
AWARD NUMBER:  W81XWH-18-1-0531 

TITLE:    Mechanisms of Resistance to Androgen Deprivation Therapy in Advanced Castration-
Resistant Prostate Cancer (CRPC) 

PRINCIPAL INVESTIGATOR:  Joshua W. Russo  

CONTRACTING ORGANIZATION:  Beth Israel Deaconess Medical Center 
     Boston, MA 02215

REPORT DATE:  October 2019 

TYPE OF REPORT:  Annual 

PREPARED FOR:  U.S. Army Medical Research and Materiel Command 
         Fort Detrick, Maryland  21702-5012 

DISTRIBUTION STATEMENT:  Approved for Public Release; 
 Distribution Unlimited 

The views, opinions and/or findings contained in this report are those of the author(s) and should not be 
construed as an official Department of the Army position, policy or decision unless so designated by 
other documentation. 



REPORT DOCUMENTATION PAGE Form Approved 
OMB No. 0704-0188 

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the 
data needed, and completing and reviewing this collection of information.  Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing 
this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA  22202-
4302.  Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently 
valid OMB control number.  PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS. 
1. REPORT DATE 
October 2019

2. REPORT TYPE 
Annual 

3. DATES COVERED
30 Sep 2018-29 Sep 2019

4. TITLE AND SUBTITLE

 

5a. CONTRACT NUMBER 

Mechanisms of Resistance to Androgen Deprivation Therapy in 
Advanced Castration-Resistant Prostate Cancer (CRPC) 

5b. GRANT NUMBER 
W81XWH-18-1-0531 
5c. PROGRAM ELEMENT NUMBER 

6. AUTHOR(S)

 

5d. PROJECT NUMBER 

Joshua W. Russo 5e. TASK NUMBER 

E-Mail: jrusso1@bidmc.harvard.edu
 

5f. WORK UNIT NUMBER 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)

AND ADDRESS(ES) 

8. PERFORMING ORGANIZATION REPORT
NUMBER

Beth Israel Deaconess Medical 
Center 
330 Brookline Avenue 
Boston, MA 02215 

 9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S)

U.S. Army Medical Research and Materiel Command 
 Fort Detrick, Maryland  21702-5012 11. SPONSOR/MONITOR’S REPORT

NUMBER(S)

12. DISTRIBUTION / AVAILABILITY STATEMENT

Approved for Public Release; Distribution Unlimited 

 13. SUPPLEMENTARY NOTES

14. ABSTRACT
The overall hypothesis is that expression of the dipeptidase DPP4 is downregulated in
prostate cancer (PCa) as a mechanism of resistance to androgen deprivation therapy (ADT). My
overall objective is to demonstrate that DPP4 downregulation is a mechanism of ADT-resistance
and PCa progression and to identify the specific pro-survival growth factor/cytokine targeted
by DPP4 for degradation and its associated signaling cascade. Aim 1 will assess the effect of
DPP4 downregulation and overexpression on the sensitivity of PCa xenografts to castration.
Aim 2 will identify the pro-survival growth factor/cytokine targeted by DPP4 for degradation
and the downstream signaling cascades effected. Aim 3 will extend the significance of DPP4
downregulation into primary PCa and CRPC clinical specimens and assess the interaction of
DPP4 inhibition with ADT.
15. SUBJECT TERMS
DPP4, CD26, prostate cancer, castration-resistance, androgen deprivation therapy, growth
factor, cytokine
16. SECURITY CLASSIFICATION OF: 17. LIMITATION

OF ABSTRACT
18. NUMBER
OF PAGES

19a. NAME OF RESPONSIBLE PERSON 
USAMRMC 

a. REPORT

Unclassified

b. ABSTRACT

Unclassified

c. THIS PAGE

Unclassified
 Unclassified 

19b. TELEPHONE NUMBER (include area 
code) 

Standard Form 298 (Rev. 8-98) 
Prescribed by ANSI Std. Z39.18



TABLE OF CONTENTS 

Page 

1. Introduction 1 

2. Keywords 1 

3. Accomplishments 1 

4. Impact 8 

5. Changes/Problems 9 

6. Products 10 

7. Participants & Other Collaborating Organizations 12 

8. Special Reporting Requirements 14 

9. Appendices 14 



1 
 

When men develop prostate cancer (PCa) that spreads or metastasizes to other parts of their 
body, the first and second line treatments used by doctors attempt to block the effects of the 
androgen hormones testosterone and dihydrotestosterone (DHT) on prostate cancer cells. This type 
of therapy is called androgen deprivation therapy or ADT because it deprives the prostate cancer 
cells of these important androgen hormones. Testosterone and DHT bind to the androgen receptor 
(AR) within cancer cells and stimulate the growth and progression of prostate cancer.  
Gonadotropin-releasing hormone agonists (GnRH-agonists), abiraterone, and enzalutamide are 
three drugs commonly used to block the pro-cancer hormone signaling that occurs through 
testosterone and DHT. GnRH agonists inhibit the testicular production of androgen hormones. 
Abiraterone inhibits an enzyme called CYP17A1, which decreases the levels of testosterone and 
DHT. Enzalutamide blocks the ability of testosterone and DHT to bind to androgen receptor (AR) 
and stimulate prostate cancer cells. These drugs are initially effective at stopping prostate cancer 
progression, but in nearly all men the cancer eventually becomes resistant. The subject of this 
research proposal is determining how downregulation of the gene DPP4 and its protein product 
mediates prostate cancer resistance to ADT and how DPP4 inhibitors used to treat Type II diabetes 
influence prostate cancer progression. Over the past year I have shown that DPP4 downregulation 
is tightly associated with PCa progression in preclinical models and in clinical biopsy materials. In 
the VCaP xenograft model and in the majority of clinical cases, as PCa becomes resistant to ADT, 
AR signaling is restored. DPP4 is similar to PSA in that it is an AR-stimulated gene. However, in 
the resistant setting, while PSA expression is restored,  DPP4 expression is not. This suggests that 
the continued downregulation of DPP4 might have functional significance in PCa survival, 
especially since DPP4 is known to degrade various pro-survival growth factors and cytokines. Of 
greater significance, I have also shown that inhibitors of DPP4 enzyme activity decrease the 
effectiveness of ADT. My overall hypothesis is that DPP4 expression is downregulated in PCa 
progression in order to increase local concentrations of prosurvival growth factors/cytokines to 
overcome androgen deprivation. As it will be difficult to identify therapies capable of increasing 
DPP4 protein expression within PCa cells, the next important step in this work will be to identify 
the pro-survival growth factor that is degraded by DPP4 and the kinase signaling cascade the 
growth factor activates to promote ADT resistance. This will allow us to target the growth factor 
and its associated receptor/kinase cascade directly to block ADT resistance. 
 

DPP4, CD26, prostate cancer, castration-resistance, androgen deprivation therapy, growth factor, 
cytokine 

 
1. INTRODUCTION:  Narrative that briefly (one paragraph) describes the subject, purpose and scope of the 

research. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
 
 
 
 
 
 
 

2. KEYWORDS: Provide a brief list of keywords (limit to 20 words). 
 
 
 
 

3. ACCOMPLISHMENTS:  The PI is reminded that the recipient organization is required to obtain prior 
written approval from the awarding agency grants official whenever there are significant changes in the project 
or its direction.   
 
