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1Department of Urology, University of California at Davis, Sacramento, California

2Comprehensive Cancer Center, University of California at Davis, Sacramento, California

Abstract

BACKGROUND—Prostate cancer (PCa) is androgen-dependent initially and progresses to a 

castration-resistant state after androgen deprivation therapy. Treatment options for castration-

resistant PCa include the potent second-generation anti-androgen enzalutamide or CYP17A1 

inhibitor abiraterone. Recent clinical observations point to the development of resistance to these 

therapies which may be mediated by constitutively active alternative splice variants of the 

androgen receptor (AR).

METHODS—Sensitivity of LNCaP cells overexpressing Lin28 (LN-Lin28) to enzalutamide, 

abiraterone, or bicalutamide was compared to that of control LN-neo cells using cell growth 

assays, proliferation assays using MTT, anchorage-dependent clonogenic ability assays and soft 

agar assays. Ability of LN-Lin28 cells to maintain AR activation after treatment with 

enzalutamide, abiraterone, or bicalutamide was tested using immunofluorescence, Western 

blotting, ChIP assays, and qRT-PCR. Importance of Lin28 in enzalutamide resistance was assessed 

by the downregulation of Lin28 expression in C4-2B and 22Rv1 cells chronically treated with 

enzalutamide. Requirement for sustained AR signaling in LN-Lin28 cells was examined by the 

downregulation of either full length AR or AR-V7 using siRNA.

RESULTS—We show that Lin28 promotes the development of resistance to currently used 

targeted therapeutics by enhancing the expression of AR splice variants such as AR-V7. PCa cells 

overexpressing Lin28 exhibit resistance to treatment with enzalutamide, abiraterone, or 

bicalutamide. Downregulation of Lin28 resensitizes enzalutamide-resistant PCa cells to 

enzalutamide treatment. We also show that the upregulation of splicing factors such as hnRNPA1 

by Lin28 may mediate the enhanced generation of AR splice variants in Lin28-expressing cells.

CONCLUSIONS—Our findings suggest that Lin28 plays a key role in the acquisition of 

resistance to AR-targeted therapies by PCa cells and establish the importance of Lin28 in PCa 

progression.
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INTRODUCTION

Prostate cancer (PCa) is the most common cancer among men in the US and other Western 

countries [1]. Androgen signaling driven by the androgen receptor (AR) plays a central role 

in PCa tumorigenesis and hence the standard-of-care treatment for PCa is androgen 

deprivation by a variety of strategies such as luteinizing hormone-releasing hormone 

agonists, anti-androgens, estrogens, orchiectomy, and drugs preventing both intratumoral 

and adrenal androgen production [2]. Almost all PCa tumors eventually develop castration 

resistance and exhibit re-activation of androgen signaling and/or overexpression and/or 

reprogramming of AR signaling. Reactivation of AR signaling is a hallmark of PCa 

progression and is also associated with patient response to therapy. Constitutive AR 

signaling is mediated by various mechanisms including AR overexpression, mutations in the 

AR, interactions with other signaling pathways, and increased generation of alternative 

splice variants lacking the ligand-binding domain [3]. The next generation anti-androgen 

enzalutamide [4] and androgen synthesis inhibitor abiraterone [5] have been approved for 

the treatment of patients prior to or after chemotherapy. These therapies, though effective 

initially, rapidly result in the development of resistance to the agent and progression of 

disease [6]. Hence it is critically important to understand the mechanisms leading to the 

development of resistance to these therapies in order to devise combination strategies that 

achieve a better and more sustained response to treatment.

