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W81XWH-13-1-0163  " Novel Therapeutic Targets to Inhibit Tumor Microenvironment 
Induced Castration-resistant Prostate Cancer" 

Introduction 
AR signaling is essential for prostate cancer (PCa) cell growth and survival.  Therefore, 
androgen-deprivation therapy (ADT) is a standard therapy for advanced and metastatic PCa.  
However, most initially responsive PCa will relapse after ADT and become lethal castration-
resistant PCa (CRPC).  Interestingly, most CRPCs are still AR-dependent 1, 2.  Hence, AR 
remains as a therapeutic target for CRPC.  To develop novel therapies, it is essential to delineate 
the underlying mechanisms for the development of CRPC and the re-activation of AR in CRPC.  
Tumor microenvironment plays critical roles in regulating PCa progression 3; however, how it 
affects PCa AR action remains poorly understood.  By using an in vitro PCa/stroma co-culture 
model and cDNA microarray analysis, we found that TGF-β signaling in prostate stroma induces 
the expression of several AR targets, i.e. PSA, TMPRSS2, and KLK4, in PCa cells in the 
absence of androgen.  This indicates that prostate stromal TGF-β signaling induces androgen-
independent AR activation in PCa.  In addition, we found that stromal TGF-β signaling strongly 
induces MAPK4 expression in PCa.  MAPK4 is an atypical MAPK not well studied 4-6. Its 
biological role in cancer remains unknown. We showed that MAPK4 overexpression in PCa 
strongly activates AR independent of androgen, and MAPK4 knockdown inhibits AR activation. 
These suggest that MAPK4 is a key factor in inducing ligand-independent AR activation in PCa. 
Finally, cDNA microarray on total RNA extracted from laser-captured PCa cells from human 
CRPC tumors revealed that MAPK4 expression is strongly correlated with AR activation 
(expression of PSA) in human CRPC tissues, which strongly supports the human relevance of 
our studies.  Based on our exciting preliminary results, we propose a novel and direct mechanism 
for the induction of CRPC relapse: Tumor microenvironment (such as stromal TGF-β signaling) 
induction of MAPK4 drives androgen-independent AR activation in PCa.  This pathway to 
CRPC raises the prospects for novel therapeutic avenues in combination with ADT, anti-TGF-β 
strategies directed toward the tumor microenvironment, and anti-MAPK4 therapy directed to the 
tumor itself.  We will test our novel hypothesis by in vitro PCa/stroma co-culture studies, in vivo 
xenograft tumor studies, and IHC studies on human CRPC tissue arrays. 

Keywords: 
prostate cancer, tumor microenvironment, castration resistance, AR, TGF-β, MDV3100, 

prostate stroma. 

Overall Project Summary 

Major Task 1:  Study prostate stromal TGF-β  signaling induced androgen-independent 
AR activation in PCa and determine the biological roles of MAPK4 in mediating this 
action.   These include Subtasks (1) Confirm that AR is required for the prostate stromal TGF-β 
signaling induction of PSA, KLK4, and TMPRSS2 in the TGF-β treated LNCaP/HPS19I co-
cultures (1-6 months),  (2) Confirm that stromal TGF-β signaling induced AR activity is ligand 
independent (insensitive to MDV3100 treatment) (1-6 months), and (3) Determine whether 
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MAPK4 is required for the prostate stromal TGF-β signaling induced AR activation in LNCaP 
cells (6-12 months). 

For Subtask 1 and Subtask 2, we have finished the proposed studies as described in our 
previous annual report and in our publication (Yang et al, Oncotarget, 2014) 7.

For Subtask 3, we proposed to determine whether MAPK4 is required for the prostate 
stromal TGF-β signaling induced AR activation in LNCaP cells.  To this end, we have 
previously generated the LNCaP cells with stable knockdown of MAPK4, and showed that 
knockdown of MAPK4 led to inhibition of AR and that GATA2, a transcription factor/pioneer 
factor critical for AR expression and activation8 may mediate MAPK4 induced AR 
expression/activation. However, we later noticed that continuous passaging cells with stable 
knockdown of MAPK4 led to decreased knockdown efficiency due to the growth disadvantage 
of those cells with high knockdown efficiency. To solve this problem, we created LNCaP cells 
with Dox inducible knockdown of MAPK4 using the pInducer10 lentiviral inducible RNA 
interference system9 as well as using the pLKO-tet-on system. However, the relative high 
concentration of Dox used in such systems induced significant toxicity to LNCaP cells (data not 
shown).  Therefore, we are optimizing the experimental system including generating higher titer 
of viruses to test whether the infected cells will require lower concentration of Dox for 
knockdown of MAPK4. We are also in the process of generating MAPK4-knockout LNCaP cells 
using the CRISPR/Cas9 system. Altogether, we hope that we can generate the engineered 
LNCaP cells that are stable for either total loss of MAPK4 (CRISPR/Cas9 knockout) or with 
inducible knockdown of MAPK4 (Dox-inducible system).  These stable cells will also be 
essential for the xenograft studies in the Subtask 3 of Major Task 2. 

