7-fold relative to control (Fig. 4D).  Tumors treated with both Dox and PX-866 166 

were reduced 3-fold relative to control.  We verified decreased Bnip3 expression in the 167 

doxycycline-treated tumors (Fig. 4E).  PX-866 treatment alone resulted in a significant increase 168 

in Bnip3 expression, some of which was suppressed upon Dox-induced shBnip3 (Fig. 4E).  169 

Loss of Bnip3 and inhibition of PI3K each increased cell death, as measured by quantification of 170 

cleaved caspase 3 staining (Fig. 4E).  Only loss of Bnip3 was effective at reducing proliferation 171 

as quantified by Ki67 immunostaining (Fig. 4F).  The ability of PX-866 and Dox-induced Bnip3 172 

to further reduce tumor growth is likely a result of combined enhanced cell death and reduced 173 

proliferation.  Thus, Bnip3 contributes to castration-resistant tumor growth and survival and its 174 

inhibition can overcome resistance to PI3K inhibition. 175 

 Adhesion to laminin via integrin α6 is required for androgen-induced autophagy in 176 

CRPC.  Bnip3 could be promoting CRPC survival through autophagy and/or mitophagy55, but 177 

either mechanism requires an overall increase in autophagy.  We first measured autophagy by 178 

examining the accumulation of GFP-labelled LC3B puncta on autophagosomes in LNCaP 179 

versus C4-2 cells adherent to laminin following androgen stimulation with and without the 180 

lysosomal inhibitor bafilomycin A1.27  At steady state, both LNCaP and C4-2 have similar 181 

numbers of autophagosomes, and was not significantly changed by the addition of androgen 182 

(Fig. 5A,B).  However, treatment with bafilomycin, to stop lysosomal turnover of 183 
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autophagosomes and LC3B-II degradation, reveals that autophagosome accumulation occurs to 184 

a significantly higher extent in C4-2 cells, which is further enhanced by androgen, compared to 185 

LNCaP cells (Fig. 5A,B). 186 

 To evaluate the contribution of integrin α6, we first compared androgen-induced 187 

autophagy on laminin versus fibronectin by measuring the conversion of LC3B-I to LC3B-II by 188 

immunoblotting.  Androgen alone did not induce LC3B-II, but androgen plus bafilomycin resulted 189 

in a significant increase in LC3B-II levels specifically in C4-2 cells on laminin (Fig. 5C, 190 

Supplementary Fig. S3A).  Combined androgen and bafilomycin did not cause any significant 191 

change in the rate of autophagy in either cell line plated on fibronectin (Fig. 5D).  Because 192 

Bnip3 binds to LC3B,20, 57 it is also degraded upon fusion of the autophagosome with the 193 

lysosome.  Bnip3, like LC3B-II, accumulated significantly in C4-2 cells upon combined androgen 194 

and bafilomycin treatment (Fig. 5C, Supplementary Fig. S3B).  This happened only on laminin 195 

and not on fibronectin (Fig. 5D), further supporting the laminin-specific induction of autophagy in 196 

response to androgen.  To determine if the androgen-induced autophagic flux occurring on 197 

laminin is mediated by integrin α6, we generated C4-2 cells stably expressing scrambled or 198 

integrin α6 shRNA.  Blocking integrin α6 expression prevented the accumulation of LC3B-II and 199 

Bnip3 in C4-2 cells in the presence of androgen and bafilomycin (Fig. 6A, Supplementary Fig. 200 

S3C).   201 

Bnip3 facilitates autophagosome accumulation by androgen in CRPC.  To 202 

determine if Bnip3 is required for androgen-induced autophagy on laminin, we blocked Bnip3 203 

expression with siRNA or Tet-inducible shRNA and measured LC3B-II accumulation in the 204 

presence of androgen and bafilomycin.  Bnip3 loss only partially reduced androgen-induced 205 

accumulation of LC3B-II in the presence of bafilomycin (Fig. 6B,C, Supplementary Fig. S3D).   206 

 To determine if Bnip3 is required for the induction of autophagosomes, we measured 207 

endogenous LC3B accumulation in puncta by immunostaining.  Combined treatment with 208 
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Bafilomycin and androgen significantly increased puncta formation (Fig. 6D).  Inhibition of Bnip3 209 

by Tet-inducible shRNA only partially reduced the extent of puncta formation.   210 

 AMPK phosphorylation at Thr172 and is induced in response to low levels of ATP, which 211 

is a trigger for autophagy.  AMPK in turn phosphorylates ULK to initiate autophagy.1  Stimulation 212 

of CRPC cells with androgen induced AMPK and ULK phosphorylation (Fig. 6E) around 6 hours 213 

and continued to increase over 24 hours (Supplementary Fig. S4A).  However, suppression of 214 