What were the major goals of the project? 
List the major goals of the project as stated in the approved SOW.  If the application listed milestones/target 
dates for important activities or phases of the project, identify these dates and show actual completion dates or 
the percentage of completion.   
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Goal 1: Assess the functional significance of DPP4 downregulation in PCa xenograft setting.        
Milestone: Production of stable cell lines capable of inducible knockdown and overexpression of 
DPP4 (Month 4) – 50% Complete  
Milestone: Establishment of VCaP xenografts, PC-BID-1 and LuCaP-35 PDXs, and VCaP xenografts 
with stable inducible nonsense and DPP4 shRNA and stable inducible overexpression of DDP4 
(Month 10-11) – 75% Complete 
Milestone: Assess the functional significance of DPP4 downregulation in the PCa xenograft setting. 
(Month 15) – 50% Complete 

Goal 2: Determine the signaling cascades effected by DPP4 downregulation/inhibition and the 
corresponding growth factors/cytokines targeted by DPP4 that are responsible for ADT 
resistance. 
Milestone: Identification of signaling cascades effected by DPP4 downregulation/inhibition (Month 
20) – 25% Complete

Goal 3: Determine the clinical significance of DPP4 expression and concurrent ADT/DPP4 
inhibitor treatment on PCa progression. (Month 20) – 50% Complete 

Rfq3rfq
Miel What was accomplished under these goals? 

For this reporting period describe: 1) major activities; 2) specific objectives; 3) significant results or key 
outcomes, including major findings, developments, or conclusions (both positive and negative); and/or 4) other 
achievements.  Include a discussion of stated goals not met. Description shall include pertinent data and graphs 
in sufficient detail to explain any significant results achieved.  A succinct description of the methodology used 
shall be provided.  As the project progresses to completion, the emphasis in reporting in this section should shift 
from reporting activities to reporting accomplishments.   

1. Major Activities: The major focuses over the past year have been to extend the preliminary results in
xenograft model systems regarding the interaction of DPP4 inhibitors with castration, developing stable cell
lines with inducible shRNA and cDNA to DPP4, and analysis of DPP4 expression in clinical material with
clinicopathological correlation. In order to extend the xenograft results, studies have been performed in
additional xenograft and PDX models on the interaction of sitagliptin treatment with castration on the
development of castration-resistance. The development of a VCaP cell line stably expressing inducible
shRNA to DPP4 has been completed and the establishment of the line with inducible cDNA to DPP4 is
underway. Finally, DPP4 immunohistochemistry (IHC) has been optimized for FFPE clinical materials and
DPP4 expression levels have been analyzed in primary PCa, Neoadjuvant-treated PCa, and metastatic
CRPC.

2. Specific Objectives: My overall objective is to demonstrate the functional significance of DPP4
downregulation in mediating resistance to ADT in CRPC and identifying the mechanism by which this
resistance occurs. My specific objectives include demonstrating the functional significance of DPP4
downregulation in preclinical models, identifying the specific growth factor/cytokine and associated
signaling cascade that is upregulated in response to DPP4 downregulation, and correlating DPP4
expression/inhibition with PCa progression.
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3. Significant Results and Key Outcomes: 
 
DPP4 is downregulated in PCa progression both in preclinical models and clinical specimens. DPP4 is an AR-
stimulated gene and would be expected to decrease with initial ADT, but similar to other AR-stimulated genes 
such as PSA, its expression should be restored with castration resistance. However, as outlined in preliminary 
data for this award, this does not occur and DPP4 expression remains downregulated. To further assess DPP4 
downregulation in PCa progression, I submitted serial biopsies of VCaP xenografts prior to castration (Pre-Cx), 
at castration-resistance (CRPC), and at resistance to combined abiraterone and enzalutamide therapy (Abi/Enza 
Resistant) for RNA sequencing. The results of this sequencing confirmed the decreased expression of DPP4 as 
VCaP xenografts progress. Interestingly, DPP4 was not only one of the most decreased AR-stimulated 
transcripts, but was also one of the most decreased of all differentially expressed transcripts (Figure 1A). These 
decreases were confirmed at the protein level by IHC and RPPA (Figure 1B-C). Extending these results into 
several clinical RNAseq data sets from our group, I found DPP4 expression levels to be decreased in castration-
resistant samples compared to matched treatment-naïve controls (Figure 2A). Moreover, IHC on tissue 
microarrays (TMAs) showed a striking decrease in DPP4 protein levels in CRPC (Avg. Immunoscore = 1.25) 
when compared  to primary PCa (Avg. Immunoscore = 6.49) (Figure 2B).  
 These results establish a clear correlation between the downregulation of DPP4 and PCa progression. 
Extending the preliminary results found in the VCaP xenograft to clinical specimens is a key outcome. Further, 
showing that expression of the AR-regulated DPP4 remains low when AR signaling signaling is restored in 
CRPC is a significant finding. It suggests that the continued downregulation of DPP4 might have functional 
significance in PCa survival, and hints at the possibility of an altered AR cistrome in castration-resistance with 
functional consequences.  

Inhibition of DPP4 enzyme activity decreases the effectiveness of ADT. DPP4 is a dipeptidase that is known to 
degrade many different growth factors and cytokines, including some that have been shown to promote prostate 
cancer survival/proliferation (IGF-1, NPY, SDF1-a). My hypothesis is that the decreases in DPP4 protein and 
associated decreases in DPP4 enzyme activity observed during castration-resistance result in increases in local 
concentrations of pro-survival growth factors that allow PCa to survive ADT. Given this hypothesis, inhibitors 
of DPP4 enzyme activity such as sitagliptin should mimic DPP4 downregulation and decrease the effectiveness 
of ADT. Preliminary studies treating VCaP xenografts that undergo castration with sitaglipitin supported this 
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hypothesis. These results have now been 
extended into a genomically different PCa 
cell line (LNCaP), and more significantly 
into a hormone-naïve patient derived 
xenograft (PDX), BID-PC-1 (Figure 3). In 
particular, the BID-PC-1 PDX is 
extremely sensitive to castration and can 
be “rescued” by DPP4 inhibitor treatment. 
These results are a key outcome as they 
show that the effects of DPP4 inhibition 
are penetrant across PCa with different 
genomic backgrounds, VCaP (AR 
amplification, TMPRSS2:ERG fusion), 
LNCaP (PTEN deficient), and BID-PC-1 
(hormone-naïve, BRCA2 deficient). As 
we obtain additional ca PDX models, I 
will continue to test the effects of DPP4 
inhibition. DPP4 inhibitor treatment in 
these xenograft/PDX systems can also be 
used as another approach to identify the 
signaling cascades effected by DPP4 
inhibition. Using this information we can 

then backtrack to the ligand DPP4 targets 
for degradation. This work also highlights 
significant implications regarding the 
interaction of DPP4 inhibitors used to treat 
Type II diabetes with the androgen 
deprivation therapies (leuprolide, 
abiraterone, enzalutamide, etc.) used to 
treat metastatic prostate cancer.   
 