We have also performed limited co-culture studies using the earliest passages of the 
engineered LNCaP cells with confirmed knockdown of MAPK4 (LNCaP-G4) vs. non-targeting 
control (LNCaP-NT). qPCR revealed that knockdown of MAPK4 in LNCaP cells greatly 
inhibited PSA expression (AR activation) in these co-cultures and treatment of SD208, a TGF-β 
receptor 1 specific inhibitor to block basal stromal TGF-β activity in these co-cultures (without 
externally added TGF-β), also greatly inhibited PSA expression (Figure 1). These results are in 
line with our hypothesis on MAPK4 mediating stromal TGF-β signaling induced AR activation 
in PCa cells.   
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Figure 1. Knockdown of MAPK4 inhibits AR activation in the LNCaP/HPS19I co-cultures. Left 
Panel: PSA expression in LNCaP-NT/HPS19I vs. LNCaP-G4/HPS19I co-cultures (qPCR).  Right 
Panel: PSA expression in LNCaP-NT/HPS19I vs. LNCaP-G4/HPS19I co-cultures treated with 
Control (CTRL) vs. SD208, a specific inhibitor for TGF-β receptor 1 (qPCR). Please note, more 
repeats, including co-cultures treated with externally added TGF-β, are needed to test our 
hypothesis. These repeats will be done using either LNCaP cells with stable knockdown of 
MAPK4 at earliest passages (cells have to be re-generated since our current stocks are in later 
passages with no appreciable knockdown efficiency), or LNCaP cells with Dox-inducible 
knockdown or CRISPR/Cas9 mediated knockout of MAPK4 (we are working on them).  

Major Task 2:  Determine whether inhibition of MAPK4 (in PCa) and TGF-β  signaling (in 
stroma) enhances castration response of PCa xenografts.   These include Subtasks (1).  
Compare LNCaP-MAPK4 vs. LNCaP-Ctrl xenograft growth and their response to castration (8-
24 months),  (2) Optimize experimental conditions for LNCaP/HPS19I xenograft studies to 
produce tumors with consistent HPS19I content and tumor size at the time for castration (12-24 
months), and (3) Compare tumor growth in intact mice and their response to castration among 
xenografts made with LNCaP cells (knockdown of MAPK4 vs. control) and HPS19I cells 
(overexpression of dominant negative TβRII vs. control) (8-36 months).   