Bnip3 did not inhibit the ability of androgen to induce ULK phosphorylation (Fig. 6F).  Androgen 215 

signaling in castration-resistant cells leads to elevated ROS,49 which can stimulate AMPK 216 

activation.41  Indeed, treatment of C4-2 cells with the ROS scavenger, N-acetyl cysteine (NAC), 217 

decreased androgen-induced AMPK phosphorylation in C4-2 cells (Fig. 6G).   218 

 All together these data indicate that androgen-induced autophagic flux upon integrin α6-219 

dependent adhesion to laminin is controlled in part by Bnip3 through its contribution to the 220 

autophagosome assembly, downstream of ROS, AMPK, and ULK, as previously suggested 221 

based on its interaction with Beclin.31  222 

 Bnip3-mediated mitophagy protects CRPC cells from PI3K inhibition. The N-223 

terminus of Bnip3 has an LC3-interacting region (LIR) responsible for bringing mitochondria into 224 

the autophagosome for degradation.  Mutating LIR abrogates Bnip3-induced mitophagy.20, 57  To 225 

test whether Bnip3 promotes cell survival through mitophagy, we generated a C4-2 cell line 226 

stably expressing a constitutive shRNA targeting the 3’ UTR of Bnip3.  We then used a Tet-227 

inducible vector to re-express WT or an LIR Bnip3 mutant (∆LIR) in the Bnip3-knocked down 228 

cells.  Because endogenous Bnip3 is constitutively suppressed in these cells, androgen could 229 

not rescue them from death induced by PX-866 treatment (Fig. 7).  Inducing WT Bnip3 230 

expression with doxycycline protected the cells from PX-866-induced death (Fig. 7A,C).  231 

However, the ∆LIR mutant prevented this rescue (Fig. 7B,C).  Thus, the pro-mitophagy function 232 

of Bnip3 is required to promote R1881-dependent survival and protects CRPC cells from PI3K 233 

inhibition. 234 
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 235 

DISCUSSION 236 

 There is a marked selection for increased integrin α6β1 expression and decreased 237 

integrin β4 expression in prostate cancer.10, 11, 21  Elevated integrin α6β1 is associated with 238 

increased invasiveness, lymph node metastasis, and bone metastasis.21, 34  We previously 239 

demonstrated that AR is responsible for directly inducing integrin α6 transcription and 240 

expression in tumor cells.28  In this study, we demonstrate that integrin α6β1 expression is 241 

further elevated in CRPC.  We previously demonstrated that adhesion to laminin via integrin 242 

α6β1, confers resistance to PI3K inhibition in Pten-null prostate cancer cells by inducing NF-κB 243 

signaling and up-regulating the anti-apoptotic protein Bcl-XL (Fig. 7D, grey arrows).28  In this 244 

study, we identified another integrin α6β1-mediated survival pathway that is selectively 245 

operating in CRPC (Fig. 7D, black arrows).  Castration-resistant cells harboring active AR 246 

stimulate integrin α6β1 expression.  Engagement of laminin by integrin α6β1 promotes nuclear 247 

translocation of elevated HIF1α already present in the CRPC cells leading to the induction of 248 

Bnip3.  Simultaneously, elevated ROS and integrin α6 triggers AMPK/ULK1 activity to initiate 249 

autophagy.  Bnip3 assists in the assembly of autophagosomes and recruits mitochondria for 250 

targeted degradation.  Presumably, this reduces the level of damaged mitochondria to prevent 251 

apoptosis and promote survival.  Independently and in parallel, constitutive activation of PI3K by 252 

Pten loss also promotes survival.  Blocking both pathways is required to effectively induce tumor 253 

cell death.  Previously published data suggest there may be additional interactions within this 254 

pathway (Fig. 7D, red arrows).  NF-κB can increase expression of HIF1α and Beclin, but also 255 

binds the promoter of Bnip3 to limit its transcription.33, 40, 48 Finally, increased Bcl-XL/Bnip3 256 

complexes can promote autophagy by releasing Beclin from Bcl-XL.3      257 

 The association of castration-resistance with elevated Bnip3 expression is intriguing and 258 

our finding that AR and integrin α6β1 control Bnip3 transcription suggests an interesting 259 

mechanism for both acquiring and maintaining a castration-resistant state.  Androgen 260 
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deprivation therapy, particularly in the bone, leads to increased hypoxia39 and thus elevated 261 

