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Title: Targeting dysregulated epigenetic enzymes for prostate cancer treatment 

1. Introduction

Prostate cancer (PCa) progression involves genetic alterations, but also dynamic epigenetic mechanisms resulting 
in gene expression changes critical for tumorigenesis. One major epigenetic process is the post-translational 
modification (PTM) of histone proteins, which wrap DNA and controls its accessibility for specific gene expression. 
There is growing evidence that dysregulation of enzymes that add or remove these PTMs is at the nexus of cancer 
initiation and progression. Therefore, new therapeutics for treating PCa lie in the identification of these aberrant 
enzyme activities and elucidating their role in PCa progression. To identify dysregulated chromatin enzymes, we 
have recently developed two novel methodologies. One approach utilizes a peptide-array technology to assay 
enzymatic activities on ~1000 unique histone peptides that differ in their sequence and PTM state. The second 
complementary approach is our recently developed LC-MS/MS method that allows simultaneous quantification of 
60 histone PTM states from endogenous tissues and cells. This proposal provides an unbiased identification of 
aberrant enzymatic activities and histone PTM states in the development of castrate-resistant PCa (CRPC). Using 
the peptide-microarray technology to obtain preliminary data, we found changes in hormone sensitive LNCaP and 
its castrate-resistant PCa clone CT-4 that identified several altered histone H3 acetyltransferases and 
deacetylases.  We will apply this workflow to establish whether these enzymes are commonly dysregulated in 
other castrate-resistant PCa cell lines and in human PCa tissues, or whether distinct sets of epigenetic modifiers 
drive resistance in different patients. Based on these data we hypothesize that specific histone-modifying 
enzymes altered during the development of castrate-resistant PCa (CRPC) can be targeted therapeutically.  
We propose 3 Specific Aims: 1.) To identify dysregulated epigenetic enzymes in hormone-sensitive and CRPC, 2.) 
To validate altered PTM states in human samples from hormone-sensitive and CRPC. 3.) To provide proof-of–
concept that CRPC is dependent on these aberrant enzyme activities and therefore responsive to small-molecules 
that target their activity. This novel study provides an unbiased identification of aberrant enzymatic activities and 
histone PTM states in CRPC. This understudied area in PCa is significant not only in identifying biomarkers for 
diagnosis and prognosis, but in providing a therapeutic strategy that targets epigenetic mechanisms.   

2. Keywords
Peptide microarray, histone post-translational modification, epigenetics, prostate cancer, p300, lysine 

acetylation, deacetylation, Sirtuins, hormone-sensitive (HS), castrate-resistance (CR) 

3. Accomplishments

Accomplishments Major Task 1: Identify dysregulated histone acetyltransferase (HAT) and deacetylase 
(HDAC) activities in Castration-Resistance Prostate Cancer (CRPC) cells and xenografts during 
progression from androgen dependence (AD). 

Subtask 1: Measurement of endogenous acetylation and deacetylation activities in LNCaP and C4-2 
cell lines (plus two additional AD/CRPC sets) and 5 LuCAP xenograft AD/CRPC sets by using histone 
peptide microarray assay. Statistical analysis for significance of microarray and to identify lysine 
acetylation sites displaying high divergence between the two cell lines. 

Completed.  We have performed this analysis in 5 cell lines and 12 xenografts.  This information is included in 
the recently competed and submitted manuscript. (Figure 1-2, Figure 5 appendix) Further analyses are ongoing for 
other novel acetylation and deacetylation activities.   

Subtask 2: Validation of the HAT activity from HTS histone peptide microarray analysis by time-course 
filter-binging HAT assays using synthetic histone peptides and radiolabeled 3H-AcCoA as substrates.  

Completed.  Included in manuscript (Figure 3 appendix). 
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Subtask 3: Validation of the sirtuin activity identified in the microarray result by in vitro biochemical 
method using a nicotinamide-dependent enzyme-coupled system. 
 
Completed included in manuscript (Figure 4 appendix).   
 
Subtask 4: Identification and validation of novel HAT and HDAC activities on specific targets 
Completed for P300 and Sirt2 and data included in manuscript (Figure 4).  Ongoing analysis of novel activities. 
 
Milestone(s) Achieved:  
-Identification and validation of novel HAT and HDAC activities on specific targets including P300 and Sirt2.  
Others identified and included in the attached submitted manuscript. 
 
We developed a high-throughput peptide microarray assay to identify altered histone lysine (de)acetylation 
activity in prostate cancer (PCa). This microarray-based activity assay revealed up-regulated histone 
acetyltransferase (HAT) activity against specific histone H3 sites in a castrate-resistant (CR) PCa cell line 
compared to its hormone-sensitive (HS) isogenic counterpart.  
 
NAD+-dependent deacetylation assays revealed down-regulated Sirtuin activity in validated CR lines. Levels of 
acetyltransferases GCN5, PCAF, CBP and p300 were unchanged between matched HS and CR cell lines. 
However, auto-acetylation of p300 at K1499, a modification known to enhance HAT activity and a target of 
deacetylation by SIRT2, was highly elevated in CR cells.  
 
Among all 7 Sirtuins, only SIRT2 and SIRT3 protein levels were reduced in CR cell lines.  
 
Interrogation of HS and matched CR xenograft lines reveals that H3K18 hyperacetylation, increased p300 
activity, and decreased SIRT2 expression are associated with progression to CR in 8/12 (66%).  
 
Tissue microarray analysis revealed that hyperacetylation of H3K18 is a feature6 of CRPC. Inhibition of p300 
results in lower H3K18ac levels and increased expression of androgen receptor.  
 
Thus, a novel histone array identifies altered enzyme activities during the progression to CRPC and may be 
utilized in a personalized medicine approach. Reduced SIRT2 expression and increased p300 activity lead to a 
concerted mechanism of hyperacetylation at specific histone lysine sites (H3K9, H3K14, and H3K18).  
 
 
Major Task 2: Demonstrate corresponding PTM state dysregulated in CRPC cells, xenografts, and 
human tissues compared to AD state.    
 
Subtask 1: Sample preparations for endogenous histone extraction from the AD and CRPC sets 
including LNCaP and C4-2 
 
Ongoing for 12 xenograft tumor sets as well as LNCaP and C4-2. 
 
Subtask 2: Acquisition of LC-MS/MS data of samples prepared in 2.1. Quantitative analysis of specific 
histone modifications using Q-Exactive. Generate stable cell lines expressing plasmids developed in 
task 3.1 
 
Planned. 
 