For Subtask 1, as previously discussed in our previous Annual Report, we observed that 
extensive culture of LNCaP-MAPK4 cells stably overexpressing MAPK4 somehow led to 
significantly reduced or loss of MAPK4 overexpression in these cells. To address this problem, 
we have tried different approaches as described in our previously reports with limited success. In 
this year, we have been continuing working on this and after several rounds of optimization, we 
have finally successfully engineered LNCaP cells to overexpress functional levels of MAPK4 in 
a Dox-inducible manner. This cell line is named LNCaP-iMAPK4 and the control cell line is 
named LNCaP-iCtrl. Dox-induced overexpression of MAPK4 greatly induced the expression of 
GATA2 and AR in LNCaP-iMAPK4 cells as compared to similarly treated LNCaP-iCtrl cells 
(Figure 2A, Western blots). Furthermore, Dox-induced overexpression of MAPK4 greatly 
induced the expression of AR target gene PSA in LNCaP cells cultured in 10% charcoal-stripped 
serum (CSS) plus 10 µM MDV3100 for maximum androgen ligand blockade, further supporting 
that MAPK4 can activate AR in an androgen-independent manner. Since human CRPC tissues 
contain castration or higher levels of androgen, we further examined whether MAPK4 sensitizes 
PCa cells to low levels of androgen. Indeed, R1881 (as low as 0.01 nM) robustly induced PSA 
expression in LNCaP cells overexpressing MAPK4 in a dose-dependent manner (Figure 2B). 
Altogether, we have successfully generated the LNCaP-iMAPK4 cells with inducible 
overexpression of MAPK4 and have used this cell line to further document the MAPK4-induced 
androgen-dependent and androgen-independent activation of AR. Importantly for this Subtask, 
we observed that these LNCaP-iMAPK4 cells maintained their ability for Dox-induced 
overexpression of MAPK4 even after prolonged in vitro culturing and series of passaging. This 
provides a solid foundation for the proposed in vivo studies in Subtask 1.  
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Figure 2. Generation and characterization of stable LNCaP-iMAPK4 cells with Dox-inducible 
overexpression of functional levels of MAPK4. (A) Dox-induced MAPK4 overexpression in 
LNCaP-iMAPK4 cells induces GATA2 and AR protein expression as compared to similarly 
treated control LNCaP-iCtrl cells (Western blots). (B) Dox-induced MAPK4 overexpression in 
LNCaP-iMAPK4 cells both induces androgen-independent activation of AR and greatly 
sensitizes them to low levels of androgen. LNCaP-iMAPK4 cells were treated with 10µM of 
MDV3100, control, and increasing doses (0.01, 0.1, 1, and 10 nM) of R1881 in 10% of CSS in 
the presence or absence of 0.5 µg/ml Dox. qPCR were used for PSA expression. 

For Subtasks 2 and 3, we have performed pilot studies to test the ratio of LNCaP vs. 
HPS19I cells at the time of xenograft inoculation and found that a ratio ranging from 2:1 to 4:1 
produces tumors with consistent HPS19I content and tumor size.  As previously reported, we 
have generated the pCDH-dnTβRII lentiviral vector and use produced lentivirus to infect 
HPS19I cells for overexpression of dnTβRII.  We have successfully engineered HPS19I cells for 
dnTβRII overexpression and 100% of the cells are RFP+ (indication for dnTβRII expression) 
after selection using 0.7 µg/ml of puromycin. However, we observed that the engineered HPS19I 
cells, which themselves are slow-growing cells, grew extremely slowly and eventually died out 
when being cultured in 0.7 µg/ml of puromycin. Accordingly, we have tried multiple rounds to 
re-engineer these cells and expanded the cells in the absence of puromycin after a short-time 
selection using 0.5 µg/ml of puromycin. However, these cells all went to a non-proliferating state 
and we could not prepare enough cells for the proposed xenograft studies in vivo. The slow 
growth nature of these human prostate stromal cells also made these gene-engineering efforts 
time-consuming and difficult. We are now exploring other alternative approaches. These include 
testing other human prostate stromal cell lines, such as HTS33B and HPS33Q. We are also 
exploring the opportunity to use other selection such as G418 and/or using cell sorting technique 
to produce the HPS19I cells with stable overexpression of dnTβRII.  For the LNCaP cells, as 
described earlier, we are trying to produce LNCaP cells that are stable for either total loss of 
MAPK4 (CRISPR/Cas9 knockout) or with inducible knockdown of MAPK4 (Dox-inducible 
system) for the proposed xenograft studies. Due to this lack of available cell lines, we have not 
performed xenograft studies using the proposed engineered cell lines. 



9 

Major Task 3: Determine whether MAPK4 expression correlates with AR expression / 
activation in PCa cells and TGF-β  signaling activation in stromal cells in human CRPC 
tissues.  These include Subtasks (1) Perform qRT-PCR on cDNA from human CRPC tissues for 
the expression of MAPK4, AR, PSA, KLK4, COL1A1, FAP, and K-Alpha-1 (18-36 months), 
and (2) Optimize IHC protocols and perform IHC studies on human PCa tissue-microarray slides 
for the expression of MAPK4, AR, PSA, and phospho-Smad2 (18-36 months).   