The Lin28 proteins are evolutionarily conserved RNA binding proteins that regulate several 

important cellular functions associated with development, glucose metabolism, 

differentiation, and pluripotency [7,8]. LIN28 binds to the terminal loops of Let-7 miRNA 

family precursors and inhibits their processing into mature miRNAs [9]. By blocking Let-7 

biogenesis, Lin28 leads to derepression of known oncogenic targets of Let-7 such as Myc 

[10], Ras [11], HMGA2 [12], and cyclins [13]. Moreover, Lin28 has been shown to promote 

glycolytic metabolism in tissues and cancer cells, and thus is a central regulator of cellular 

bioenergetics [14,15]. It is a predominantly cytoplasmic protein that associates with RNA in 

stress granules, P-bodies, and polysomes [16]. In embryonic stem cells, LIN28 enhances the 

translation of mRNAs important for cell growth via the recruitment of RNA helicase A to 

polysomes in a Let-7-independent manner [17]. In mature cells, LIN28 binds to and 

enhances the translation of mRNAs for several metabolic enzymes, thereby increasing 

glycolysis and oxidative phosphorylation, thus driving tissue repair by reprogramming 

cellular metabolism [14]. In both human embryonic stem cells and somatic cells, LIN28 has 

been shown to regulate splicing factor abundance [18]. Consistent with Lin28’s impact on 

alternative splicing factors, the up-regulation of Lin28a in somatic HEK293 cells caused 

dramatic changes in alternative splicing patterns.

Increased Lin28 expression was reported in various carcinomas and was associated with 

poor patient prognosis [7,19]. Lin28 has profound pleiotropic effects on both the 

proliferative and metabolic machinery of tumor cells. The strong effect of Lin28 on cell 

progression and proliferation and its frequent reactivation in multiple cancers supports the 

role of Lin28 as a potential oncogene [20]. Lin28 is expressed in all grades of prostatic 

carcinomas and in some PCa cell lines, but not in normal prostate tissue [21]. Our previous 
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studies demonstrated that Lin28 is highly expressed in prostate tumors compared to their 

matched benign counterparts and that Lin28 expression is correlated positively with that of 

the AR and c-Myc in PCa [22,23]. In this report, we studied the role of Lin28 in the 

development of resistance to currently used therapeutics such as enzalutamide, abiraterone 

or bicalutamide. We show that Lin28 regulates PCa cell sensitivity to androgen-signaling 

inhibitors by promoting the generation of and altering the ratio of AR splice variants to full 

length AR.

MATERIALS AND METHODS

Cell Lines and Reagents

LNCaP, C4-2B, CWR22Rv1, and VCaP cells were obtained from the American Type 

Culture Collection (ATCC, Manassas, VA), and were cultured in RPMI containing either 

10% complete FBS or 10% charcoal-dextran-stripped FBS (CS-FBS) and penicillin/

streptomycin. LNCaP passage numbers <20 were used throughout the study. 22Rv1 and 

C4-2B cells resistant to enzalutamide (22Rv1-Enza-R and C4-2B-Enza-R) were generated 

as described previously [24,25]. Antibodies against AR (441; mouse monoclonal) and 

Tubulin were purchased from Santa Cruz Biotechnologies (Santa Cruz, CA). Antibodies 

against Lin28 were purchased from Abcam (San Francisco, CA). Antibodies against AR-V7 

splice variant were obtained from Precision Antibody (Columbia, MD). Sso Fast™ Eva 

Green qPCR Supermix was from Bio-Rad. All other reagents were of analytical grade and 

obtained from local suppliers.

Cell Growth Assays

Plasmid and plasmid-based shRNA transfections were performed using the Attractene 

transfection reagent (Qiagen). Oligonucleotide siRNA transfections were performed using 

the Lipofectamine 2000 transfection reagent (Invitrogen). Viable cell numbers were 

determined using a Coulter cell counter (Beckman Coulter). Cell proliferation assays using 

MTT were performed as described previously [26].

Western Blot Analysis

Cells were lysed in high salt buffer containing 50 mM Hepes pH 7.9, 250 mM NaCl, 1 mM 

EDTA, 1% NP-40, 1 mM PMSF, 1 mM Na Vanadate, 1 mM NaF and protease inhibitor 

cocktail (Roche) as described earlier [27]. Total protein was estimated using the Coomassie 

Protein Assay Reagent (Pierce). Equal amounts of protein were loaded on 10% SDS–PAGE 

and transferred to nitrocellulose membranes. The membranes were blocked with 5% nonfat 

milk in PBST (1× PBS+0.1% Tween-20) and probed with the indicated primary antibodies 

in 1% BSA. The signal was detected by ECL (Millipore) after incubation with the 

appropriate HRP-conjugated secondary antibodies.