HIF1α expression.  Recent studies indicate that not only is Bnip3 a direct transcriptional target 262 

of HIF1α, so is integrin α6β1.6, 44  Thus, under conditions of hypoxia and no androgen, both 263 

integrin α6β1 and Bnip3 are elevated, which promotes survival of tumor cells by limiting ROS 264 

production through selective removal of mitochondria.  Prostate tumors that amplify AR or gain 265 

androgen-independent AR function (through mutation or splice variants), can further sustain and 266 

amplify this Bnip3-dependent survival pathway.  These castration-resistant tumors may even 267 

become adapted to tolerating elevated ROS.  In fact, AR increases ROS and ROS induces 268 

HIF1α and AMPK signaling.26, 49  Thus, ROS production caused by AR signaling, particularly in 269 

cells with elevated AR expression, may be responsible for causing the increasing both HIF1α 270 

signaling to Bnip3 while simultaneously stimulating autophagy and mitophagy.  271 

 Our studies emphasize the importance of the tumor microenvironment when attempting 272 

to understand mechanisms of castration-resistance.  Laminin is a major ECM component in 273 

lymph nodes and bone, the major sites for prostate cancer metastasis,18, 42 and integrin α6β1 is 274 

the major integrin expressed on prostate tumors in these tissues.21, 34 Our previous study 275 

demonstrated that activation of the NF-κB/Bcl-XL survival pathway is only observed on laminin, 276 

not fibronectin or collagen.28 Here we demonstrate that adhesion to laminin, but not fibronectin, 277 

induces Bnip3 and autophagy uniquely in castration-resistant cells. Moreover, we previously 278 

showed that only adhesion to laminin, but not fibronectin, generates the resistance to PI3K 279 

inhibition in the presence of androgen.28 Interestingly, adhesion to collagen creates resistance 280 

to PI3K inhibition independently of AR activation.28 We are currently exploring this collagen-281 

dependent pathway and find that neither Bcl-XL or Bnip3 is induced on collagen. 282 

 It is well-established that autophagy promotes therapeutic resistance in cancer, and 283 

targeting autophagy has provided some promising results in other cancers,52 but has not 284 

necessarily translated well to patients.  This is complicated by constitutive PI3K signaling in 285 

prostate cancer due to loss of Pten or constitutively activated PI3K mutants,30 which suppresses 286 
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autophagy.  Given the high level of PI3K activation in prostate cancer it is surprising that 287 

PI3K/mTor inhibitors have not been effective as single agents, or even in combination with anti-288 

androgen therapies.11  Our data indicate that single agent PI3K inhibitors won’t work because 289 

AR/α6β1 integrin signaling is still active, which suppresses apoptosis via Bcl-XL28 and promotes 290 

Bnip3-mediated autophagy and mitophagy.  Furthermore, PI3K inhibition will further stimulate 291 

autophagy to augment AR/α6β1 signaling.  In combination with anti-androgen therapies, this 292 

pathway will still be active due to acquisition of androgen-independent AR signaling and/or gain 293 

in hypoxia/ROS signaling.  Thus, a multi-prong approach that includes targeting PI3K, hypoxia, 294 

and other AR-downstream targets, like integrin α6β1, will be necessary to effectively suppress 295 

bone metastatic CRPC.    296 

 297 

MATERIALS AND METHODS 298 

Cell Culture: Tissue culture plates were coated with 10µg/mL laminin (Gibco: 23017-299 

015) in Ca+/Mg+-free PBS overnight at 4oC and then blocked with 1% BSA at 37oC for 1 hour 300 

prior to plating cells.  For the few experiments where cells were not plated on laminin, they were 301 

plated in serum, which contains fibronectin.  LNCaP cells, purchased from ATCC, and C4-2 302 

cells, obtained directly from Dr. Robert Sikes,8 were validated by STR analysis in our Genomics 303 

core.  Cells were maintained on laminin in RPMI supplemented with 10% FBS, 1mM sodium 304 

pyruvate, 2mM glutamine, 0.3% glucose, 10mM HEPES, and 30U/mL Pen/Strep.  HEK293FT 305 

cells (Clontech), used for lentivirus generation, were maintained in DMEM supplemented with 306 

10% HIFBS and 30U/mL Pen/Strep. All cells were tested every 3 months for mycoplasma. 307 

Drug treatments:  Prior to drug treatment, cells were placed in starvation media (Phenol 308 

red-free RPMI supplemented with 0.1% charcoal-stripped serum).  When needed for shRNA 309 

induction, 100ng/mL doxycycline was added and after 24 hours, cells were stimulated with 310 