Subtask 3: Western blot analysis of endogenous histone extraction from LNCaP and C4-2 
cells/xenogafts/human tissues by probing with histone PTM-specific antibodies (sp. H3K9ac, H3K14ac, 
H3K18ac, and H4K20ac) that are relevant to CRPC and the result obtained in Task 1. 
 
Planned 
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Milestone(s) Achieved:  Demonstrate PTM state dysregulated in AD and CRPC cells/xenografts 
 
Major Task 3: Identify histone modifying proteins (e.g. HATs and Sirtuins) that drive CRPC. 
 
Subtask 1: Test for p300 inhibition using C646, in C4-2 cells and one or more transfectable CRPC cell line. Probe 
changes in acetylation. 
 
Performed C646 inhibition and results reported in attached manuscript (Figure 5).   
 
Subtask 2: Preparation of siRNA knockdown of p300 in C4-2 cell line and at least one other cell line. Evaluation 
of efficiency for siRNA knockdown by gene expression and western blotting. 
 
Planned. 
 
Subtask 3: Overexpression of Sirt6 in C4-2 cell lines using Sirt6-expression construct (previously prepared in 
the Denu lab). Analysis of Sirt6 expression. 
 
Ongoing.  Sirt6 expression was not downregulated in the C4-2 cell line with repeated studies.  In contrast Sirt2, 
3 and 4 were.  Attached manuscript Figure 4.    
 
Subtask 4: Time-course experiment for comparison of phenotypic behaviors (e.g. cell growth, 
apoptosis, senescence, acetylation levels on target genes, and gene transcript abundance) in 6 
different samples; (1) WT LNCaP cells, (2) WT C4-2 cells, (3) C4-2 with p300 inhibition, (4) C4-2 with 
Sirt6 FA-activation, (5) C4-2 with p300 knockdown, and (6) C4-2 with Sirt6 overexpression. 
 
Ongoing.  Cell growth apoptosis and transcript alterations has been performed for P300 downregulation with 
C646 (Figure 5) 
 
Subtask 5: Evaluation of additional statistically altered modifying enzymes identified in Task 1-2, using 
the similar workflow as described in 3.1-3.4. Assess if available small molecular inhibitors/preclinical 
agents against these enzymes. 
 
Planned. 
 
Milestone(s) Achieved: Confirmed that CRPC is dependent on these activities and test inhibitors as therapeutic 
approach using the agent C646.  Further small molecule and novel drug studies planned. 
 
 
Opportunities for training and professional development 
 
These include post-doctoral student Dr Jin-Hee Lee who was the primary author of the completed study.  
Additional trainees include Nathan Damaschke a graduate student who performed the expression array analyses. 
 
How were the results disseminated to communities of interest? 
 
Submitted publication.  Attached in appendix. 
 
 
4.  Impact  
 
Emerging evidence indicates that targeting epigenetic mechanisms might provide a new paradigm for drug 
treatment in cancer.  Increased HDAC activity in prostate tumors provides one target, and treatment with HDAC 
inhibitors (HDACi) such as Suberoylanilide Hydroxamic Acid (SAHA) and Phenylbutyrate (PB) induce pro-
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apoptotic and growth inhibitory effects.  In Phase I studies in advanced solid tumors including prostate biomarker 
evaluations have demonstrated an accumulation of acetylated histones and H4 indicating a target effect.  A 
major hurdle with these approaches is a lack of selective targeting of modifications, a primary goal of the current 
proposal. We will use two new high-throughput assay platforms to identify different epigenetic states during the 
transformation from hormone-sensitive to CRPC.  CRPC provides the initial target for this newer class of therapy 
given the focus of the PCRP on developing new effective treatments for men with high risk prostate cancer.  
Obtaining this information will permit us to be able to identify specific enzymes that are altered during PCa 
progression and examine in vitro and in vivo the effect of specific inhibitors of these enzymes on CRPC growth 
and viability.  This will provide a rationale for the application of inhibitors, many that have been synthesized but 
not developed further, to patients overexpressing these enzymes in a personalized medicine approach.   Finally, 
the identification of specific post-translational modifications associated with the development of CRPC may mark 
tumors at risk for progression to lethal disease permitting earlier intervention in these patients.  
 
 
5.  Changes Problems 
 
Nothing to report. 
 
 
6.  Products 
 
Jin-Hee Lee, Bing Yang, Nathan Damaschke, Melissa D. Boersma, Wei Huang, Eva Corey, David F. Jarrard, M. 
Denu. Identifying dysregulated epigenetic enzymes in the development of castrate-resistant prostate cancer. 
Cancer Research. Under review. 
 
 
7. PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS 
 
Senior key personnel have been working on the project since the initiation of the project with no changes.   
 
The following individuals have worked on the project: 
 
Name: David F. Jarrard, MD 
Project Role: Principal Investigator 
Researcher Identifier (e.g., ORCID ID):  
Nearest person month worked: 1 
Contribution to Project: David Jarrard has conceived and designed the study, reviewed all of the data and the  
analysis of all of the results on the project, wrote and revised the manuscript. 
 
Name: John M. Denu, PhD 
Project Role: Co-Principal Investigator 
Researcher Identifier (e.g., ORCID ID):  
Nearest person month worked: 1 
Contribution to Project: John Denu has conceived and designed the study, reviewed all of the data and the 
analysis of all of the results on the project, wrote and revised the manuscript. 
 
Name: Jin-Hee Lee, PhD 
Project Role: Post-Doctoral Fellow 
Researcher Identifier (e.g., ORCID ID):  
Nearest person month worked: 0 
Contribution to Project: Jin Lee has optimized the microarray-based enzyme assay platform, performed and 
analyzed the biochemical studies and immunoblot experiments, wrote and revised the manuscript.  Funded 
through a DOD PCRP fellowship grant 
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Name: Bing Yang, MD & PhD 
Project Role: Researcher 
Researcher Identifier (e.g., ORCID ID):  
Nearest person month worked: 4.6 
Contribution to Project: Bing Yang has prepared all the PCa lines used in this study and performed the 
transcriptomic analysis on the cell lines and the mouse xenografts as well as cell inhibitor and other studies. 
 
Name: Eric A Armstrong, MS 
Project Role: Associate Researcher 
Researcher Identifier (e.g., ORCID ID):  
Nearest person month worked: 8.5 
Contribution to Project: Eric Armstrong is performing the LC-MS/MS runs and sample prep, array interpretation 
and data monitoring. 
 
Name: Nathan A. Damaschke 
Project Role: Research Assistant 
Researcher Identifier (e.g., ORCID ID):  
Nearest person month worked: 0 
Contribution to Project: Nathan Damaschke has analyzed human PCa cell line expression profile from GEO 
database repository and analyzed tissue microarray immunohistochemistry data.  Funded through a training 
grant. 
 