Real-Time Quantitative Rt-pcr

Total RNAs were extracted using TriZOL reagent (Invitrogen). cDNAs were prepared after 

digestion with RNase-free RQ1 DNase (Promega). The cDNAs were subjected to real-time 

reverse transcription-PCR (RT-PCR) using Sso Fast™ Eva Green Supermix (Bio-Rad) 

according to the manufacturer’s instructions and as described previously [28]. Each reaction 
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was normalized by co-amplification of actin. Triplicates of samples were run on a Bio-Rad 

CFX-96 real-time cycler.

Measurement of PSA

PSA levels were measured in the culture supernatants using an ELISA kit (United Biotech 

Inc, Mountain View, CA) according to the manufacturer’s instructions and as described 

previously [29].

Chromatin Immunoprecipitation Assay (ChIP)

DNA-protein complexes in the cells were cross-linked with 1% formaldehyde for 10 min at 

37°C. Cells were washed and harvested and cell lysates prepared by sonication at 4°C. 10 µg 

of the total protein was immunoprecipitated with anti-AR antibodies. Isotype matched IgG 

was used as control. The immunoprecipitated protein-DNA complexes were washed, eluted, 

the cross linking was reversed with NaCl for 4 hr at 65°C, and subjected to proteinase K 

digestion at 37°C overnight. Bound DNA was extracted with phenol: 

chloroform:isoamylalcohol, and precipitated with the addition of ammonium acetate, 

glycogen and 100% ethanol. Dissolved DNA was subjected to PCR with primers spanning 

either the proximal or the distal enhancer AREs of the PSA promoter. The primer sequences 

used were:

PSA promoter: (Proximal) ARE-I/II: Forward: 5′-
CCTAGATGAAGTCTCCATGAGCTACA-3′

ARE-I/II: Reverse: 5′-GGGAGGGAGAGCTAGCACTTG-3′

(Distal) ARE-III: Forward: 5′-CAT GTT CAC ATT AGT ACA CCT TGC C-3′

ARE-III: Reverse: 5′-TCT CAG ATC CAG GCT TGC TTA CTG TC-3′

Immunofluorescence

LN-neo and LN-Lin28 cells were used to assess the extent of AR nuclear translocation after 

treatment with vehicle, enzalutamide, abiraterone, or bicalutamide. 5 × 103 cells were plated 

in 6-well chamber slides and treated with 20 µM each of enzalutamide, abiraterone, or 

bicalutamide. Cells were fixed with 4% paraformaldehyde in PBS, permeabilized with 0.5% 

Triton X-100, and incubated with 1% BSA to block non-specific binding. Cells were 

incubated with anti-AR monoclonal antibodies (441, Santa Cruz Biotechnology) overnight, 

localization of the intracellular AR protein was visualized with secondary antibodies 

conjugated to Alexa Fluor 594 (Abcam), and nuclei were visualized with mounting medium 

containing DAPI.

Clonogenic Assays

Anchorage-dependent clonogenic ability assays were performed as described previously 

[30]. Briefly, LN-neo and LN-Lin28 cells were treated with vehicle or 20 µM each of 

enzalutamide, abiraterone, or bicalutamide for 24 hr. Cells were trypsinized and replated at 

low densities (1000 cells/dish) in 10 cm culture plates. The plates were incubated at 37°C in 

RPMI1640 containing 10% FBS and were left undisturbed for 14 days. At the end of the 
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experiment, cells were fixed with methanol, stained with 0.05% Crystal Violet, and the 

numbers of colonies were counted.

Soft-Agar Colony Formation Assays

Anchorage-independent colony formation assays were performed as described previously 

[31]. LN-neo and LN-Lin28 cells were treated with vehicle or 20 µM each of enzalutamide, 

abiraterone, or bicalutamide for 24 hr. After treatment, cells were plated in 0.35% agarose 

overlying a 1.2% agar layer. Cells were fed twice a week with complete RPMI1640 with 

10% FBS and were incubated at 37°C for 2 weeks. At the end of the experiment, colonies 

were stained with 0.05% Crystal Violet and counted under a microscope.