10nM R1881 (Sigma) or ethanol and re-spiked with doxycycline.  Twenty-four hours later, cells 311 

were then treated with PX-86623 or DMSO for 48 hours.   312 
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Cell death assay:  Attached and floating cells were collected, pooled, and stained with 313 

Trypan blue.  For each individual experiment 3 wells per condition and at least 3 grids per well 314 

were counted on a hemocytometer. 315 

qRT PCR: RNA was isolated using Trizol or RNEasy kit from Qiagen.  RNA was reverse 316 

transcribed using MuLV reverse transcriptase (New England Biolabs) with a mix of random 317 

hexamers and polyT primers.  cDNA was amplified using FastStar Universal SYBR Green 318 

Master (Rox, Roche) in the Applied Biosystems 7500 RT PCR System.  Target mRNAs were 319 

normalized to 18S ribosomal RNA.  List of primers is in Supplementary Table S1.  When used, 320 

cycloheximide in ethanol was added to a final concentration of 10µg/mL coincidental with R1881 321 

treatment.  322 

Immunoblotting: 30-60µg of protein were separated on precast tris-glycine gels 323 

(Invitrogen) and transferred to PVDF membrane.  Membranes were blocked with 5% 324 

BSA/TBST.  Primary antibodies, after incubation in 5% BSA/TBST, were detected using HRP 325 

conjugated secondary antibodies in chemiluminescent solution using the Quantity One imaging 326 

software on a Bio-Rad Gel Docking system.  Primary antibodies:  Rabbit mAb Bnip3 (EPR4034) 327 

from Abcam, rabbit anti-P-AktSer473, rabbit mAb P-Akt308 (C31E5E), rabbit mAb Akt (pan) 328 

(C67E7), mouse mAb Histone H3 (96C10), rabbit mAb P-Ser555 ULK (D1H4, #5869), rabbit 329 

mAb ULK (D8H5, #8054), rabbit mAb P-AMPKα (Thr172) (40H9, #2535), and rabbit anti-330 

AMPKα (#2532) from Cell Signaling Technology, rabbit anti-LC3B (NB100-2200) from Novus 331 

Biologicals, mouse mAb GAPDH from Millipore, rat anti-integrin α6 (GoH3) and mouse anti-332 

HIF1α from BD Pharmingen, mouse mAb AR (441) from Santa Cruz, mouse anti-α tubulin and 333 

β-actin-HRP mouse mAb from Sigma-Aldrich), and rabbit anti-integrin α6 (AA6A, A6NT).12, 35  334 

Virus generation and infection: For lentiviral constructs, 5 x 106 HEK293FT cells, and 335 

for retroviral constructs, 5 x 106 Phoenix-AMPO cells, were plated in DMEM with 10% HIFBS in 336 

a T75 flask that was coated with 2μg/mL Poly-D-lysine in PBS and left overnight at 37°C.  Cells 337 

were transfected in Opti-MEM using Lipofectamine2000 with 5μg pLP1, 5μg pLP2, 5μg pVSV-338 
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G, and 5μg of target construct.  After 24 hours, the media was changed to RPMI with 10% 339 

HIFBS and no antibiotics and returned to 37°C for 48 hours.  Floating cells were spun out and 340 

the supernatant was passed through a 0.45µm filter. Polybrene, at 5µg/mL, was added to the 341 

filtered virus, this was added to target cells, and incubated at 32oC.  Six hours later, cells were 342 

washed, returned to normal media, and subjected to antibiotic selection. 343 

RNAi: Twenty-four hours after plating on laminin, cells were transfected with 20nM 344 

siRNA from Dharmacon in antibiotic-free starvation media using siLentFect (BioRad).  Twenty-345 

four hours later, fresh starvation medium was added.  siRNAs included two different HIF1α 346 

siRNAs (J-004018-07 and J-004018-08), one integrin α6 siRNA (5’-CGAGAAGGAAATCAAGAC 347 

AAA-3’), one Bnip3 siRNA (J-004636-08-0005), and a non-targeting siRNA (D-001206-14).  348 

Doxycycline-inducible shRNA plasmids targeting integrin α6 and Bnip3 were generated by sub-349 

cloning shRNA sequences into a Tet-inducible lentiviral vector, EZ-Tet-pLKO-Puro,14 available 350 

through Addgene (#85966).  After infection of C4-2 cells, cells were selected in 2µg/mL 351 

puromycin and single cells were isolated to generate clonal lines.  Targeting sequences are in 352 