 
 
DPP4 downregulation correlates with negative risk factors in primary PCa. DPP4 expression is strikingly 
decreased in the CRPC setting, but there are also a small fraction of primary prostate cancer that express little to 
no DPP4 (Figure 2). To further characterize DPP4 expression in the primary setting I performed IHC on a 
mixed set of 20 low-grade and 20 high-grade PCa specimens from radical prostatectomies of hormone-naïve 
patients. While DPP4 protein was still expressed in all primary tumors, high-grade PCa (Gleason Score 8-10) 
showed a clear reduction in DPP4 protein levels compared to low-grade (Gleason 6) (Figure 4). Further, when I 
dichotomized the samples by the H-score immunoscoring system into high and low DPP4 expressers (Table 1). 
I found correlations between low DPP4 levels and a number of negative risk factors including Gleason score > 
8, increased tumor volume, higher stage, margin positivity, presence of extra-prostatic extension (EPE), Pre-RP 
highest Gleason score >8, and increased percent of biopsy core positive for cancer. It is not yet clear what role 
DPP4 downregulation would play in the primary setting where androgen is plentiful and there is no need for 
additional pro-survival growth factors and cytokines. However, these DPP4-low primary tumors might 
represent a more aggressive PCa subtype that have altered AR signaling and that are less likely to respond to 
ADT therapy if the patient develops metastatic disease. I am expanding these studies into intermediate grade 
PCa (Gleason 7) disease to asses if DPP4 levels can differentiate intermediate favorable from intermediate 
unfavorable PCa.  
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VCaP cell line stably expressing shRNA to DPP4 has 
been established. Using a lentiviral expression 
system I have created several VCaP cell lines that 
express inducible shRNAs, including a control 
nonsense shRNA and several shRNAs against DPP4. 
For the 8515 cell line, doxycycline induction induces 
dramatic DPP4 protein knockdown at as little as 0.1 
µg/ml (Figure 5). Xenografts of these cell lines are currently being expanded for use in experiments to identify 
the signaling cascades altered by acute DPP4 downregulation. Once candidate signaling pathways are 
identified, the levels of possible activating growth factors/cytokines can be determined and correlated with 
DPP4 expression levels.  
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NPY is a possible pro-survival growth factor in PCa increased by DPP4 downregulation. While stable cell lines 
are being developed, I also took a likely candidates approach to identifying the growth factor DPP4 targets for 
degradation and the possible signaling cascades upregulated by DPP4 downregulation. NPY has been shown to 
positively effect prostate cancer proliferation and is a well characterized degradation target of DPP4. IHC for 
NPY in serial biopsies of VCaP xenografts at Pre-Cx, CRPC, and Abi/Enza resistance show an increase in NPY 
protein levels that inversely correlates with DPP4 expression (Figure 6). In reviewing the RNAseq data on 
these tumors, NPY transcript levels also increase with progression making it possible that the observed increase 
in NPY protein might be by transcription alone. However, increased NPY protein levels might be a product of 
increased transcription as well as decreased degradation (via DPP4 downregulation). The xenograft studies 
using inducible knockdown and overexpression of DPP4 will be helpful in dissecting this.  
 
4. Other Achievements: None 
 

 
5. Stated Goals Not Met: For Aim 2, stable cell lines expressing an inducible DPP4 cDNA and xenografts 

derived from these cell lines have not yet been developed, but will be the main focus at the beginning of 
year two of this award. For Aim 3, with the assistance of my mentor Dr. Balk, I have attempted to develop a 
collaboration with several different Harvard Cancer Center and Harvard T.H. Chan School of Public Health 
epidemiologists who are part of our prostate SPORE program. Many of them have access to SEER type 
databases that would be ideal for the proposed studies. We have had several good discussions, but no results 
as yet. We plan to make headway on the epidemiological goals for CRPC outlined in Aim 3 during the next 
funding period. The goal of the collaboration will be to access patient data and look at the interaction of 
DPP4 inhibitors with ADT in men with Type II diabetes and metastatic PCa.  

 
  

 
What opportunities for training and professional development has the project provided?    
If the project was not intended to provide training and professional development opportunities or there is 
nothing significant to report during this reporting period, state “Nothing to Report.” 
 
Describe opportunities for training and professional development provided to anyone who worked on the 
project or anyone who was involved in the activities supported by the project.  “Training” activities are those 
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Results from these studies have been presented in poster presentation and oral presentation format at 
the Gordon Research Conference – Hormone Dependent Cancers, Aug. 2019, the Prostate Cancer 
Foundation Annual Retreat – Oct, 2018, and The Multi-Institutional Prostate SPORE Retreat – March, 
2019. 
  
Additionally, some of the results described above were published as a 1st author publication in the 
journal Cancer Research (Russo et al. 2018, PMID: 30242112)   

Through this project I have had extensive one-on-one work with my mentor, Steve Balk. This includes 
a weekly progress report style meeting and several ad-hoc meetings a week to brainstorm DPP4 
hypotheses. I also present my work every 6 weeks to the lab group as a whole and one a year to the 
department as a whole. 
 
I have had the opportunity to perform poster presentations and an oral presentation at several 
conferences and meetings including the Gordon Research Conference – Hormone Dependent Cancers 
2019, The Prostate Cancer Foundation Annual Retreat – 2018, and the Multi-Institutional Prostate 
SPORE Retreat – 2019 
 
 

in which individuals with advanced professional skills and experience assist others in attaining greater 
proficiency.  Training activities may include, for example, courses or one-on-one work with a mentor.  
“Professional development” activities result in increased knowledge or skill in one’s area of expertise and may 
include workshops, conferences, seminars, study groups, and individual study.  Include participation in 
conferences, workshops, and seminars not listed under major activities.   

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
How were the results disseminated to communities of interest?    
If there is nothing significant to report during this reporting period, state “Nothing to Report.” 
 
Describe how the results were disseminated to communities of interest.  Include any outreach activities that 
were undertaken to reach members of communities who are not usually aware of these project activities, for the 
purpose of enhancing public understanding and increasing interest in learning and careers in science, 
technology, and the humanities.   

 
 
 
 
 
 
 
 
 

 
 
What do you plan to do during the next reporting period to accomplish the goals?   
If this is the final report, state “Nothing to Report.”   
 
Describe briefly what you plan to do during the next reporting period to accomplish the goals and objectives.   
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The major focus of the next reporting period for both Aim 1 and Aim 2 will be using the cell lines with 
inducible shRNA and cDNA to DPP4 to both knockdown and overexpress DPP4 in the xenograft 
setting. Then using a combination of IHC, western blotting, RPPA, and possibly phosphoproteome 
mass-spec, I will determine those signaling cascades significantly altered by changes in DPP4 levels. 
This will narrow the candidates of possible growth factors targeted by DPP4 for degradation. Once the 
principle growth factor/signaling cascade activated by DPP4 downregulation is identified, I can initiate 
studies to directly target the signaling cascade with inhibitors that are available to stop xenograft 
progression. For Aim 3, I will continue to analyze the expression patterns of DPP4 protein in primary 
PCa samples extending my results to Gleason Score 7 PCa with clinicopathological correlation. I will 
also continue to develop collaborations with my epidemiologist colleagues in our prostate SPORE 
group to look at the interaction of DPP4 inhibitors with ADT.     

 
 
 
 
 
 
 
 
 

4.  

4. IMPACT: Describe distinctive contributions, major accomplishments, innovations, successes, or any 
change in practice or behavior that has come about as a result of the project relative to: 

 
What was the impact on the development of the principal discipline(s) of the project?    
If there is nothing significant to report during this reporting period, state “Nothing to Report.” 
 