Statistical Analyses

Data are shown as means±SD. Multiple group comparison was performed by one-way 

ANOVA followed by the Scheffe procedure for the comparison of means. P ≤ 0.05 was 

considered significant.

RESULTS

Lin28 Induces Resistance to Therapeutics Targeting Androgen-Signaling

Our previous studies showed that Lin28 is overexpressed in prostate cancer and activates the 

androgen receptor [22]. LNCaP cells stably expressing Lin28 (LN-Lin28) exhibited higher 

growth rate and higher clonogenic ability compared to control LN-neo cells. In this study, 

we examined whether prostate cancer cells expressing Lin28 exhibit altered sensitivity to 

anti-androgens such as enzalutamide, abiraterone, or bicalutamide. LN-neo and LN-Lin28 

cells were treated with 20 µM each of enzalutamide, abiraterone, or bicalutamide for 48 hr 

and cell survival was analyzed. As shown in Figure 1A, treatment with enzalutamide, 

abiraterone, or bicalutamide decreased cell survival of LN-neo cells by ~60% after 48 hr 

treatment, while having no effect on cell survival of LN-Lin28 cells (LN-Lin28 cl#10). To 

account for clone-specific effects, we tested another clone of LN-Lin28 cells (LN-Lin28 

cl#4). As shown in Figure 1B, there were no significant differences between the number of 

LN-Lin28 cells surviving treatment with enzalutamide, abiraterone or bicalutamide and 

those treated with vehicle. Insets in Figure 1A and B show the expression levels of Lin28 in 

both stable clones. These results indicate that prostate cancer cells expressing Lin28 may 

exhibit resistance to anti-androgen treatment. All subsequent experiments were performed 

using the LN-Lin28 cl#10. To test whether cytotoxicity was a factor in reducing cell 

survival, we assessed proliferation indices of LN-neo and LN-Lin28 cells treated with 0, 5, 

10, or 20 µM enzalutamide or abiraterone for 24, 48, or 72 hr. As shown in Figure 1C and D, 

20 µM enzalutamide or abiraterone (highest doses used) did not exert cytotoxicity on either 

LN-neo or LN-Lin28 cells. Next, we tested whether treatment with AR-targeted therapeutics 

affects the clonogenic ability of LN-Lin28 cells. We performed anchorage-dependent colony 

formation assays using LN-neo and LN-Lin28 cells treated with vehicle, enzalutamide, 

abiraterone or bicalutamide (20 µM each) for 24 hr. As shown in Figure 2A, the number of 

colonies formed by LN-neo cells decreased by ~50% when treated with enzalutamide, 

abiraterone, or bicalutamide compared to treatment with vehicle. On the other hand, colony 

formation ability of LN-Lin28 cells was not affected by treatment with enzalutamide, 
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abiraterone, or bicalutamide. We also performed anchorage-independent soft agar colony 

formation assays using LN-neo and LN-Lin28 cells treated with vehicle, enzalutamide, 

abiraterone, or bicalutamide for 24 hr. As shown in Figure 2B, LN-Lin28 cells formed 

significantly higher numbers of colonies in soft agar compared to LN-neo cells, which is 

consistent with our previous observations that Lin28 confers a growth and survival 

advantage on prostate cancer cells. Moreover, the ability of LN-Lin28 cells to form colonies 

in soft agar was not impaired significantly by treatment with enzalutamide, abiraterone, or 

bicalutamide, demonstrating that Lin28 may induce resistance to therapy in prostate cancer 

cells.

Lin28 Induced AR Activation is Not Inhibited by Treatment With Targeted Therapeutics

We showed previously that Lin28 activates the androgen receptor [22]. Since our results 

show that prostate cancer cells expressing Lin28 are resistant to treatment with 

enzalutamide, abiraterone, or bicalutamide, we tested whether Lin28-induced activation of 

AR is affected by treatment with these agents. We analyzed the nuclear translocation of the 

AR in LN-neo and LN-Lin28 cells treated with 20 µM each of enzalutamide or abiraterone. 

Treatment with enzalutamide or abiraterone abolished the nuclear translocation of AR in 

LN-neo cells while not affecting the nuclear translocation of AR in LN-Lin28 cells (Fig. 