 
Has there been a change in the active other support of the PD/PI(s) or senior/key personnel since the 
last reporting period? 
Yes, Dr. Jarrard has added the following new awards: 
 
Principal Investigator name: David F Jarrard  
Percent effort: 5%  
Award Type and Number: n/a  
Funding Agency/Institution: University of Wisconsin Igniter Award  
Annual Direct Costs: $150,000   
Total Award (Direct and Indirect Costs): $150,000  
Project Period (start and end dates): 10/01/2014-9/30/16  
Project Name: Development of epigenetic field effect biomarkers   
Brief Project Description: This provides funding for the clinical development of a new prostate cancer biomarker.  
Indicate if the project is related to the work proposed: No  
If yes, indicate the project’s relationship to the work proposed in this application: 
 
Principal Investigator name: David F Jarrard  
Percent effort: 15%  
Award Type and Number: PC150332P2  
Funding Agency/Institution: DOD   
Annual Direct Costs: $180,000  
Total Award (Direct and Indirect Costs): $826,200  
Project Period (start and end dates): 4/1/16-3/31/19  
Project Name: Fusion Genes Predict Cancer Recurrence  
Brief Project Description: The objectives of the proposal are to validate and to determine if these fusion gene 
markers and the combined models predict clinical recurrence and short PSADT.  
Indicate if the project is related to the work proposed: No  
If yes, indicate the project’s relationship to the work proposed in this application:   
 
Principal Investigator name: David F Jarrard  
Percent effort: 10%  



8 
 

Award Type and Number: PCR150221  
Funding Agency/Institution: DOD   
Annual Direct Costs: $125,000  
Total Award (Direct and Indirect Costs): $573,750  
Project Period (start and end dates): 4/1/16-3/31/19  
Project Name: Synthetic Lethal Metabolic Targeting of Senescent Cells After Androgen Deprivation   
Brief Project Description: The specific aims of this project are: 1) Determine whether ADT-metformin synergistic 
response is mediated via disruption of the Hsf1-mediated proteolytic stress response (PSR) , 2) Examine the 
synthetic lethal response involving ADT-metformin in vivo in cancers of variable androgen sensitivity and test 
marker of response and 3) Determine whether metformin combined with ADT results in improved cancer-specific 
survival and longer time to secondary interventions in patients on these agents. Indicate if the project is related 
to the work proposed: No  
If yes, indicate the project’s relationship to the work proposed in this application:   
 
Principal Investigator name: David F Jarrard  
Role: Principal Investigator  
Percent effort: 15%  
Funding Agency/Institution: DOD  
Award Type and Number:  PC150536  
Annual Direct Costs: $184,841  
Total Award (Direct and Indirect Costs): $3,013,865 
Project Period (start and end dates): 4/1/16-3/31/19  
Project Name: Functional and Molecular Diversity in the Tumor Microenvironment underlies Therapeutic 
Response and Resistance  
Brief Project Description: The hypothesis for this project is that resistance to chemohormonal therapy in 
individuals newly diagnosed with prostate cancer results from 3 putative mechanisms, mutations in the androgen 
receptor, mutation in the DNA damage repair pathway and DNA damage associated secretory program in the 
stroma.  
Indicate if the project is related to the work proposed No  
If yes, indicate the project’s relationship to the work proposed in this application 
 
 
What other organizations were involved as partners? 
Nothing to report 
 
 
8. APPENDICES: 
 
Jin-Hee Lee, Bing Yang, Nathan Damaschke, Melissa D. Boersma, Wei Huang, Eva Corey, David F. Jarrard, M. 
Denu. Identifying dysregulated epigenetic enzymes in the development of castrate-resistant prostate cancer. 
Cancer Research. Under review. 
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ABSTRACT   

 There is a tremendous need for novel strategies aimed at directly assessing activities of 

histone modifiers to probe epigenetic determinants associated with disease progression. Here, we 

developed a high-throughput peptide microarray assay to identify altered histone lysine 

(de)acetylation activity in prostate cancer (PCa). This microarray-based activity assay revealed up-

regulated histone acetyltransferase (HAT) activity against specific histone H3 sites in a castrate-

resistant (CR) PCa cell line compared to its hormone-sensitive (HS) isogenic counterpart. NAD+-

dependent deacetylation assays revealed down-regulated Sirtuin activity in validated CR lines. Levels 

of acetyltransferases GCN5, PCAF, CBP and p300 were unchanged between matched HS and CR 

cell lines. However, auto-acetylation of p300 at K1499, a modification known to enhance HAT 

activity and a target of deacetylation by SIRT2, was highly elevated in CR cells. Among all 7 

Sirtuins, only SIRT2 and SIRT3 protein levels were reduced in CR cell lines. Interrogation of HS and 

matched CR xenograft lines reveals that H3K18 hyperacetylation, increased p300 activity, and 

decreased SIRT2 expression are associated with progression to CR in 8/12 (66%). Tissue microarray 

analysis revealed that hyperacetylation of H3K18 is a feature of CRPC. Inhibition of p300 results in 

lower H3K18ac levels and increased expression of androgen receptor. Thus, a novel histone array 

identifies altered enzyme activities during the progression to CRPC and may be utilized in a 

personalized medicine approach. Reduced SIRT2 expression and increased p300 activity lead to a 

concerted mechanism of hyperacetylation at specific histone lysine sites (H3K9, H3K14, and 

H3K18).  
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INTRODUCTION 

Histone post-translational modifications (PTMs) including acetylation, methylation, and 

phosphorylation exist in highly specific and combinatorial fashion, impinging upon other epigenetic 

marks and influencing specific transcriptional regulation (1-3). Dysregulated histone modifications 

alter intrinsic chromatin structure as well as the surface architecture, leading to erroneous 

recruitments of gene regulatory machineries at specific genomic loci (4). Therefore, altered cellular 

abundance and activity of histone modifiers is thought to play a key role in cancer progression.  

Many PTMs are reversible and in dynamic interaction with antagonistic enzyme activities. A 

systematic interrogation of aberrant enzyme activities leading to distinctive histone PTM patterns 

would be crucial to understanding the molecular mechanism by which particular disease states are 

established. Such knowledge is essential for developing therapeutics to target these enzymes. Recent 

advances in genomic and proteomic data mining tools together with Chromatin Immunoprecipitation 

(ChIP)-based profiling have been instrumental in unraveling aberrant expression of histone-

modifying complexes in specific disease progression (5-8). However, post-transcriptional, -

translational regulation, and longevity of gene products poorly correlates with genome-wide 

transcript levels and their protein amounts (9). Furthermore, protein PTM, subcellular targeting, and 

the level of small molecule activators or inhibitors make it difficult to directly link protein levels with 

their biological activities (10). Hence, there is tremendous need for novel strategies aimed at directly 

assessing activities of histone modifiers as an alternative and complementary avenue for probing 

epigenetic determinants associated with disease progression.  