Describe how findings, results, techniques that were developed or extended, or other products from the project 
made an impact or are likely to make an impact on the base of knowledge, theory, and research in the principal 
disciplinary field(s) of the project.  Summarize using language that an intelligent lay audience can understand 
(Scientific American style).  
 
 
 
 
 
 
 
 
 
 
What was the impact on other disciplines?    
If there is nothing significant to report during this reporting period, state “Nothing to Report.” 
 
Describe how the findings, results, or techniques that were developed or improved, or other products from the 
project made an impact or are likely to make an impact on other disciplines. 
 
 
 
 
 
 
 
 
 
What was the impact on technology transfer?    
If there is nothing significant to report during this reporting period, state “Nothing to Report.” 
 
Describe ways in which the project made an impact, or is likely to make an impact, on commercial technology 
or public use, including: 

The published findings (Russo et al. 2018, PMID: 30242112) on the DPP4 inhibitor sitagliptin decreasing 
the effectiveness of castration to inhibit PCa xenograft and PDX growth has implications for the use of  
DPP4 inhibitors to treat diabetes in men newly diagnosed with metastatic prostate cancer who are starting 
ADT. The results suggest that DPP4 inhibitors interfere with ADT and men be treated with ADT should 
stop the use of DPP4 inhibitors and switch to a different diabetes medication. It is important to note that 
these results are in preclinical models and require further support from epidemiological data.  

Nothing to Report 
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• transfer of results to entities in government or industry; 
• instances where the research has led to the initiation of a start-up company; or  
• adoption of new practices. 

 
 
 
 
 

 
 
 
 
 
What was the impact on society beyond science and technology? 
If there is nothing significant to report during this reporting period, state “Nothing to Report.” 
 
Describe how results from the project made an impact, or are likely to make an impact, beyond the bounds of 
science, engineering, and the academic world on areas such as: 
• improving public knowledge, attitudes, skills, and abilities; 
• changing behavior, practices, decision making, policies (including regulatory policies), or social 

actions; or 
• improving social, economic, civic, or environmental conditions. 

 
 
 
 
 

5. CHANGES/PROBLEMS:  The PD/PI is reminded that the recipient organization is required to obtain prior 
written approval from the awarding agency grants official whenever there are significant changes in the project 
or its direction.  If not previously reported in writing, provide the following additional information or state, 
“Nothing to Report,”  if applicable: 
 
Changes in approach and reasons for change  
Describe any changes in approach during the reporting period and reasons for these changes.  Remember that 
significant changes in objectives and scope require prior approval of the agency. 
 
 
 
 
 
 
Actual or anticipated problems or delays and actions or plans to resolve them 
Describe problems or delays encountered during the reporting period and actions or plans to resolve them. 
 
 
 
 
 
Changes that had a significant impact on expenditures 

Nothing to Report 

Nothing to Report 
 

Nothing to Report 

Nothing to Report 
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Nothing to Report 
 

Nothing to Report 
 

Russo JW, Gao C, Bhasin SS, Voznesensky OS, Calagua C, Arai S, Nelson PS, 
Montgomery B, Mostaghel EA, Corey E, Taplin ME, Ye H, Bhasin M, Balk SP. 
Downregulation of Dipeptidyl Peptidase 4 accelerates progression of castration-
resistant prostate cancer. (2018) Cancer Research. 78(22):6354-6362. PMID: 
30242112.  
Status of Publication: Published.  
Acknowledgement of Federal Support: Yes 

Nothing to Report 
 

Describe changes during the reporting period that may have had a significant impact on expenditures, for 
example, delays in hiring staff or favorable developments that enable meeting objectives at less cost than 
anticipated. 

 
 
Significant changes in use or care of human subjects, vertebrate animals, biohazards, and/or select agents 
Describe significant deviations, unexpected outcomes, or changes in approved protocols for the use or care of 
human subjects, vertebrate animals, biohazards, and/or select agents during the reporting period.  If required, 
were these changes approved by the applicable institution committee (or equivalent) and reported to the 
agency?  Also specify the applicable Institutional Review Board/Institutional Animal Care and Use Committee 
approval dates. 
 
Significant changes in use or care of human subjects 

 
Significant changes in use or care of vertebrate animals 

 
 

 
Significant changes in use of biohazards and/or select agents 
 
 

 
 
 

6. PRODUCTS:  List any products resulting from the project during the reporting period.  If there is nothing 
to report under a particular item, state “Nothing to Report.” 

 
• Publications, conference papers, and presentations    

Report only the major publication(s) resulting from the work under this award.   
 
Journal publications.   List peer-reviewed articles or papers appearing in scientific, technical, or 
professional journals.  Identify for each publication: Author(s); title; journal; volume: year; page 
numbers; status of publication (published; accepted, awaiting publication; submitted, under review; 
other); acknowledgement of federal support (yes/no). 
 
 
 
 
 
 

Nothing to Report 
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Nothing to Report 

Gordon Conference – Hormone Dependent Cancers (2019) – Oral Presentation 

Nothing to Report 

Nothing to Report 
 

Nothing to Report 
 

 
 
 
Books or other non-periodical, one-time publications.  Report any book, monograph, dissertation, 
abstract, or the like published as or in a separate publication, rather than a periodical or series.  
Include any significant publication in the proceedings of a one-time conference or in the report of a one-
time study, commission, or the like.  Identify for each one-time publication:  author(s); title; editor; title 
of collection, if applicable; bibliographic information; year; type of publication (e.g., book, thesis or 
dissertation); status of publication (published; accepted, awaiting publication; submitted, under review; 
other); acknowledgement of federal support (yes/no). 
 
 
 
 
 
Other publications, conference papers and presentations.  Identify any other publications, 
conference papers and/or presentations not reported above.  Specify the status of the publication as 
noted above.  List presentations made during the last year (international, national, local societies, 
military meetings, etc.).  Use an asterisk (*) if presentation produced a manuscript. 
 
 
 
 
 
 
 
 
 
 

• Website(s) or other Internet site(s) 
List the URL for any Internet site(s) that disseminates the results of the research activities.  A short 
description of each site should be provided.  It is not necessary to include the publications already 
specified above in this section. 
 
 
 

 
 

• Technologies or techniques 
Identify technologies or techniques that resulted from the research activities.  Describe the technologies 
or techniques were shared. 
 
 
 

 
 

• Inventions, patent applications, and/or licenses 
Identify inventions, patent applications with date, and/or licenses that have resulted from the research.  
Submission of this information as part of an interim research performance progress report is not a 
substitute for any other invention reporting required under the terms and conditions of an award. 
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Nothing to Report 
 

 
 

 
• Other Products   

Identify any other reportable outcomes that were developed under this project.  Reportable outcomes 
are defined as a research result that is or relates to a product, scientific advance, or research tool that 
makes a meaningful contribution toward the understanding, prevention, diagnosis, prognosis, treatment 
and /or rehabilitation of a disease, injury or condition, or to improve the quality of life.  Examples 
include: 
• data or databases; 
• physical collections; 
• audio or video products; 
• software; 
• models; 
• educational aids or curricula; 
• instruments or equipment;  
• research material (e.g., Germplasm; cell lines, DNA probes, animal models);  
• clinical interventions; 
• new business creation; and 
• other. 