3A). The nuclear translocation of FL AR as well as AR variants was maintained in LN-

Lin28 cells treated with enzalutamide or abiraterone (Fig. 3A, middle panel). These results 

were confirmed using immunofluorescence assays (Fig. 3B) and indicate that while 

enzalutamide or abiraterone succeed in inhibiting nuclear translocation of AR in prostate 

cancer cells lacking expression of Lin28, they fail to do so in prostate cancer cells 

expressing Lin28. Further, we tested whether recruitment of AR to the promoters of target 

genes is affected by treatment with enzalutamide, abiraterone, or bicalutamide in LN-Lin28 

cells using ChIP assays. As shown in Figure 3C, the recruitment of AR to AREI/II (left 

panel) and AREIII (right panel) in the PSA promoter was almost entirely (>90%) abolished 

by treatment with enzalutamide, abiraterone, or bicalutamide, while the recruitment of AR to 

the PSA promoter was reduced minimally by <30% in LN-Lin28 cells, indicating that 

prostate cancer cells expressing Lin28 can sustain the activation of AR even during 

treatment with next generation therapeutics. Next, we tested whether the transactivation of 

target gene promoters by AR is affected in LN-neo and LN-Lin28 cells using qRT-PCR and 

ELISA assays. As shown in Figure 3D, the transcript levels of PSA (left panel) and NKX3.1 

(right panel), two classical target genes of the AR, were reduced upon treatment with 

enzalutamide, abiraterone, or bicalutamide in LN-neo cells but were not affected 

significantly in LN-Lin28 cells. These results were also confirmed by measuring the 

secretion of PSA using ELISA. As shown in Figure 3E, the secretion of PSA by LN-neo 

cells was reduced by ~60% after treatment, while secretion of PSA by LN-Lin28 cells was 

not affected significantly by treatment with enzalutamide, abiraterone, or bicalutamide. 

Collectively, these results demonstrate that sustained AR activation induced by Lin28 may 

mediate the resistance to enzalutamide, abiraterone, or bicalutamide exhibited by prostate 

cancer cells expressing Lin28.
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Downregulation of Lin28 Resensitizes Enzalutamide-Resistant Cells to Enzalutamide

Our findings suggest that the upregulation of Lin28 may mediate the acquisition of 

resistance to anti-androgens such as enzalutamide. Hence, we analyzed the expression levels 

of Lin28 in enzalutamide-resistant C4-2B-Enza-R and 22Rv1-Enza-R cells (generated by 

chronic exposure to enzalutamide) compared to levels in parental C4-2B and 22Rv1 cells, 

respectively. As shown in Figure 4A, both C4-2B-Enza-R and 22Rv1-Enza-R cells express 

higher levels of Lin28 protein, suggesting that upregulation of Lin28 may be one of the 

mechanisms of resistance in these cells. Interestingly, C4-2B-Enza-R and 22Rv1-Enza-R 

cells also express higher levels of both full length AR and the AR-V7 splice variant. AR-V7 

has been implicated in the acquired resistance to enzalutamide in several studies [25,32,33]. 

Hence, we examined the effects of downregulation of Lin28 on the sensitivity/resistance of 

enzalutamide-resistant prostate cancer cells to enzalutamide, by transfecting two shRNAs 

against Lin28 into C4-2B, C4-2B-Enza-R; and 22Rv1, 22Rv1-Enza-R cells followed by 

treatment with 20 µM enzalutamide. As shown in Figure 4B and C, downregulation of Lin28 

enhanced the sensitivity of C4-2B-Enza-R and 22Rv1-Enza-R cells to enzalutamide 

treatment. Next, we analyzed the protein levels of Lin28 in C4-2B-Enza-R and 22Rv1-Enza-

R cells transfected with shRNA against Lin28 to confirm the downregulation of Lin28 (Fig. 

4D and E). The downregulation of Lin28 reduced the expression levels of both full length 

AR and AR-V7, indicating that suppression of Lin28 reduces inducible and constitutive AR 

signaling and thereby resensitizes enzalutamide-resistant cells to enzalutamide.