Supplementary Table S2.  The same integrin α6 targeting shRNA sequence was also cloned 353 

into pLKO.1 Puro (gift from Bob Weinberg (Addgene plasmid # 8453))43 and used to generate a 354 

stable constitutive shRNA cell line.  A scrambled non-targeting shRNA was used as vector 355 

control. 356 

 LC3 quantification:  LNCaP  C4-2 cells were infected with retrovirus containing pBABE-357 

Puro GFP-LC3 (gift from Jayanta Debnath (Addgene plasmid # 22405))15 and selected with 358 

2µg/mL puromycin.  Cells on laminin-coated glass coverslips were serum starved for 24 h and 359 

then treated for 24 h with 10nM R1881 or vehicle (ethanol).  During the last 2 hours, cells were 360 

treated with or without Bafilomycin A1 at 100ng/ml.  Tet-shBnip3 C4-2 cells on laminin-coated 361 

glass coverslips in starvation medium were treated with or without 100ng/ml doxycycline for 48 362 

h.  Cells were then treated for 24 h with or without 10nM R1881 and during the last 6 hours 363 

treated with or without Bafilomycin A1 (100ng/ml).  Cells were fixed in 4% paraformaldehyde in 364 
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PBS at 4% for 10 min and then neutralized with 100mM glycine.  Cells were permeabilized with 365 

0.2% Triton-X for 3 min and blocked with 1% normal goat serum for 1-2 hours at RT.  Cells were 366 

incubated with primary antibody to LC3B (NB600-1384 Novus) at 1:1000 in PBS/1%BSA 367 

overnight at 4oC.  Secondary FITC-conjugated antibody at 1:500 in 1% BSA/PBS was added for 368 

1 hr at RT. Puncta in 25 fields per condition per experiment were counted.  Puncta were 369 

considered positive if they were 10 standard deviations brighter than background fluorescence 370 

and within the size range of an HBSS-treated positive control. 371 

 LC3-II immunoblot quantification:  Blot density was measured using ImageJ software.  372 

The density of LC3-II was normalized to tubulin density in the same lane.  The ratio of the first 373 

lane was set to one, and subsequent lanes are relative to the control lane.  Data was collected 374 

from 3 separate experiments.  375 

 Bnip3 re-expression:  pENTR223-Bnip3 (HsCD00366502) containing the Bnip3 cDNA, 376 

was obtained from the Harvard PlasmID repository.38  Site-directed mutagenesis was used to 377 

generate a stop codon in pENTR223-Bnip3.  pENTR223-Bnip3 underwent two more rounds of 378 

site directed mutagenesis to eliminate the LC3-interacting region (LIR) to generate pENTR223-379 

Bnip3 ∆LIR in which amino acids W18 and L21 were converted to alanine.20, 57  Mutagenesis 380 

primers are listed in Supplementary Table S3.  Bnip3 WT and ∆LIR were each recombined into 381 

a Tet-inducible lentiviral vector, pLenti CMVTight Neo DEST (gift from Eric Campeau (Addgene 382 

plasmid # 26432)),7 using LR recombinase to generate the pLenti CMV-Tight Neo Bnip3 WT 383 

and ∆LIR.  C4-2 cells selected in 2µg/mL puromycin and constitutively expressing Bnip3 shRNA 384 

targeting the 3’-UTR (SHCLNG-NM_004052, 5’-CCACGTCACTTGTGTTTATT-3’; Sigma-385 

Aldrich) were infected with lentivirus expressing doxycycline-regulated rtTA in pLentiCMV rtTA3 386 

Blast (Addgene #26429; Eric Campau)7 and further selected in 5µg/mL blasticidin.  An isolated 387 

pool expressing rtTA was then infected with pLenti CMVTight Neo Bnip3 WT or ∆LIR lentivirus 388 

and further selected in 100ng/mL G418 (neomycin) to generate a triple antibiotic-resistant pool.   389 
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 Mouse studies: Mouse studies were conducted according to an IACUC approved 390 

protocol.  1 x 106 C4-2 Tet-shBnip3 cells in 10µL of DMEM were injected orthotopically into the 391 

prostates of 40 8-week-old castrated male SCID mice.  Mice were randomly divided into 2 392 

cohorts of 14 each.  Half the mice received water containing 5% sucrose and the other half 5% 393 

sucrose with 2mg/ml doxycycline (Dox), replaced weekly.  Two weeks after Dox-treatment, half 394 

the mice in each group were blindly randomized and given 2mg/kg PX866 three times a week 395 

by oral gavage for 4 weeks and the other half received drug diluent.25  Mice were sacrificed after 396 

the 4-week drug treatment.  Prostate tumors were excised, weighed, and assessed by IHC.  397 