Prostate cancer is the most commonly diagnosed disease in American men, and 30,000 die 

annually primarily due to progression of the disease to its CR forms (11). After an initial response to 

hormone ablation therapy, metastatic HS cancers relapse and progress to CRPC (12). Targeting the 

molecular determinants of this event would be pivotal for developing new prognostic and therapeutic 

strategies. Previous studies report that global levels of several histone modifications including 
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H3K18ac and H3K4me2 are associated with PCa tumor recurrence suggesting a role for histone 

modifications in cancer progression (13,14). Isolated histone-modifying enzymes have been found to 

have impaired activity in various cancers (15,16), however, a systematic evaluation of aberrant 

epigenetic enzyme activity in the progression to CRPC is lacking.  

In this study, we examine dysregulation of global (genome-wide) lysine (de)acetylation 

activities during PCa progression by utilizing novel peptide microarray technology in cell extracts 

from relevant cancer models and human tissues. Previously, we had demonstrated utility of peptide 

microarrays for identifying targets of chromatin “reader” proteins against combinatorial histone 

PTMs in a high-throughput protein binding assay (17). Here, we prepared histone peptide libraries 

consisting of 932 unique peptides covering human histone H3, H4, H2A, and H2B sequences of 

different histone variants. This library includes combinatorial histone PTMs likely to be found in 

human chromatin (18), allowing interrogation of HAT and histone deacetylase (HDAC) activities in 

cell lysates from CR versus HS cells. Validating these microarray-identified differential activities 

using quantitative immunoblot analysis revealed corresponding differences in histone marks in PCa 

cells. Based on these results and an expanded analysis, we identified several putative HATs and 

HDACs associated with these altered activities, not previously described, in PCa progression to CR. 

Thus, peptide microarrays-based analysis of chromatin modifying enzymes is a useful approach to 

identify dysregulated activities associated with cancer progression and we anticipate it can be utilized 

in a personalized medicine approach to disease treatment. 

 

MATERIALS and MEHODS  

Preparation of Histone Peptide Microarray. Peptides (13 amino acids) were synthesized on 

modified cellulose discs (celluspots) with a ResPepSL automated synthesizer (Intavis AG, Köln, 

Germany) via standard Fmoc/tBu chemistry as previously described in Su et al (17). Each synthesis 

included peptide with an acid cleavable linker for quality assessment by HPLC and mass 



 6 

spectrometry. Peptide side chains were cleaved and the cellulose peptide conjugates were dissolved, 

extracted, diluted and aliquoted into 384-well polypropylene plates for printing. Gene Machines 

OmniGrid Arrayer (Genomic Solutions) with TeleChem SMP3 quill-like pins was used to contact- 

print the cellulose peptide conjugates onto the 75 mm × 25 mm nitrocellulose slide (Intuitive 

Biosciences). Each array housed duplicate sets of the peptide library (“subarrays”), allowing two 

reaction conditions to be probed on the same slide. Each subarray is arranged into 18 blocks made up 

of 13 rows × 13 columns of spots, permitting a spatial arrangement of 169 spots per block (i.e. 6,084 

spots per each slide). 932 histone peptides which make up our histone library were printed in 

triplicate. Positive control spots consisted of acetyllysine(Kac)-containing peptides and negative 

control spots were cellulose without any peptide conjugation or peptides without any Lys residues. 

The control spots were included in every block design, each printed by a same printing pin of the 

OmniGrid Arrayer. Fluorescent Cy3 dye (Lumiprobe Life Science Solutions) was conjugated to 

cellulose, and mixed to each peptide stock solution to serve as spot tracer (green, 532 nm), while 

peptides carrying Kac PTM fluoresced at 635 nm (red). Once the peptides were spotted, the slide was 

dried overnight at RT and stored at 4°C until use.  

 

Microarray Enzyme Activity Assay and Data Analysis.  All the microarray assays were performed 

with a multi-chamber simplex gasket (Intuitive Biosciences), which allows multiple reaction 

conditions for each array. All the buffers used in the assay were filtered prior to use, and peptide 

arrays were protected from light at all times. Rubber gaskets were thoroughly washed with 70% 

EtOH and completely dried prior to each assay. Each array was blocked with 2% bovine serum 

albumin (BSA) in TBST at 4°C overnight to eliminate non-specific protein binding to the 

nitrocellulose surface. Following blocking, each chamber was filled with reaction buffer; 20 mM 

Tris-HCl (pH 7.5), 1 mM DTT supplemented with Trichostatin A (TSA, HDAC inhibitor), protease 

inhibitor cocktail (Promega), and NaF (phosphatase inhibitors). For HAT-specific assays, 50 µM 
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acetyl-CoA and 5 mM nicotinamide (Sirtuin inhibitor) were supplemented, while for Sirtuin 

deacetylation assays, 50 µM NAD+ and 2 mM anarcardic acid (HAT inhibitor) were added. In each 

chamber was added nuclear extract from each cell type. Unless otherwise noted, all the chemicals 

were obtained from Sigma-Aldrich. After the array was incubated at 25°C for 1 hour, the reaction 

was stopped as the assay components were removed by gentle aspiration. The array was washed with 

TBST before incubated with rabbit-derived pan-Kac antibody (Cell Signaling Technology). After 

washing off the unbound antibody, the slide was incubated with anti-rabbit IgG conjugated to 

Alexa647 (Cell Signaling Technology). The slide was washed with TBST multiple times before 

scanned on an Axon GenePix 4000B microarray fluorescence scanner (Molecular Devices) at 5-µm 

pixel resolution and 33% laser power. Slide images were collected at 532-nm/635-nm dual channel, 

and analyzed using GenePix Pro 6.1 software (Molecular Devices). For alternative detection of HAT 

assays, isotopic incorporation of acetyl group from a trace amount of radiolabeled 14C-acetyl-CoA 

(2.5 µCi, Moravek Biochemicals) was performed. Once the reaction was complete, the array was 

washed three times with TBST, followed by a final wash with filtered Milli-Q water, and allowed to 

dry. The array was exposed to BAS-IP TR2015 tritium screen (Molecular Dynamics) for 1 week at 

room temperature. The transferred phorphorimage was scanned at 10 µm pixel resolution on a 

Typhoon FLA 9000, and analyzed under a fixed spot area quantification by ImageQuant TL software 

(GE Healthcare).  