Downregulation of AR Signaling Resensitizes Lin28 Expressing Cells to Enzalutamide

Our results showed that LNCaP cells stably expressing Lin28 (LN-Lin28) express higher 

levels of both full length AR and AR-V7 (Fig. 5A). Our previous studies and others 

demonstrated that AR-V7 plays an important role in the development of resistance to 

enzalutamide. Hence, we tested whether the downregulation of either FL AR or AR-V7 

resensitizes LN-Lin28 cells to enzalutamide treatment. LN-neo control and LN-Lin28 cells 

were transfected with siRNAs specific against either FL AR or AR-V7 and treated with 20 

µM enzalutamide. Cell survival was analyzed after 48 hr. The results showed that the 

suppression of expression of either FL AR or AR-V7 reduced the survival of LN-Lin28 cells 

treated with enzalutamide (Fig. 5B), indicating that the upregulation of both FL AR and AR-

V7 is essential for the resistance to enzalutamide exhibited by LN-Lin28 cells. We reported 

previously that two splicing factors of the heterogeneous ribonucleoprotein family 

(hnRNPA1 and hnRNPA2) play important roles in the generation of AR splice variants such 

as AR-V7 in PCa cells [34]. As we observed higher levels of AR-V7 in LN-Lin28 cells 

compared to control LN-neo cells, we analyzed the expression levels of hnRNPA1 and 

hnRNPA2 in LN-Lin28 cells by Western blotting. As shown in Figure 5C, we observed 

higher levels of both hnRNPA1 and hnRNPA2 in LN-Lin28 cells compared to the control 

cells. These observations led us to test whether the downregulation of hnRNPA1 or 

hnRNPA2 affects the sensitivity of LN-Lin28 cells to enzalutamide. We transfected LN-neo 

and LN-Lin28 cells with siRNAs against either hnRNPA1 or hnRNPA2, treated them with 

20 µM enzalutamide, and analyzed cell survival after 48 hr. As shown in Figure 5D, 

downregulation of hnRNPA1 or hnRNPA2 leading to lower levels of AR-V7 increased the 

sensitivity of LN-Lin28 cells to enzalutamide, indicating that Lin28 induces the generation 

of AR-V7 via increase in levels of splicing factors such as hnRNPA1 and/or hnRNPA2. 
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These observations confirm the central role of Lin28 in altering AR signaling, and 

demonstrate that Lin28 modulates the ability of PCa cells to respond to enzalutamide 

treatment by increasing the generation of constitutively active AR splice variants such as 

AR-V7.

DISCUSSION

Lin28 is known as a reprogramming factor and a marker for induced pluripotent stem cells 

[35]. Effects of Lin28 can be mediated via Let-7-dependent or Let-7-independent pathways. 

Suppression of maturation of the Let-7 family miRNAs is one of the principal functions of 

Lin28, and in addition, it can regulate the translation of cellular mRNAs as an RNA-binding 

protein. Our previous studies indicated that Lin28 promotes PCa tumorigenesis by inducing 

AR activation [22]. We have demonstrated that the expression levels of AR and Lin28 

correlate positively with each other in PCa and that increased expression of Lin28 marks 

castration-resistant progression of PCa. In this study, we analyzed the ability of Lin28 to 

modulate the resistance of PCa cells to treatment with enzalutamide, abiraterone, or 

bicalutamide. Our findings clearly demonstrate that Lin28 modulates the sensitivity of PCa 

cells to enzalutamide by altering the ratio of constitutively active AR variants to full length 

AR. Treatment with enzalutamide, abiraterone, or bicalutamide did not suppress Lin28-

induced AR activation. Overexpression of Lin28 increased while downregulation of Lin28 

decreased PCa cell survival upon treatment with enzalutamide. Overexpression of Lin28 

enhanced the generation of AR variants such as AR-V7 while downregulation of Lin28 

suppressed the levels of AR variants. Our results also show that Lin28 may regulate the 

generation of AR variants by altering the levels of splicing factors such as hnRNPA1. 

Suppression of expression of either hnRNPA1 or AR-V7 resensitized Lin28-expressing PCa 

cells to enzalutamide treatment. Taken together, these findings provide a mechanistic 

rationale for the potential targeting of Lin28 to combat PCa progression.