 
 
 

 
 
 
 
 

 
 

7.  PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS 
 

What individuals have worked on the project? 
Provide the following information for: (1) PDs/PIs; and (2) each person who has worked at least one person 
month per year on the project during the reporting period, regardless of the source of compensation (a person 
month equals approximately 160 hours of effort). If information is unchanged from a previous submission, 
provide the name only and indicate “no change”.  
 

Example: 
 
Name:      Mary Smith 
Project Role:      Graduate Student 
Researcher Identifier (e.g. ORCID ID): 1234567 
Nearest person month worked:   5 
 
Contribution to Project: Ms. Smith has performed work in the area of combined error-

control and constrained coding. 
Funding Support:   The Ford Foundation (Complete only if the funding    
   support is provided from other than this award.)  
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The following grant has ended: 
 
David Mazzone Research Awards Program 
Development Award (Russo) 07/01/2018-06/30/2019 0 cal months/0% 
David Mazzone Awards Program - $53,000/yr 
DPP4-mediated Mechanisms of Resistance in Castration-Resistant Prostate Cancer 
The overall goal is to determine the functional significance of DPP4 downregulation in prostate cancer 
progression. 
Aim 1. Assess the functional significance of DPP4 downregulation in the PCa xenograft setting. 
Aim 2. Determine the signaling cascades effected by DPP4 downregulation/inhibition and the 
corresponding growth factors/cytokines targeted by DPP4 that are responsible for ADT resistance. 
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Downregulation of Dipeptidyl Peptidase 4
Accelerates Progression to Castration-Resistant
Prostate Cancer
Joshua W. Russo1, Ce Gao2, Swati S. Bhasin2, Olga S. Voznesensky1, Carla Calagua3,
Seiji Arai1,4, Peter S. Nelson5, Bruce Montgomery6, Elahe A. Mostaghel5, Eva Corey6,
Mary-Ellen Taplin7, Huihui Ye3, Manoj Bhasin2, and Steven P. Balk1

Abstract

The standard treatment for metastatic prostate cancer,
androgen deprivation therapy (ADT), is designed to suppress
androgen receptor (AR) activity. However, men invariably
progress to castration-resistant prostate cancer (CRPC), and
AR reactivation contributes to progression in most cases. To
identify mechanisms that may drive CRPC, we examined a
VCaP prostate cancer xenograft model as tumors progressed
from initial androgen sensitivity prior to castration to castra-
tion resistance and then on to relapse after combined therapy
with further AR-targeted drugs (abiraterone plus enzaluta-
mide). AR activity persisted in castration-resistant and abir-
aterone/enzalutamide–resistant xenografts andwas associated
with increased expression of the AR gene and the AR-V7 splice
variant. We then assessed expression of individual AR-
regulated genes to identify those that persisted, thereby con-
tributing to tumor growth, versus those that decreased and
may therefore exhibit tumor suppressor activities. The most
significantly decreasedAR target genewas dipeptidyl peptidase
4 (DPP4), which encodes a membrane-anchored protein that

cleaves dipeptides frommultiple growth factors, resulting in
their increased degradation. DPP4 mRNA and protein were
also decreased in clinical CRPC cases, and inhibition of
DPP4 with sitagliptin enhanced the growth of prostate
cancer xenografts following castration. Significantly, DPP4
inhibitors are frequently used to treat type 2 diabetes as they
increase insulin secretion. Together, these results implicate
DPP4 as an AR-regulated tumor suppressor gene whose
loss enhances growth factor activity and suggest that treat-
ment with DPP4 inhibitors may accelerate emergence of
resistance to ADT.

Significance: These findings identify DPP4 as an AR-stim-
ulated tumor suppressor gene that is downregulated during
progression to castration-resistant prostate cancer, warning
that treatment with DPP4 inhibitors, commonly used to treat
type 2 diabetes, may accelerate prostate cancer progression
following androgen deprivation therapy. Cancer Res; 78(22);
6354–62. !2018 AACR.

Introduction
The standard treatment for metastatic prostate cancer is andro-

gen deprivation therapy (ADT) to suppress androgen receptor
(AR) activity, but men invariably progress despite castrate andro-
gen levels (castration-resistant prostate cancer, CRPC). AR activity

persists in most CRPC, with increased intratumoral androgen
synthesis being amajormechanismdriving this ARactivity (1). AR
activity in CRPC can be suppressed by agents such as abiraterone,
which further decrease androgen synthesis, or by AR antagonists
such as enzalutamide, but patients still invariably progress. A
subset of these abiraterone/enzalutamide–resistant tumors
express low or undetectable AR and some have neuroendocrine
features (2, 3), but AR appears to be contributing to progression
in most cases. Multiple mechanisms may contribute to persis-
tent AR activity including alterations in the AR (AR gene
amplification or activating mutations, expression of constitu-
tively active AR splice variants, or AR posttranslational mod-
ifications), further increases in intratumoral androgen synthe-
sis, and activation of multiple signaling pathways or epigenetic
alterations that enhance tumor cell growth and may directly or
indirectly enhance AR activity. However, the contribution of
any single mechanism to resistance is unclear, and multiple
mechanisms may contribute to resistance in a single patient.

Althoughmost prostate cancers are initially AR-dependent, the
critical genes and pathways regulated by AR remain unclear. One
basis for this dependence is AR regulation of multiple genes
involved in metabolic pathways (4, 5). However, in addition to
its oncogenic properties, studies in model systems show that AR
also can have tumor suppressor activity. The clinical significance
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of these observations is supported by an inverse relationship
between AR activity and cell proliferation in CRPC clinical sam-
ples (6), and by recent clinical trials of rapid cycling between high
and low serum testosterone concentrations in men with CRPC
(7). Possible mechanisms for these responses include AR-
mediated DNA damage, AR repression of genes such as MYC,
and inactivation of multiple E2F-regulated genes through
increased recruitment of pRb (8, 9). Alternatively, ARmay repress
growth through increasing expression of multiple genes involved
in differentiation, consistent with its normal function in prostate
epithelium. Significantly, several studies have indicated that the
AR cistrome and transcriptome becomes reprogrammed during
prostate cancer development andprogression toCRPC, consistent
with selective pressure to block AR's tumor-suppressive functions
and potentially acquire new oncogenic functions (10). This study
identifies dipeptidyl peptidase 4 (DPP4) as an AR-stimulated
tumor suppressor gene whose expression is suppressed with
progression to CRPC.

Materials and Methods
Cell lines, xenografts, and tissue samples

VCaP and LNCaP cells were from ATCC and used for sub-
cutaneous xenograft injections within 4 passages. VCaP and
LNCaP cell identities were confirmed by short tandem repeat
(STR) profiling, and Mycoplasma testing was negative. To
generate VCaP xenografts, 6-week-old male ICR SCID mice
(Taconic Biosciences) were injected subcutaneously with 5 !
106 cells in 100% Matrigel. Xenografts were grown until 1,000
mm3, then mice were castrated. For the abiraterone/enzaluta-
mide–resistant VCaP xenograft model, when tumors in
castrated mice exceeded 150% of their nadir volume, they were
considered relapsed and mice were started on abiraterone
acetate (30 mg/kg) þ enzalutamide (50 mg/kg) in drinking
water. Tumors were serial biopsied precastration, at tumor
relapse (CRPC), and mice were sacrificed when tumors reached
2,000 mm3 on dual abiraterone plus enzalutamide treatment
(abiraterone/enzalutamide resistant; AER). For the sitagliptin
studies, VCaP, LNCaP, and BID-PC-1 xenografts were grown to
approximately 500 mm3, then mice were castrated and imme-
diately administered daily sitagliptin (120 mg/kg, Selleck-
Chem) in drinking water. The BID-PC-1 xenograft was gener-
ated from a metastasis in a patient with BRCA2-deficient CRPC
and has been passaged in noncastrated male immundeficient
mice. Written informed consent was obtained from patients for
the tissue analyses, and all studies involving human materials
were carried in accordance with the U.S. Common Rule and
approved by the Beth Israel Deaconess Medical Center
(BIDMC) Instituional Review Board. All animal studies were
approved by the BIDMC Institutional Animal Care and Use
Committee.