 For GenePix data analysis of pan-Kac antibody detection, total signal intensity of both 

Alexa647 (635 nm) and Cy3 (532 nm) were utilized. The spot quality was evaluated via visual 

inspection of the tracer dye for any signs of artifacts during printing, i.e. missing or distorted spots, or 

spots with “tadpoles” (Supplementary Fig. S1). Additionally, spots that do not meet the following 

requirements were filtered off during preprocessing. First, any spots with mean intensity at 532 nm 

less than 10% of averaged total mean intensity was considered ‘printing error’ or ‘blank’ and was no 

further considered. Second, each technical replicate was subjected to Grubbs test and outliers from a 
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normal distribution were eliminated. In general, with 0.1% risk of false rejection applied (at n = 3; 

Gcritical, 1.1547), greater than 99% of total population remained within the confidence interval. Global 

normalization for total intensity was applied to adjust systematic variation. The differential Kac signal 

was measured as the log2 (ratio of Kac intensity in C4-2 over Kac intensity in LNCaP) and reported as 

a mean of three independent microarray assays performed with biological replicates. The microarray 

design and the list of peptides in the histone library are provided in Supplementary Table S1-S2.  

 

 

Studies with Human Cell Lines and Mouse Xenograft. LNCaP, C4-2, LAPC4 and 22RV1 cells 

were cultured in DMEM media (Corning cellgro) containing 1 g/L glucose, L-glutamine, and sodium 

pyruvate, 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. PC3 and DU145 were 

cultured in DMEM media (Corning cellgro) containing 4.5 g/L glucose, L-glutamine, and sodium 

pyruvate, 10% FBS and 1% penicillin/streptomycin. All cell lines were incubated at 95% air; 5% 

carbon dioxide at 37°C. Each cell line was cultured from one 100 mm plate (approximately 1 × 107 

cells each). Harvested cells were flash-frozen and stored at -80°C for a maximum of 3 months. Each 

cell pellet was thawed on ice and resuspended in 300 µL lysis buffer; 50 mM Tris-HCl, pH 7.5, 150 

mM NaCl, 1% Triton X-100, DNase I (Roche), protease inhibitor cocktail (Promega), and NaF and 

incubated at room temperature for 10 min with gentle rotation. The cell suspension was passed 

through 27-gauge needle 10 times, and the lysate was centrifuged at 14,000 g for 5 min at 4°C.  

 For mouse xenograft study, 12 pairs of each HS and CR human prostate tissue were 

prepared. LuCaP patient-derived xenografts were grown subcutaneously in intact (HS lines) and 

castrated (CR lines) SCID male mice (19). RNA was isolated from the tissues using Perfect Pure 

RNA Tissue Kit (5-Prim) following the protocol supplied by the manufacturer. DNase I was used to 

digest RNA to eliminate any contaminating genomic DNA. cDNA was synthesized with qScript 

cDNA superMix (Quanta Biosciences) using 1µg of total RNA with both Oligo(dT)s and Random 

G = |xi – xavg|    
      s 
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Haxamer Primer present. To further eliminate gDNA contamination, the amplification of cDNA are 

achieved by designing exon-primed intron crossing primers, in which the forward and reverse 

primers flank at different exons. qPCR was performed using a CFX96 real-time PCR (Bio-Rad), 

Perfecta Sybr green fast-mix (Quanta Biosciences) to measure gene expression. For all expression 

experiments, GAPDH is used for housekeeping gene. Information to antibodies and the protocol used 

for preparing cell extracts and western blot analysis is in the Supplementary Materials and Methods. 

 

Histone PTM Assays.  Recombinant full-length histone (Xenopus laevis), H2A and H3, used in the 

enzyme assay was expressed in BL21(DE3)pLysS and purified according to the Luger et al (20). 

Histone peptides that were not cellulose-conjugated were synthesized by Fmoc-based peptide 

synthesis (University of Wisconsin Peptide Synthesis Facility), and purified on a C18 column by 

Beckman BioSys 510 HPLC. N-terminally His6-tagged PCAF (human), piccolo NuA4 (yeast), and 

SIRT2 (human) were overexpressed in BL21(DE3), and purified on a Ni-charged HiTrap HP affinity 

column (GE Healthcare). All the recombinant enzymes used in the pilot experiments were purified to 

near homogeneity and were tested for their specific activities against histone protein substrates. For 

measuring HAT activity of purified recombinant HATs as well as that in nuclear extracts, filter-

binding assay was used as previously reported (21).  

 

Immunohistochemical Staining of Tissue Microarrays. A tissue microarray containing 18 HS and 

18 CR cancer tissues in quadruplicate was obtained from the Prostate Cancer Biorepository Network. 

Slide preparation and image analysis were conducted as previously described (22). Briefly, 5 µm 

sections were taken through routine deparaffinization and rehydration. One triple stain (H3K18ac, 

SIRT2, and E-cadherin) and one double stain (p300, E-cadherin) were performed from two TMA 

sections. Information on the primary antibodies used in this experiment is available in Supplementary 

Materials and Methods. E-cadherin antibody was used to define the epithelial compartment for 
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automated tissue segmentation. Stained slides were scanned using VECTRA (PerkinElmer, Waltham, 

MA) as previously described (22). Cores with <5% epithelial component or tissue loss were excluded 

from the analysis. InForm 1.2 software (PerkinElmer, Waltham, MA) was used to segment tissue 

subcellular compartments and tissue compartments. Epithelial staining intensity automatically 

quantified using inForm software was used for analysis of protein expression. Quadruplicate cores 

were averaged for a more precise estimate of protein expression. Tissues were required to have at 

least two cores with sufficient epithelium and tissue to be included in analysis. 

 

C646 p300 Inhibition. mRNA expression of AR and PSA in prostate cancer cell lines LNCaP (HS), 

and DU145 (CR) were measured after treating with C646 (p300 inhibitor). The cell lines were treated 

with C646 at the concentration of 2.5, 5 µM. For control experiment DMSO was substituted for 

C646. After 1 h, and 48 h, cells were harvested, and RNA was isolated from the cells using Perfect 

Pure RNA Tissue Kit (5-Prism) following the manufacturers protocol. Same mRNA measurement 

procedure as described in the SIRT2 mRNA measurement (previous section) was used. The 

expression was normalized by GAPDH, and the data is shown as relative expression mean ± s.d. The 

list and sequence of primers used in this study is provided in the Supplementary Table S4.  

  

Statistical Analysis.  Data are shown as a mean ± s.d. with minimum N of three replicates unless 

otherwise noted. All the graphs were generate using Prism (GraphPad software) except for the tissue 

microarray immunostaining which was generated using R package (Bioconductor; ggplot2). 