Ki67 and Caspase 3 IHC staining was quantified by counting number of positive cells in five 398 

random fields per sample. Counter was blinded to the treatment groups. 399 

 Immunohistochemistry: Deparaffinized and rehydrated formalin fixed samples tumor 400 

samples were subjected to antigen retrieval using Dako S1699 Retrieval Buffer at pH 6.1 at 401 

90oC for 30 mins.  After a 5 min peroxidase blockade, slides were blocked for 10 min at RT with 402 

PBS containing 0.5% BSA, 5% goat serum, and 1X mouse/human FcR blocker (Miltenyi Biotec 403 

130-092-575).  Slides were incubated with primary anti-Bnip3 (EPR4034, Abcam) at 1:100 at 404 

RT for 30 min, rabbit mAb to cleaved Caspase-3 (Asp175) (5A1E) (Cell Signaling Technology) 405 

or anti-Ki67 (SP6) (Thermo-Scientific) at 1:100 overnight at 4oC.  IHC was visualized by DAB 406 

staining kit (TL-015-HD by Invitrogen), counterstained with hematoxylin, and mounted in non-407 

aqueous solution (Richard-Allen Scientific 4112). 408 
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 658 

FIGURE LEGENDS 659 

 660 

Figure 1: Integrin α6β1 and Bnip3 are elevated in CRPC.  A) Expression of integrin α6 661 

(ITGα6), integrin β1 (ITGβ1), and BNIP3 mRNA in castration-resistant (CR) human-derived 662 

xenografts (PDX) of LuCaP 23.1 and LuCaP 35 normalized to expression in androgen-sensitive 663 

respective parental tumors.  B) Levels of androgen receptor (AR), integrin α6 (ITGα6), integrin 664 

β1 (ITGβ1), integrin β4 (ITGβ4), Bnip3, PSA, and tubulin in laminin-adherent LNCaP, C4-2, and 665 

C4-2B cells treated with (+) or without (-) 10nM R1881 for 24 h as assessed by immunoblotting.  666 

C) Levels of Bnip3 mRNA in laminin-adherent LNCaP and C4-2 cells treated with (+) or without 667 

(-) 10nM R1881 for 24 h as measured by qRT-PCR.  D) Levels of Bnip3 expression in 668 

androgen-sensitive vs castrate-resistant (CR) LuCaP PDX tumors as assessed by IHC.  LuCaP 669 

35/CR, LuCaP 77/CR, LuCaP 105/CR, and LuCaP 86.2/CR.  E) C4-2, C4-2B, and LNCaP cells 670 

adherent to laminin treated with (+) or without (-) 10nM R1881 for 24 h and the levels of HIF1α, 671 

HIF2α, Bnip3, Bcl-XL, and tubulin assessed by immunoblotting.  *p<0.05, **p<0.01, ***p< 0.005, 672 

n=3 biological replicates, error bars = SD 673 

 674 

Figure 2: Androgen indirectly induces Bnip3 through integrin α6β1 and HIF1α.  A) Levels 675 

of PSA and Bnip3 mRNA in laminin-adherent C4-2 cells over a 24 h time course following 676 

treatment with 10nM R1881 measured by qRT-PCR and normalized to time 0.  *p<0.05 relative 677 

to time 0, n=3 biological replicates, error bars = SD.  B) Levels of Bnip3 mRNA in laminin-678 

adherent VCaP, LNCaP, and C4-2 cells treated with (+) or without (-) 10nM R1881 in the 679 

absence (Veh) or presence of 10µg/mL cycloheximide (CHX) for 24 hours.  Expression is 680 

relative to vehicle control.  *p<0.05 relative to vehicle, n=3 biological replicates, error bars = SD.  681 

C) Levels of integrin α6 (ITGα6), Bnip3, PSA, and GAPDH in the cytosol (Cyto) and levels of 682 

androgen receptor (AR), HIF1α, and histone 3 (HH3) in the nucleus (Nuc) of laminin-adherent 683 
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C4-2 cells treated with 10nM R1881 over a time course of 24 h as measured by immunoblotting.  684 

D) Laminin-adherent C4-2 cells stably expressing Tet-inducible shRNA targeting integrin α6 685 

(Tet-shITGα6) were treated with (+) or without (-) doxycycline (Dox) for 48 h, and then 686 

stimulated with (+) or without (-) 10nM R1881 for 24 h. The levels of integrin α6 (ITGα6), Bnip3, 687 