Knockdown of DPP4 protein expression in VCaP cells was
performed using a SMARTpool of ON-TARGETplus siRNAs tar-
geting DPP4 (Dharmacon, catalog no. L-004181-00-0005).
Neoadjuvant leuprolide–abiraterone samples were obtained
from patients who underwent radical prostatectomy after neoad-
juvant treatment in a phase II clinical trial (11). CRPC tissues were
obtained from rapid autopsy specimens at BIDMC. Tissue anal-
yses were in accordance with the Dana-Farber/Harvard Cancer
Center Institutional Review Board. A further rapid autopsy tissue
microarray (TMA) was obtained from University of Washington

(Seattle, WA) in accordance with their Prostate Cancer Donor
Program (6).

IHC
For IHC, 5-mm formalin-fixed, paraffin-embedded (FFPE)

sections underwent epitope retrieval using Dako PT Link plat-
form. Staining was on the Dako Link 48 autostainer, with ampli-
fication using EnVision FLEX rabbit linkers, and visualization
using the EnVision FLEX high-sensitivity visualization system
(Dako). Sections were stained for anti-AR (N20, Santa Cruz
Biotechnology; 1:1,000), anti-ARV7 (RM7, RevMab; 1:100),
anti-phospho-AR (S81;MilliporeSigma, 1:5,000), anti-PSA (FLEX
polyclonal rabbit anti-human PSA, IR514, DAKO), and anti-
DPP4 (D6D8K, Cell Signaling Technologies, 1:100). DPP4 anti-
body specificity was confirmed on cultured VCaP cells. After
siRNA knockdown of DPP4 mRNA (Supplementary Fig. S1A),
we found decreased DPP4 protein levels and expression by IHC
(Supplementary Fig. S1B and S1C, respectively). Anti-DPP4 stain-
ing in clinical prostate samples showed strongmembrane staining
in luminal epithelium (Supplementary Fig. S1D).DPP4 positivity
was defined by moderate-to-strong, punctate, membranous, and
cytoplasmic staining. DPP4 immunointensity was scored as neg-
ative (0), weak (1), moderate (2), and strong (3), based on the
most predominant intensity pattern. DPP4 percentage score was
based on the percentage of tumor cells demonstrating the most
predominant intensity pattern or stronger as: 0 (negative), 1 (1%–

9%), 2 (10%–49%), and 3 (#50%). DPP4 score (0–9) was based
on the immunointensity scoremultiplied by the percentage score.

Gene expression analysis
RNAwas isolated from FFPE blocks that contained greater than

90% tumor cell content by cutting approximately ten, 8-mm
ribbons from each block and isolating the RNA with the RNeasy
FFPE Kit (Qiagen). Quantitative RT-PCR amplification was with
TaqMan One-Step RT-PCR reagents (Thermo Fisher Scientific)
and resultswere normalized to coamplifiedb-actin. RNA sequenc-
ing (RNA-seq) was performed on two to three biological repli-
cates. Sequencing libraries were generated using the NEB Ultra
Directional RNA Library Prep Kit, andwe obtained approximately
2.5–3.0 ! 107 paired-end reads. Additional gene analysis tech-
niques and RNA-seq analysismethods arementioned inMaterials
and Methods. RNA-seq data have been deposited in the NCBI
Gene Expression Omnibus (GEO) with the accession code
GSE109708.

Statistical analysis
GraphPad Prism7 Software (GraphPad Software Inc.)was used

for all statistical analysis unless otherwise specified. All results are
presented as the mean $ SEM. The Mann–Whitney U nonpara-
metric testwas used to test the statistical significance between gene
expression of controls and experimentally manipulated samples
unless otherwise specified. Values of P < 0.05 were considered
statistically significant.

Results
AR activity persists in abiraterone/enzalutamide–resistant
VCaP xenografts

VCaP xenografts were established and biopsies were taken
precastration, when the tumors relapsed following castration
(CRPC), and when they again relapsed following combined
abiraterone (30 mg/kg/day) and enzalutamide (50 mg/kg/day)
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Figure 1.
Abiraterone/enzalutamide–resistant (AER) VCaP xenograft tumors have restored AR signaling. A, VCaP CRPC xenografts are initially sensitive to abiraterone/
enzalutamide (abi/enza), but recover tumor volume by day 30. The initial cohort was 22 mice. B, qRT-PCR of AR, AR-V7, PSA, and NKX3.1 in serial biopsies of
abiraterone/enzalutamide–resistant VCaP xenografts. Each column represents xenografts from four mice, with qRT-PCR in technical triplicate. Bars, SEM.
% , P < 0.03, Mann–Whitney U test. RQ, relative quantification; Pre-Cx, precastration. C, IHC of AR, AR-V7, serine 81 phosphorylated AR [P-AR(S81)], and PSA
in serial biopsies of a representative tumor. D, Left, AR score for available precastration and CRPC datasets. Bars depicting SEM are not visible due to small size.
Right, the % decrease in the AR score from precastration state (TCGA, VCaP–Pre-Cx) to the CRPC state (SU2C, Stanbrough, FHCRC, MSKCC, NEPC-T/C/B,
VCaP-CRPC, VCaP-AER) are listed. SU2C, Stand Up 2 Cancer; Stanbrough, from Stanbrough et al. (Supplementary Reference 3); FHCRC, Fred Hutchinson Cancer
Research Center; MSKCC, Memorial Sloan Kettering Cancer Center; NEPC-T/C/B, Neuroendocrine Prostate Cancer-Trento/Cornell/Broad.
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treatment (abiraterone/enzalutamide–resistant; Fig. 1A). Analysis
of AR and AR splice variant 7 (AR-V7) mRNA in serial biopsies
showed increases as tumors progressed precastration to CRPC,
with further increases in AR-V7 as tumors became abiraterone/
enzalutamide–resistant (Fig. 1B). IHC similarly showed increased
AR-V7 protein in the CRPC and abiraterone/enzalutamide–
resistant tumors, although total AR protein was not substantially
altered (Fig. 1C; Supplementary Fig. S2). AR phosphorylation on
S81 (an indicator of AR transcriptional activity), also persisted in
the CRPC and abiraterone/enzalutamide–resistant xenografts
without significant alteration as tumors progressed (Fig. 1C;
Supplementary Fig. S2). Consistent with persistent AR transcrip-
tional activity, CRPC and abiraterone/enzalutamide–resistant
xenografts also expressed the levels of the AR target genes KLK3
(PSA) andNKX3.1 that were at least equivalent to the levels in the
precastration tumors (Fig. 1B and C; Supplementary Fig. S2).
Moreover, based on RNA-seq and a curated list of 266 AR target
genes, the strength of AR signaling was comparable (& 8%
decrease) between the precastration and CRPC/abiraterone/
enzalutamide–resistant xenografts (Fig. 1D). There was a similar
difference (& 12% decrease) in the AR signaling scores in the
clinical The Cancer Genome Atlas (TCGA; primary prostate can-
cer) versus the SU2C (CRPC) datasets, whereas the additional
clinical CRPC datasets showed AR score decreases ranging
between 21% and 57% relative to primary untreated prostate
cancer. These data indicate that VCaP abiraterone/enzalutamide–
resistant tumors had restored AR signaling despite maximal AR
blockade.