Student’s t-test was used to determine the significance of the differences between two groups. P< 

0.05 was considered significant.   
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RESULTS  

Development and Validation of Histone Peptide Microarray for HAT and Sirtuin Assays 

The primary goal was to establish a microarray-based enzyme assay that could detect subtle 

changes in the activities of chromatin modifying enzymes from cells. Initially, we developed a 

microarray enzyme assay to detect changes in the acetylation status of hundreds of immobilized 

histone peptides that are either synthetically acetylated or unmodified. The peptides were prepared as 

cellulose conjugates by the SPOT synthesis (23), and were printed on nitrocellulose-coated 

microscopic slides. Its high-binding capacity and relatively low fluorescence background make 

nitrocellulose an excellent choice for fluorescent detection of peptides when monitoring enzymatic 

activity (24). Changes in the acetylated lysine (Kac) state were quantified by utilizing a “pan-specific” 

anti-Kac antibody which is routinely used for enrichment of acetylated peptides in mass spectrometry-

based analyses (25). Adopted from immunodetection methods, antibody-bound peptides are 

identified using an AlexaFluor®647-tagged secondary antibody (Fig. 1A). AlexaFluor®647 emits red 

fluorescent light upon excitation at 635 nm and serves as a measure of the presence of Kac. We 

incorporated a second green Cy3 tracer dye (532 nm) in all peptide stock solutions, effectively 

creating a dual-channel detection system for quality control (Fig. 1B, Supplementary Fig. S1). The 

green signal facilitates peptide spot recognition for quantification, and also serves to identify any 

printing errors that are not uncommon when arraying large libraries (Supplementary Fig. S1).  

We examined the reproducibility of signal responses to antibody detection between the 

peptides in each subarray after treating them separately using a duplex assay chamber. The signal 

intensity of each peptide between subarrays exhibited high inter-subarray concordance as represented 

by scatter plots with strong positive correlation (Fig. 1C). Coefficients of variation (CV) as a function 

of signal intensity (F635) across three technical replicates of 997 peptides (including controls) were 

low (mean = 4.2%, median = 2.6%), and > 98% of detectable peptides showed CV not greater than 

20%. Together with the high correlation between subarrays, the low technical variability was a strong 
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indication that this microarray assay platform can be used with high confidence. Dynamic range of 

anti-pan-Kac antibody reflected a linear increase of signal intensity in response to the increased 

number of acetylated lysine residues per peptide (n), as represented in a box-and-whisker plot (Fig. 

1D). Low percentage of false positives (< 5% of 711 peptides) and false negatives (< 3% of 218) 

were observed. The difference in signal intensity among the same n group is in part caused by 

variable affinities of the anti-pan-Kac antibody towards each peptide’s distinctive epitope (with 

different sequences and PTMs flanking an Kac site) as well as by slight concentration differences in 

peptide stock solutions. This assay is, therefore, best utilized to determine changes in the HAT and 

HDAC activity levels between samples. 

To investigate if HAT-dependent lysine acetylation can be evaluated on the peptide 

microarray platform, we utilized recombinantly expressed and purified HATs with unique substrate 

specificity. In this pilot assay a mini-library consisting of sixteen peptides was probed in a multiplex 

assay chamber allowing multiple assay conditions to be tested simultaneously on a single array 

(Supplementary Fig. S2). Addition of acetyl group was detected by phosphor imaging of [14C]-acetyl 

moiety transferred from [14C]-acetyl-CoA to peptide lysine. In this radio-isotopic detection, NuA4 

displayed HAT activity toward peptides corresponding to the N-terminal H4 sequence, while showing 

no detectable activity towards N-terminal H3 peptide or globular regions of H4. Similarly, 

fluorescence immunodetection of acetyllysine using pan-Kac antibody revealed that lysine acetylation 

was HAT-dependent, consistent with the substrate specificity of both NuA4 and PCAF reported 

previously (26,27). The two independent detection methods yielded consistent results. Peptides 

containing synthetically installed Kac (positive controls) produced positive signals while peptides 

lacking lysine residue (negative controls) did not exhibit measurable fluorescent signal. When used in 

this mini-library with peptide spots larger than 200 µm in diameter, quantification by isotopic 

detection was feasible. While isotopic detection can eliminate issues associated with a few false 

positive signals caused by antibody cross-reactivity, the antibody-based method exhibits better spatial 
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resolution and higher signal sensitivity. Thus we chose the antibody-based method for the subsequent 

large library screening.  

To examine deacetylation activity in the microarray format, we performed pilot assays with 

NAD+-dependent Class III HDACs, known as Sirtuins (28). Here we employed recombinantly 

expressed Sirtuins 1-3, and co-incubated with NAD+ co-substrate. Sirtuin-dependent deacetylation 

was prominent, while non-enzymatic deacetylation was negligible (Fig. 1E). To evaluate whether 

endogenous enzymatic activity can be measured in these peptide arrays, we repeated the experiments 

with whole-cell extracts from HEK293T cells. Inhibitors of phosphatase, protease, HDAC (I, II) and 

HAT activity were included to prevent any complicating modifications (other than deacetylation by 

Sirtuins) that can result in Kac signal change. In HEK293T cell extracts without added recombinant 

Sirtuins, the Kac signal was reduced by up to 40%, suggesting endogenous Sirtuin activity can be 

captured by this microarray assay. When cell extracts were supplemented to the recombinant Sirtuins, 

the deacetylation activity was slightly reduced, suggesting presence of proteins or small molecules 

that may occupy and compete for the specific deacetylation sites. Overall, the favorable results of the 

pilot HAT and Sirtuin assays indicate that this novel microarray platform is compatible for enzyme 

activity assays using recombinant enzymes and cell lysates. 

 

Differential Histone Acetylation in Prostate Cancer Cells (LNCaP versus C4-2) 

Next we investigated whether dysregulated activities of histone modifying enzymes, HATs 

and Sirtuins, are present during progression of the HS cell line, LNCaP, to its CR daughter cell line, 

C4-2 (29). The LNCaP and C4-2 PCa model system follows phenotypic behavior similar to clinical 

models providing a unique opportunity for studying PCa progression in cell lines (29,30). Using cell 

extracts, we adopted similar assay conditions used in the pilot enzyme study, and compared the 

resulting Kac signals in one subarray treated with LNCaP cell lysate to that in the second subarray 

treated with C4-2 lysate (Fig. 1F). In the HAT specific assay, acetyl-CoA, TSA (HDAC inhibitor), 
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and nicotinamide (sirtuin inhibitor) were supplemented in addition to protease and phosphatase 

inhibitors. In the Sirtuin-specific assay, NAD+, TSA, and anarcardic acid (HAT inhibitor) were added 

while acetyl-CoA was excluded. After each experiment, the peptide array was processed and the data 

analyzed. The Kac signals were determined and presented as log2 of C4-2 signal over LNCaP signal. 