PSA, and GAPDH in the cytosol (Cyto) and androgen receptor (AR), HIF1α, and histone 3 688 

(HH3) in the nucleus (Nuc) were assessed by immunoblotting.  E) Laminin-adherent C4-2 cells 689 

were transiently transfected with HIF1α or scrambled siRNA and 48 h later treated with 10nM 690 

R1881 for 24 h.  The levels of Bnip3, PSA, and GAPDH in the cytosol (Cyto) and AR, HIF1α, 691 

and histone H3 (HH3) in the nucleus (Nuc) were assessed by immunoblotting. 692 

 693 

Figure 3: AR confers resistance to PI3K inhibition via integrin α6β1.  A) Laminin-adherent 694 

C4-2 cells were treated with (+) or without (-) 10nM R1881 for 24 h prior to and in the presence 695 

of 0, 100, 200, and 400nM PX-866.  Levels of activated Akt (P-Akt-308; P-Akt-473) and total 696 

Akt were measured by immunoblotting 48 h later.  B) Laminin-adherent C4-2 cells stably 697 

expressing Tet-inducible shRNA targeting integrin α6 (Tet-shITGα6) were treated with (+) or 698 

without (-) 100ng/mL doxycycline (Dox) for 48 h, then treated with (+) or without (-) 10nM R1881 699 

24 h prior to and in the presence (PX866) or absence (DMSO) of 500nM PX-866.  Cell viability 700 

was assessed by trypan blue exclusion 48 h later.  Levels of integrin α6 (ITGα6) and tubulin 701 

assessed by immunoblotting.  C) C4-2 cells plated on laminin (LM +) or on fibronectin (LM -) 702 

were treated with (+) or without (-) 10nM R1881 for 24 h prior to and in the presence (PX866) or 703 

absence (DMSO) of 500nM PX-866.  Cell viability was measured by trypan blue exclusion 48 h 704 

later.  ****p<0.001 relative to PX866 without R1881, n=3 biological replicates, error bars = SD.  705 

 706 

Figure 4: AR confers resistance to PI3K inhibition via Bnip3.  A, B) Laminin-adherent C4-2 707 

cells stably expressing two different Tet-inducible Bnip3 shRNAs (Tet-shBnip3) were treated 708 

with (+) or without (-) 100ng/mL doxycycline (Dox) for 48, then with (+) or without (-) 10nM 709 
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R1881 for 24 h prior to and in the presence (PX866) or absence (DMSO) of 500nM PX-866. Cell 710 

viability assessed by trypan blue exclusion 48 h later. C) Levels of activated Akt (P-Akt478), 711 

total Akt, Bnip3, and tubulin in (A) were assessed by immunoblotting.  D-F) C4-2 cells stably 712 

expressing Tet-inducible Bnip3 shRNA (Tet-shBnip3) were injected orthotopically into prostates 713 

of male SCID mice.  Mice were fed sucrose (Suc, Ctrl) or sucrose with doxycycline (D, Dox) for 714 

2 weeks, and then half were further treated with PX-866 or vehicle for 4 more weeks.  D) 715 

Tumors were harvested and weighed.  *p<0.05; **p<0.01; ***p<0.005, n=7, error bars = SEM.  716 

E) Representative tumor tissues from mice were assessed for expression of Bnip3.  F,G) 717 

Representative tumor tissues from mice were assessed for expression of F) cleaved caspase 3 718 

or G) Ki67 by IHC and quantified. *p<0.05, **p<0.01, ***p<0.005, ****p< 0.0001, n=3 tumor 719 

samples, error bars = SD. 720 

 721 

Figure 5: Androgen-induced autophagy in CRPC requires laminin.  A) LNCaP and C4-2 722 

cells stably expressing GFP-LC3 and adherent to laminin were treated with (+) or without (-) 723 

10nM R1881 for 24 h in the absence (-) or presence (+) of 100ng/mL Bafilomycin A1 (BafA1) 724 

during the last 2 h.  Fixed cells were stained with Hoechst and imaged by epifluorescence 725 

microscopy.  B) Quantification of puncta from (A).  GFP puncta were counted as positive if the 726 

signal was 10 standard deviations greater than background fluorescence.  Average is the 727 

number of puncta in at least 50 randomly selected individual cells under each condition.  728 

*p<0.05, **p<0.01 relative to untreated, n=50 cells repeated 3x, error bars = SD.  C, D) LNCaP 729 

and C4-2 cells adherent to C) laminin or D) fibronectin were treated with (+) or without (-) 10nM 730 

R1881 for 24 h and in the absence (-) or presence (+) of 100ng/mL BafA1 during the last 2 h.  731 