We received the final approval from HRPO for the proposed studies in April, 2016. 
Since then, we have made limited progress in this Task. The proposed xenograft studies in vivo 
in Task 2 are essential for providing the rationales for the studies using the extremely valuable 
human CRPC materials in Task 3. However, due to the technical difficulties described above, we 
have not been able to make significant progress in Task 2. The IHC studies are essential part of 
Task 3 and we have proposed to test and identify a MAPK4 antibody working for IHC. To this 
end, we have purchased 6 different MAPK4 antibodies from multiple vendors. We prepared cell 
lysates from several engineered human cell lines overexpressing MAPK4 (including PCa LNCaP 
cells, the PNT1A "normal" prostate epithelial cells, and other non-PCa cells), with knockdown of 
MAPK4 (including PCa LNCaP, VCaP, LAPC4 cells, and other non-PCa cells), and knockout of 
MAPK4 (only in non-PCa cells so far). We then used these cell lysates to examine the acquired 6 
MAPK4 antibodies using Western blots. We confirmed that three of these MAPK4 antibodies 
worked to various extents in Western blots and frequently with multiple non-specific bands; the 
other three did not show any specificity for MAPK4. We tried to test these antibodies using some 
xenograft tumor tissues, but none so far has produced specific staining. Since we have 
successfully generated MAPK4 knockout cell lines using other non-PCa human cancer cell lines 
in another study, we will produce xenograft tumors using the control and MAPK4 knockout cells 
to further critically examine the specificity of MAPK4 antibodies in IHC. The MAPK4 antibody 
that only stains the cancer cells in control xenografts, but not in the MAPK4 knockout xenografts 
will be used for IHC on human CRPC tissues.  

Key Research Accomplishments 

• Prepared the paperwork and received the final approval from HRPO for the proposed
studies in Tasks 3.

• Generation of LNCaP-iMAPK4 cells with Dox-inducible overexpression of functional
levels of MAPK4.  We have also used this experimental system and demonstrated
MAPK4 induction of GATA2 and AR expression and MAPK4 induction of androgen-
dependent and -independent activation of AR in PCa.

• Demonstrated that knockdown of MAPK4 in LNCaP cells greatly repressed AR
activation in the LNCaP/HPS19I co-cultures.

• Identification of additional MAPK4 antibodies (altogether three) that can recognize
MAPK4 in Western blot assays; their ability in specifically detecting MAPK4 in IHC still
needs to be critically examined.
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Conclusion 

In this year, we have made progress in successfully generating the LNCaP cells with 
Dox-inducible overexpression of functional levels of MAPK4 and used them to demonstrate that 
MAPK4 induces GATA2 and AR expression as well as the androgen-independent and androgen-
dependent AR activation in PCa. It is extremely interesting that MAPK4 expression greatly 
increased PCa cells sensitivity to low levels of androgen ligands (castration levels of androgen) 
since together with MAPK4 induced ligand-independent activation of AR, it may provide 
another novel direct mechanism for development of CRPC. We have also made progress in 
demonstrating that the knockdown of MAPK4 in LNCaP cells greatly inhibited AR activation in 
the LNCaP/HPS19I co-cultures. This partially supports our hypothesis on the potential important 
role of MAPK4 in mediating the stromal cell induced AR activation in the co-cultured LNCaP 
cells.  

Due to several technical problems, including difficulties in expanding LNCaP cells with 
maintained efficient knockdown of MAPK4 and in growing the engineered HPS19I cells even 
after short-term low-concentration Puromycin selection, we have not been able to carry out the 
xenograft studies in Major Task 2.  We will continue explore different approaches to solve these 
problems and expect to carry out some of these xenografts studies by the end of this grant. Since 
we have successfully generated the LNCaP-iMAPK4 cells, we will be able to finish the proposed 
xenograft studies using this cell line in Major Task 2. Since the in vivo xenograft studies in Task 
2 will provide essential rationales supporting the proposed correlation studies in Major Task 3 
using CRPC tissues, we are currently putting a temporary hold on this study since the CPRC 
tissues are extremely valuable one-time usage materials that should be used in carefully designed 
studies with supporting in vivo supporting data. In other case, we will fully carry out this study 
once we successfully acquire the supporting data from the in vivo xenograft studies. To prepare 
the full-scale study, we will continue testing the MAPK4 antibodies in IHC on xenografts, 
especially using the xenografts to be generated using the MAPK4 knockout human cancer cells 
(currently non-PCa cells). Alternatively, if we can successfully generate the MAPK4 knockout 
LNCaP cells in Task 2, we will generate xenografts using LNCaP MAPK4 knockout cells and 
the parental cells, and use these xenografts to test the MAPK4 antibodies on IHC. All in all, we 
have experienced significant technical difficulties and significant delays. We expect to be able to 
finish all the proposed studies in Major Task 1, and partially finish the proposed studies in Major 
Tasks 2 and 3 at the conclusion of the award.   

Publications, Abstracts, and Presentations:  
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