For each biological replicate, cells were grown separately and lysed individually.  

Figure 2 summarizes the representative histone peptides having the highest Kac signal 

difference between LNCaP and C4-2. With the HAT activity assays, C4-2 displayed increased 

acetylation on the N-terminal (amino acids 1-20) lysines of H3 peptides in the order of K18, K4, K9, 

and K14, while there was reduced relative Kac signals in H3K79 and H2A K13/K15 in C4-2 

compared to LNCaP (Fig. 2A). For the Sirtuin activity assay, we observed higher Sirtuin activity on 

the H3K122ac and H3K56ac in C4-2, while there was lower activity on the H3K9ac, H3K14ac, and 

to lesser extent on the N-terminal lysines of H4 (Fig. 2B). Most up-regulation (positive log2) in HAT 

activity or down-regulation (negative log2) of Sirtuin activity in C4-2 took place on the same histone 

lysine residues, leading to marked combined effects on Kac status. For instance, up-regulation in HAT 

activity against H3K9 was observed while Sirtuin assays revealed decreased deacetylation activity on 

H3K9ac, leading to potential net increase in H3K9ac signal. Increased Kac signals are shown as blue 

bars while red bars represent decreased Kac signal. Overall, the net effect on the Kac signal changes in 

peptides containing H3K9, H3K14, and H3K18 were most prominent and these PTMs were 

investigated in the following experiments.  

To validate the microarray results, we performed a highly sensitive in-solution HAT assay 

and demonstrated that the differential histone acetylation at specific lysine sites could be confirmed 

by independent methods (Fig. 3). An H3 histone peptide (aa 1-20) bearing the lysine sites with the 

highest differential activity (K4, K9, K14, and K18 of histone H3) were co-incubated with 3H-acetyl 

CoA and extracts from either C4-2 or LNCaP cells. Incorporation of radioactive acetyl group on the 

histone peptide was quantified by scintillation counting. The results revealed a 55% higher rate of 
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HAT activity in the C4-2 cells compared to the LNCaP cells after 2 h incubation at 30 °C (Fig. 3A). 

Both LNCaP and C4-2 exhibited increased acetylation over time, while none of the controls that 

lacked either cell extracts or substrate peptide showed signs of increased acetylation.  

The enzyme assays clearly indicate that C4-2 cells display higher HAT activity and lower 

Sirtuin activity on several overlapping lysine residues. To investigate whether these dysregulated 

activities represent true cellular dysfunction between C4-2 and LNCaP cells, we investigated the site-

specific acetylation levels (immunoblots) on histone extracted directly from each cell line. We 

predicted that differential (de)acetylation activity observed in the microarray assay should be 

reflected in the acetylation status of endogenous histones. Western blot analysis was focused on three 

of the “top hits” revealed in the microarray data. Consistent with the microarray and in-solution 

assays, the levels of endogenous acetylation at H3K9, H3K14, and H3K18 in C4-2 cells were 

elevated compared to LNCaP (Fig. 3B). Increases in the level of H3K9ac and H3K18ac at the global 

level reached statistical significance, while the increase in H3K14ac level did not. Together, these 

results confirm the utility of our microarray analysis in detecting specific difference in the chromatin 

modifying activities found among highly related cancers.  

 

Endogenous Protein Levels of HATs and Sirtuins  

An important feature of the microarray assay is the ability to detect differences in enzymatic 

activity even when comparisons of proteins levels in western blots (or comparable ELISA) reveal no 

significant changes. To identify putative enzymes responsible for the altered (de)acetylation 

activities, we first investigated the endogenous protein levels of particular HATs that affect H3 

acetylation. These HATs include p300/CBP that regulates gene expression by acetylation of histone 

and other transcription factors, and are reported to be more promiscuous with respect to substrate 

sequence recognition (31). Other putative HATs include the GNAT family, GCN5 and PCAF. No 

significant changes were detected in the level of GCN5, PCAF, and p300 by immunoblotting (Fig. 



 16 

4A). The possibility that a PTM-regulated mechanism is involved therefore merited investigation. 

P300 undergoes autoacetylation at amino acid residue K1499 which results in enhanced HAT 

catalytic activity (32), so we performed western analysis to detect endogenous amount of acetyl-p300 

(K1499ac), which revealed a marked increase in C4-2 compared to LNCaP (Fig. 4A). Collectively, 

these observations suggest that increased HAT activity in C4-2 can be attributed to activated, 

acetylated p300.   

Next, we investigated the protein levels of the 6 Sirtuins (SIRT1-4, 6, and 7) in C4-2 and 

LNCaP cells to assess whether altered protein expression of a specific Sirtuin enzyme was 

responsible for the overall lowered NAD+-dependent deacetylation observed in the C4-2 cells. 

Quantitative immunoblot analysis revealed that among the 6 Sirtuins, only SIRT2 and SIRT3 

displayed significant loss of protein expression during the transition from LNCaP to C4-2 (Fig. 4B). 

SIRT3 is a mitochondrial enzyme, while SIRT2 is known to function in the nucleus and the 

cytoplasm. Most importantly, SIRT2 was shown to regulate the acetylation level of the activated 

form of acetyl-p300 (K1499ac) (33). The combined observations of acetylated, hyperactive p300, and 

loss of SIRT2 expression in the C4-2 cells suggests that the dramatically decreased protein levels of 

SIRT2 leads to the inability to down-regulate the hyper-acetylated form of p300.  

 

SIRT2-dependent deacetylation of p300, and SIRT2 expression in PCa cell lines and human 

tissue 

To further establish the link between hyperacetylated activated p300, and decreased Sirtuin 

activity in the CR cell line C4-2, we performed an in vitro NAD+-dependent deacetylation assay using 

cell extracts from both LNCaP and C4-2 cells with or without recombinant SIRT2 (Fig. 4C). 