Overlapping pathways mediate progression to CRPC and
abiraterone/enzalutamide–resistant tumors

RNA-seq showed that 1,441 genes were significantly differen-
tially expressed between abiraterone/enzalutamide–resistant and
precastration tumors (Fig. 2A; Supplementary Table S1). About
half of these were significantly differentially expressed between
CRPC and precastration xenografts (47%, Supplementary Table
S2). For most of the remaining genes, there was a trend toward
altered expression in the CRPC xenografts (Fig. 2B), indicating
that progression to abiraterone/enzalutamide resistance was driv-
en largely by mechanisms that were already engaged during
progression to CRPC. Consistent with this conclusion, compar-
ison of the abiraterone/enzalutamide–resistant versus the CRPC
xenografts identified a much smaller group of genes as being
significantly altered (115 genes), with most similarly altered in
CRPC (Supplementary Table S3). Moreover, two of the most
enriched pathways in the abiraterone/enzalutamide–resistant
versus precastration tumorswere also enriched in theCRPCversus
precastration tumors (axonal guidance signaling and glioblasto-
ma multiforme signaling; Supplementary Fig. S3A). Finally, hier-
archical clustering and principal component analysis both sepa-
rately grouped the precastration samples (Supplementary Fig. S3B
and S3C).

Usingamore stringent cutoff [log2(FC)#2.5andP' 1.00E( 05],
72 genes were altered in the abiraterone/enzalutamide–
resistant versus precastration tumors (Fig. 2C), and these genes
were all similarly altered in the CRPC versus precastration
tumors (Supplementary Table S4). As expected, AR was among
the most highly upregulated genes. Also markedly increased were
2 olfactory receptor genes (OR51E1 and OR51E2) and the
nephroblastoma overexpressed (NOV) gene, which have been
linked previously to prostate cancer. Interestingly, the only other

highly increased nuclear receptor was NR3C2 (mineralocorticoid
receptor), which we previously found increased in VCaP xeno-
grafts treated with single-agent abiraterone (12) and in relapsed
tumors in men with CRPC being treated with abiraterone plus
dutasteride (13).

AR-regulated DPP4 gene expression is not restored in CRPC or
abiraterone/enzalutamide–resistant tumors

While AR signaling was substantially restored in the CRPC and
abiraterone/enzalutamide–resistant xenografts, we hypothesized
that expression of AR-regulated genes that are critical for tumor
growth would be most consistently and robustly restored, where-
as those that are less critical (or exhibit growth-suppressing
effects) may not be restored. Consistent with this hypothesis,
volcano plots showed that AR target gene expression in the
abiraterone/enzalutamide–resistant versus precastration xeno-
grafts was not restored in a symmetric fashion, with the AR gene
being the most significant outlier among genes that are increased
in the abiraterone/enzalutamide–resistant xenografts (Fig. 2D,
top left; Supplementary Table S5). Conversely, the most signif-
icantly decreased gene in the abiraterone/enzalutamide–resistant
xenografts was DPP4, which has previously been shown to be an
androgen-stimulated gene (4, 14, 15). We further confirmed that
DPP4 gene expressionwas stimulatedbyDHT inVCaPandLNCaP
cells (Supplementary Fig. S4A), and was decreased by enzaluta-
mide (Supplementary Fig. S4B). A similar pattern was observed
when comparing the CRPC versus precastration xenografts, indi-
cating that AR fails to restoreDPP4 expression at this stage as well
(Fig. 2D, top right; Supplementary Table S6). When this AR gene
signature list was expanded to include all differentially expressed
genes,DPP4was still among themost significantly downregulated
genes (Fig. 2D, bottom left and right).

The loss of DPP4 mRNA in the CRPC and abiraterone/
enzalutamide–resistant tumors was confirmed by qRT-PCR
(Fig. 3A). Moreover, IHC confirmed that DPP4 protein
was markedly decreased in the CRPC and abiraterone/
enzalutamide–resistant tumors (Fig. 3B). As DPP4 mediates
the degradation of multiple growth factors, we next submitted
tumor lysates for reverse-phase protein array analysis to deter-
mine whether there were clear differences in key prostate
cancer–related signaling cascades. Indeed, there was increased
activation of the PI3K, ERK–MAPK, and p38–MAPK pathways
in the CRPC and abiraterone/enzalutamide–resistant tumors
(Fig. 3C). Extending our results to clinical samples, previously
published datasets also showed decreased DPP4 mRNA in
CRPC (Supplementary Fig. S5).

DPP4 protein is markedly reduced in CRPC clinical samples
We next performed IHC for DPP4 on untreated primary pros-

tate cancer tissue, residual tumor from a neoadjuvant leuprolide–
abiraterone trial (11), and sections of metastatic CRPC. Tumors
from the neoadjuvant trial showed markedly decreased DPP4,
whereasmetastatic CRPC sections showed near complete absence
of DPP4 (Supplementary Fig. S6). We further examined a met-
astatic CRPC TMA (6) using a DPP4 immunoscore to quantify
DPP4 protein expression. Strikingly, 84% (71/85) of CRPC sec-
tions had a DPP4 immunoscore ' 2, with 69% (59/85) of CRPC
sections being negative, whereas only 9% (3/35) of untreated
primary prostate cancer had a score ' 2 (Fig. 3D). Overall, CRPC
specimens exhibited a much lower average DPP4 immunoscore
compared with untreated primary prostate cancer (1.25 and 6.49,
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Figure 2.
Analysis of RNA-seq from serial biopsies. A, Venn diagram depicting the overlap between differentially expressed genes in precastration (Pre-Cx), CRPC, and
abiraterone/enzalutamide–resistant (AER) serial biopsies of four different VCaP xenografts. B, Unsupervised clustering of precastration, CRPC, and abiraterone/
enzalutamide–resistant xenografts based on differential gene expression. C, Differentially expressed genes between abiraterone/enzalutamide–resistant and
precastration xenografts that meet the stringent criteria of log2FC > 2.5 and P < 1! 10( 5. D, Volcano plots depicting AR target genes (266 AR gene signature from
Mendiratta et al.; ref. 12), supplementedwith a selection of DHT-responsive genes fromXu and colleagues (ref. 4; top), and all the significantly differentially expressed
genes (bottom) in the abiraterone/enzalutamide–resistant versus precastration and CRPC versus precastration comparisons. DPP4 and AR are highlighted.
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respectively, P < 0.0001), further supporting the decreased expres-
sion of DPP4 in CRPC.