Generation of constitutively active splice variants of AR that are insensitive to anti-androgen 

therapy is one of the principal mechanisms through which PCa cells by-pass growth 

inhibition after treatment with next generation anti-androgens such as enzalutamide. 

Generation of AR-V7 has been shown in several studies to be responsible for the 

development of resistance to enzalutamide [24,25,32]. Indeed, the presence of AR-V7 in 

circulating tumor cells has been validated to predict patient response to enzalutamide or 

abiraterone treatment [33,36]. These findings attest to the importance of AR alternative 

splice variants in PCa. Even though the central role of AR splice variants has been 

established and is even being proposed to be used as a biomarker in a clinical setting, 

understanding of the factors/mechanisms which regulate the generation of AR variants 

remains rudimentary. Our previous studies showed that a regulatory circuit involving NF-

κB2/p52, c-Myc and hnRNPA1 may regulate the levels of AR variants [25,34]. In this 

report, we identified a novel role for Lin28 in the regulation of AR-V7 Levels, possibly 

involving hnRNPA1. HnRNPA1 belongs to the heterogeneous nuclear protein family 

composed of >20 splicing regulators. Expression of hnRNPA1 is enhanced in several human 

malignancies [37] and deregulated splicing due to altered levels of splicing factors can lead 

to tumorigenesis [38,39]. Our previous findings indicate that hnRNPA1 levels are enhanced 

in PCa and that recruitment of hnRNPA1 to the AR pre-mRNA is amplified in enzalutamide-
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resistant cells [34]. HnRNPA1 and c-Myc exhibit reciprocal regulation of each other’s 

expression [40]. Previous studies also showed that NF-kappaB and c-Myc are involved in the 

transcriptional regulation of Lin28 [41]. Taken together, these studies illustrate the 

importance of the NF-kappaB:c-Myc:Lin28 pathway in PCa. Our current results build upon 

these findings and show that Lin28 plays a major role in enzalutamide resistance by 

enhancing the expression of hnRNPA1 and thereby promoting the generation of 

constitutively active AR splice variants such as AR-V7.
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Fig. 1. 
PCa cells overexpressing Lin28 exhibit resistance to treatment with enzalutamide, 

abiraterone, or bicalutamide. A: LN-neo parental cells and LN-Lin28 cells were subjected to 

treatment with 20 µM each of enzalutamide, abiraterone, or bicalutamide and cell survival 

was measured by counting cell numbers after 48 hr. Inset shows the expression of Lin28 in 

LN-Lin28 cells. Cell survival of LN-neo cells was suppressed by all three agents, which 

failed to suppress LN-Lin28 cell survival significantly. B: Similar experiments were 

performed using LN-neo and LN-Lin28 Cl#4 cells and cell survival was measured by 
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counting cell numbers after 48 hr. Inset shows the expression of Lin28 in LN-Lin28 Cl#4 

cells. Cell survival of LN-neo cells was suppressed by all three agents, which failed to 

suppress LN-Lin28 Cl #4 cell survival significantly. Cell proliferation assays were 

performed using MTT in LN-neo and LN-Lin28 cells treated with 0, 5, 10, and 20 µM 

enzalutamide (C) or abiraterone (D). The observed reduction in cell numbers was due to the 

suppression of cell survival and not due to cytotoxicity induced by enzalutamide or 

abiraterone.
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Fig. 2. 
PCa cells overexpressing Lin28 exhibit resistance to treatment with enzalutamide, 

abiraterone, or bicalutamide. A: Quantitative assessment of the number of colonies formed 

in anchorage-dependent clonogenic assay of LN-neo and LN-Lin28 cells treated with 20 µM 

each of enzalutamide, abiraterone, or bicalutamide for 24 hr and plated at a density of 1000 

cells/dish. Numbers of colonies were counted after 2 weeks. Ability of LN-neo cells to form 

colonies was inhibited significantly by all three therapeutics, whereas ability of LN-Lin28 

cells to form colonies was not inhibited. B: Quantitative assessment of the number of 

colonies formed in anchorage-independent soft-agar colony formation assay of LN-neo and 