Levels of Bnip3, LC3B-I/II, and tubulin as assessed by immunoblotting.   732 

 733 

Figure 6: Androgen-induced autophagy requires integrin α6 and Bnip3.  A)  Laminin-734 

adherent C4-2 cells stably expressing an shRNA targeting integrin α6 (shITGα6) or a control 735 
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scrambled shRNA (shScrm) treated with (+) or without (-) 10nM R1881 for 24 h in the absence 736 

(-) and presence (+) of 100ng/mL BafA1 during the last 2 h.  Levels of Bnip3, LC3B-I/II, and 737 

tubulin as assessed by immunoblotting.  B) Laminin-adherent C4-2 cells transfected with siRNA 738 

targeting Bnip3 (siBnip3) or a control scrambled siRNA (siScrm) treated with (+) or without (-) 739 

10nM R1881 for 24 h in the absence (-) or presence (+) of 100ng/mL BafA1 during the last 2 h.  740 

Levels of Bnip3, LC3B-I/II, and GAPDH as assessed by immunoblotting.  C) Laminin-adherent 741 

C4-2 cells stably expressing Tet-inducible shRNA targeting Bnip3 (Tet-shBnip3) were treated 742 

with (Dox) or without (Veh) 100ng/ml doxycycline for 48 h and then treated with (+) or without (-) 743 

10nM R1881 for 24 h in the absence (-) or presence (+) of 100ng/mL BafA1 during the last 6 h.  744 

Levels of Bnip3, LC3B-I/II, and β-actin as assessed by immunoblotting.  D) Laminin-adherent 745 

C4-2 cells stably expressing Tet-inducible shRNA targeting Bnip3 (Tet-shBnip3) were treated 746 

with (Dox) or without (Veh) 100ng/ml doxycycline for 48 hours, and then treated with (+) or 747 

without (-) 10nM R1881 for 24 h and in the absence (-) or presence (+) of 100ng/mL BafA1 748 

during the last 6 h.  Endogenous LC3-positive puncta were visualized by immunostaining and 749 

quantified. ***p<0.005, n=100 cells, error bars = SD.  E) Laminin-adherent C4-2 or C4-2B cells 750 

treated with (+) or without (-) 10nM R1881 for 24 h.  Levels of activated (P-AMPK T172), total 751 

AMPK, activated (P-ULK S555), and total ULK as assessed by immunoblotting.  F) Laminin-752 

adherent C4-2 cells stably expressing Tet-inducible shRNA targeting Bnip3 (Tet-shBnip3) 753 

treated with (Dox) or without (Veh) 100ng/ml doxycycline for 48 hours and then stimulated with 754 

(+) or without (-) 10nM R1881 for 24 h in the presence (+) or absence (-) of 100ng/mL BafA1 755 

during the last 6 h.  Levels of activated ULK (P-ULK-S555), total ULK, and β-actin as assessed 756 

by immunoblotting.  G) C4-2 cells adherent to laminin treated with 10nM R1881 were further 757 

treated with increasing concentrations of NAC.  Levels of activated AMPK (P-AMPK-T172) and 758 

tubulin as assessed by immunoblotting. 759 

 760 
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Figure 7: Bnip3 LC3-interaction domain is required to promote resistance to PI3K 761 

inhibition.   C4-2 cells stably expressing constitutive shRNA targeting the 3’-UTR of Bnip3 (C4-762 

2-shBnip3) and A) Tet-inducible WT (Tet-Bnip3 WT) or B) ∆LIR mutant Bnip3 (Tet-Bnip3 ∆LIR) 763 

adherent to laminin were treated with (+) or without (-) 10nM R1881 in the presence (+) or 764 

absence (-) of 100ng/mL doxycycline (Dox) for 24 h prior to and in the absence (DMSO) and 765 

presence (PX866) of 500nM PX-866.  Cell viability assessed by trypan blue exclusion 48 hours 766 

later.  n=3 biological replicates; **p<0.01, ***p<0.005 relative to PX866-treated cells in the 767 

absence of Dox, error bars = SD.  C) As in A and B, except cells were stimulated with 100ng/ml 768 

or 1000ng/ml doxycycline (Dox) for 48 hours and levels of Bnip3 and tubulin measured by 769 

immunoblotting.  D)  Proposed model for how AR/integrin α6 signaling to Bnip3 promotes 770 

resistance to PI3K inhibition (black arrows) along with previously identified underlying NF-κB 771 

signaling pathway (grey arrows). Potential crosstalk between these pathways is indicated by red 772 

arrows. 773 
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