DPP4 downregulation is mediated by a reversible epigenetic
mechanism

Severalmechanisms of DPP4 downregulation in other contexts
have been reported, includingDPP4 promoter/early exon 1meth-
ylation (16, 17) and downregulation of a long noncoding RNA
(lncRNA), lncRNA-OIS1 (18). Bisulfite conversion of DNA from
four abiraterone/enzalutamide–resistant VCaP tumors showed
that the DPP4 promoter and early exon 1 regions were unmethy-
lated (Supplementary Fig. S7). Furthermore, there was no differ-
ence in lncRNA-OIS1 between the precastration and abiraterone/
enzalutamide–resistant serial biopsies of 5 tumors (Supplemen-

tary Fig. S8). Finally, to determine whether DPP4 downregulation
is mediated through an irreversible genomic mechanism, we
attempted to restore DPP4 expression in CRPC VCaP xenografts
by treatment with high-dose testosterone. Treatment of castrated
mice bearing CRPC VCaP xenografts with daily intraperitoneal
injection of testosterone (200 mg/kg) for 3 days restored DPP4
mRNA to precastration levels (Supplementary Fig. S9A) and also
substantially increased DPP4 protein (Supplementary Fig. S9B
and S9C), indicating that DPP4 downregulation is epigenetic.

Inhibition of DPP4 activity increases in vivo resistance to
castration

Thesefindings suggested thatDPP4 inhibitorsmay enhance the
growth of prostate cancer after ADT. To test this hypothesis,

Figure 3.
DPP4 expression is decreased in abiraterone/enzalutamide–resistant (AER) and CRPC VCaP xenografts. A, qRT-PCR for PSA, NKX3.1, and DPP4 expression in
serial biopsies of VCaP xenografts. Each column represents the expression levels of xenograft tumors from four separate mice, with RT-PCR performed on
each in technical triplicate. % , P <0.03, Mann-Whitney U. RQ, relative quantification. B,Representative images of DPP4 and PSA in serial biopsies of VCaP xenografts.
C, Reverse-phase protein array from serial biopsies of four separate VCaP xenografts (see Materials and Methods). D, Representative images of DPP4 IHC and
immunoscoring from a series of hormone-na€"ve primary prostate cancer and CRPC clinical sections. Pre-Cx, precastration.

DPP4 Downregulation Drives ADT Resistance

www.aacrjournals.org Cancer Res; 78(22) November 15, 2018 6359

on September 30, 2019. © 2018 American Association for Cancer Research. cancerres.aacrjournals.org Downloaded from 

Published OnlineFirst September 21, 2018; DOI: 10.1158/0008-5472.CAN-18-0687 

http://cancerres.aacrjournals.org/


androgen-sensitive VCaP xenografts were grown in intact male
mice, followed by castration in combination with a DPP4 inhib-
itor (sitagliptin, 120 mg/kg/day) or control. Both groups initially
responded to castration, but the sitagliptin-treated xenografts
progressed more rapidly (Fig. 4A). AR expression and activity
were comparable in the relapsed control and treated tumors
harvested at approximately 6 weeks, suggesting that DPP4 inhi-
bition was not acting primarily through AR, and consistent with it
acting through enhanced growth factor stimulation (Fig. 4B).
Although DPP4 expression was decreased in both the treated and
control tumors, there was a trend toward higher DPP4 expression
in the treated versus control xenografts (Fig. 4B–D). This is
consistent with decreased selective pressure to downregulate the
DPP4 expression inmice treated with sitagliptin. There also was a
positive correlation between DPP4 protein levels and fold
increase in tumor volume over 6 weeks in the treated xenografts
(Supplementary Fig. S10), suggesting that tumors expressing the
highest levels of DPP4 protein had the greatest increase in growth
factors in response to the sitagliptin.

To determine whether these results could be extended to
tumors with genomic alterations distinct from those in VCaP
(AR-amplified, TMPRSS/ERG fusion), we examined the effects of
sitagliptin on xenografts generated from LNCaP cells (PTEN-
deficient) and on BRCA2-deficient patient-derived xenografts
(BID-PC-1). Similar to the results with VCaP, treatment with
sitagliptin decreased the efficacy of castration in the LNCaP
xenografts (Fig. 4E, top). The BID-PC-1 patient-derived xenograft
is extremely sensitive to ADT, and castration alone has led to
complete responses in all mice examined for up to 12 months. In
contrast, 3 of 7 tumors treated with sitagliptin had only partial
responses, with one of these progressing by 2 months (Fig. 4E,
bottom).

Discussion
As a transmembrane protease, DPP4 can target numerous

growth factors/cytokines, and may have oncogenic or tumor
suppressor properties (19). Its oncogenic functionsmaybe related

Figure 4.
DPP4 inhibitor increases resistance to
castration in vivo. A, VCaP xenografts were
grown in intact male mice until 500 mm3,
then mice were castrated (Cx) and
immediately begun on treatment with
sitagliptin (120mg/kg/day) or vehicle. y-axis
is the ratio of tumor volume at a given time
point divided by starting volume. %, P < 0.05,
Mann-Whitney U. B, qRT-PCR of indicated
transcripts in xenografts harvested at day
42. Each column is expression in tumors from
8 mice (sitagliptin, Sita) or four mice (H2O),
with qRT-PCR performed in technical
triplicate. Bottom, DPP4 mRNA in individual
tumors. RQ, relative quantification.
C, Representative DPP4 IHC from sitagliptin
and H2O-treated tumors (left) and
immunoscoring of DPP4 protein (right).
P ¼ 0.058, Mann-Whitney U. D, Sitagliptin
and control tumor lysates probed with anti-
DPP4 (top) and densitometric quantification
(bottom). % , P < 0.03, Mann-Whitney U. E,
Mice with LNCaP and BID-PC-1 xenografts
were castrated and immediately begun on
treatment with sitagliptin (120 mg/kg/day)
or vehicle (% , P < 0.05, Mann-Whitney U).
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to suppression of antitumor immune responses, although it may
also have an immuostimulatory scaffold function by anchoring
adenosine deaminase (20). Previous studies in prostate cancer
have indicated that DPP4 may enhance degradation of FGF2 and
CXCL12 (21, 22), and a reduced serum DPP4 activity (due to a
low molecular weight inhibitor) was found in men with meta-
static prostate cancer (23). However, consistent with our IHC
results, DPP4 levels are not decreased in untreated primary
prostate cancer (24). Therefore, we hypothesize that there is no
selective pressure to downregulate DPP4 in primary prostate
cancer, but that the initial decrease in DPP4 and subsequent
increase in growth factor levels after ADT is important for tumor
cell survival. Strong selective pressure to keep DPP4 levels low
would then result in the emergence of CRPC cells with generally
restored AR function that have epigenetically silenced the DPP4
gene. Consistent with this hypothesis, treatment with sitagliptin
accelerated the progression of prostate cancer xenografts to cas-
tration resistance.

DPP4 inhibitors are used for type 2 diabetes as they block the
degradation of GLP-1 and GIP-1, which promotes insulin secre-
tion. Multiple studies have assessed for possible links between
DPP4 inhibitors and cancer, but no consistent links have been
found (25). Thismay indicate that DPP4 has onlyminimal effects
on tumor development, or perhaps counterbalancing tumor
suppressive (possibly immune) and oncogenic functions. How-
ever, although DPP4 inhibition may not have effects on prostate
cancer development, previous epidemiologic studies have not
addressed whether it impairs responses to ADT. This study sup-
ports a tumor suppressive function of DPP4 after ADT, and
suggests that treatment with DPP4 inhibitors may decrease the
efficacy of ADT.
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