LN-Lin28 cells treated with 20 µM each of enzalutamide, abiraterone, or bicalutamide for 24 

hr and plated in 0.35% agarose overlying a 1.2% agar layer. Numbers of colonies were 

counted after 2 weeks. Ability of LN-neo cells to form anchorage-independent colonies in 

soft agar was inhibited significantly by all three compounds, whereas ability of LN-Lin28 

cells to form colonies was not inhibited.
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Fig. 3. 
LN-Lin28 cells sustain Lin28-induced AR activation when treated with enzalutamide, 

abiraterone, or bicalutamide. AR nuclear translocation was assessed by (A) Western blotting 

and (B) immunofluorescence assays in LN-neo and LN-Lin28 cells treated with 20 µM each 

of enzalutamide, abiraterone, or bicalutamide. AR nuclear translocation was inhibited by all 

three agents in LN-neo cells while they failed to inhibit AR nuclear translocation in LN-

Lin28 cells. C: Recruitment of AR to AREI/II (left panel) and AREIII (right panel) regions 

in PSA promoter was assessed by ChIP assays in LN-neo and LN-Lin28 cells treated with 
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20 µM each of enzalutamide, abiraterone, or bicalutamide. Binding of AR to both regions 

was inhibited by all three in LN-neo cells, while AR recruitment was unimpaired in LN-

Lin28 cells treated with these agents. D: Activation of the expression of AR target genes 

PSA (left panel) and NKX3.1 (right panel) was assessed by qPCR in LN-neo and LN-Lin28 

cells treated with 20 µM each of enzalutamide, abiraterone, or bicalutamide. Expression 

levels of both PSA and NKX3.1 were inhibited by all three agents in LN-neo cells, while 

they failed to suppress expression of PSA and NKX3.1 in LNLin28 cells. E: Secretion of 

PSA by LN-neo and LN-Lin28 cells was measured using ELISA in LN-neo and LN-Lin28 

cells treated with 20 µM each of enzalutamide, abiraterone, or bicalutamide. PSA secretion 

by Ln-neo cells was inhibited by all three therapeutics, but not in LN-Lin28 cells.
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Fig. 4. 
Lin28 is required for the acquired resistance of enzalutamide-resistant PCa cells to 

enzalutamide. A: Enzalutamide-resistant C4-2B-Enza-R and 22Rv1-Enza-R cells exhibit 

higher levels of Lin28, FL AR and AR-V7 compared to the parental C4-2B and 22Rv1 cells, 

respectively. C4-2B-Enza-R (B) and 22Rv1-Enza-R (C) cells were transfected with two 

different shRNAs against Lin28, were treated with 20 µM enzalutamide and cell survival 

was assessed. Suppression of Lin28 expression in enzalutamide-resistant cells resensitized 

them to enzalutamide treatment. Suppression of Lin28 expression by shRNA reduced the 

expression levels of both FL AR and AR-V7 in C4-2B-Enza-R (D) and 22Rv1-Enza-R (E) 

cells.
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Fig. 5. 
Lin28 induces AR-V7 expression through upregulation of hnRNAP1. A: LN-Lin28 cells 

express higher levels of both FL AR and AR-V7. B: Survival of LN-neo and LN-Lin28 cells 

transfected with specific siRNAs against either FL AR or AR-V7 was assessed after 

treatment with 20 µM enzalutamide. Downregulation of either FL AR or AR-V7 expression 

resensitized LN-Lin28 cells to treatment with enzalutamide. C: LN-Lin28 cells express high 

levels of the splicing factors, hnRNPA1 and hnRNPA2. D: Expression of hnRNPA1 or 

hnRNPA2 was downregulated using specific siRNAs in LN-neo and LN-Lin28 cells and the 

cells were subjected to treatment with 20 µM enzalutamide. Suppression of expression of 

hnRNPA1 enhanced the sensitivity of LN-Lin28 cells to enzalutamide treatment. Panels 

below B and D show the immunoblots confirming the downregulation of FL AR, AR-V7, 

hnRNPA1 or hnRNPA2 after transfection with siRNA.
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