Addition of NAD+ to C4-2 cell extracts was not sufficient to completely remove acetyl modification 

from p300, while addition of both SIRT2 and NAD+ led to a loss of immunoreactivity against acetyl-

p300 (K1499ac). Consistent with the protein abundance of acetyl-p300 (K1499ac) observed from 
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immunoblot (Fig. 4A), LNCaP cells displayed lower acetylation at K1499 whether or not NAD+ was 

added (Fig. 4C).  Next we examined whether SIRT2 and SIRT3, the only Sirtuins significantly lower 

in C4-2 compared to LNCaP were altered in extracts from HS cells (LAPC4, and LNCaP) and CR 

cells (PC3, DU145, 22RV1, and C4-2). Lower levels of both proteins in CR cells relative to the two 

HS PC cell lines were seen (Fig. 4D). Consistent with this observation, analysis of gene expression 

data obtained from NCBI Gene Expression Omnibus (GEO) data depository for prostate cancer cell 

lines indicate that there is a statistically significant downregulation of SIRT2 and SIRT3 expression 

in CR cell line DU145 when compared to the HS LNCaP cells while p300 gene expression data 

showed the levels of p300 remains unaltered between LNCaP and DU145 (Supplementary Fig. S3A-

C).  

 Using a well-described human xenograft model system (19), we interrogated the SIRT2 

mRNA expression in matched human tumors before and after the development of CRPC. We 

observed that in the majority of CR samples (7 out of 12 sets; 58%), SIRT2 expression was 

downregulated when compared to its HS paired precursor (Fig. 5A). Collectively, these data indicate 

that reduced expression of SIRT2 is associated with the development of CR in the majority of human 

tumors directly assessed during progression.   

Having shown that loss of SIRT2 expression, increased p300 activity and histone H3 

hyperacetylation are associated with the transition to CR, we next examined a unique tissue 

microarray to determine whether any of these observations were evident amongst a series of HS and 

CRPC samples of human PCa tissue (34). The arrays were analyzed and quantified for protein 

abundance of p300, H3K18ac and SIRT2 using VECTRA automated analysis (Fig. 5B). Acetyl-p300 

(K1499) protein levels were not examined due to antibody limitations. P300 levels trended lower in 

HS compared to CRPC tissues with broad expression patterns noted in the CRPC group (p = 0.075) 

(Fig. 5C). However, CRPC showed a marked increase in K18ac (p = 0.013) compared to the HS 

tumors. SIRT2 expression was highly variable in both groups (p = 0.56), with 8/15 (45%) of CPRC 
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specimens demonstrating lower expression than the HS mean (Fig. 5C). These specimens were not 

matched with regard to progression in individual patients. 

Inhibition of p300 activity has previously been demonstrated to decrease the proliferation of 

PC3 and other CR prostate cancer cell lines when exposed to the inhibitor C646 (35), a response we 

confirmed (data not shown). To confirm the dependency of H3K18ac on p300 activity in these lines, 

exposure to C646 resulted a consistent decrease in H3K18ac levels (Fig. 5D). Finally, to further 

investigate this phenotype after p300 inhibition, LNCaP and PC3 cell lines were exposed to C646 and 

an increase in androgen receptor (AR) and its target PSA were seen in the AR negative DU145 cell 

line (Fig. 5E). No increase was seen in the LNCaP line already robustly expressing these genes. 

Taken as a whole, evaluation of cell lines, xenografts and tissue microarrays implicates the SIRT2 

and p300/CBP in dictating the CR PCa transition in chromatin dynamics and transcription.  

 

DISCUSSION 

High-throughput approaches to discover critical histone modifying enzymes during cancer 

progression offer a unique approach to improving cancer therapy strategies. For the first time, histone 

peptide microarrays were used to quantify differential lysine acetylation and deacetylation activities 

during the progression to castrate resistance in PCa cells. Covering the entire human histone 

sequences with prevailing combinatorial PTMs, we show that the site-specific acetylation and 

deacetylation activities can be resolved reliably with high sensitivity when comparing two conditions. 

Indeed, our screening of two cells lines (C4-2 vs. LNCaP) of the same genetic origin uncovered 

dysregulated acetyl-p300 and SIRT2. Thus, such microarray-based enzymatic assays can be 

successfully employed as a discovery tool to reveal novel mechanisms by which histone-modifying 

activities might drive the epigenetic landscapes to pathological states.  

P300 is autoacetylated on multiple lysine sites by an intermolecular mechanism and one of 

these sites K1499 is critical for enhanced HAT activity (32,36). It was previously reported that 
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deacetylation of p300 at K1499ac is SIRT2-dependent (33). Our unbiased histone array assays 

detected increased HAT and decreased NAD+-dependent deacetylase activities against specific lysine 

sites in histones.  Strong activation of H3K18 acetylation occurred in CRPC tissues compared to HS 

primary and metastatic tissues in the unique series of tissue arrays tested (Fig 5). SIRT2 expression 

was not uniformly decreased in all CRPC samples tested, but SIRT2 functional mutations have been 

recognized (37), and activity may also be altered through other posttranslational mechanisms (38). 

Follow-up experiments strongly suggested that these activities could be assigned to activated p300 

and reduced SIRT2/3. Taken together, the results suggest that loss of SIRT2 expression (activity) in 

some CR cells leads to uncontrolled activation of autoacetylated p300, which has been previously 

linked to CR gene-expression (39).  

While this mechanism is likely, it is important to point out that we observed decreased 

ability of C4-2 cell extracts to catalyze the NAD+-dependent deacetylation of H3K9, H3K14, H3K18, 

which are targets of p300/CBP and SIRT2. Thus, while K1499ac is a target of SIRT2, the observed 

endogenous hyperacetylation of H3K9, H3K14, H3K18 could be the result of SIRT2 loss or 

increased p300/CBP activity or both. Adding to the p300/CBP-SIRT2 connection, it has been 

reported that p300 acetylates SIRT2 to attenuate its deacetylation activity (40).  SIRT2 and p300 have 

multiple layers of antagonizing activities that would be entirely consistent with the majority of trends 

observed in the cell lines, xenografts and tissue microarray. Previous studies have shown a close link 

between SIRT2 expression and suppression of tumorigenesis (41,42). To our knowledge no direct 

evidence has been reported to date whether SIRT2 affects the progression to CRPC. Expression of 

SIRT2 in PCa cells has not been examined, although deacetylation of α-tubulin, which is SIRT2-

dependent, was shown to be up-regulated in CR PCa cell PC3 (43). Furthermore, recent data suggests 

SIRT2 plays a role as a mitotic checkpoint, maintaining genomic integrity (44), and impairing cell 

motility through perturbation of microtubule dynamics (45,46).  
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In this novel unbiased analysis of histone modifying enzymes, we have uncovered a distinct 

molecular pathway in progression to CRPC in which SIRT2 appears to play an important role. This 

has potential to be utilized in a personalized medicine approach to direct therapy against altered 

enzymes with further development.  A variety of new inhibitors targeting histone modifying enzymes 

are being developed offering new options for cancer treatment (47). Other enzyme alterations 

strongly supported by our study include SIRT3, which deserves further investigation. In addition, 

other dysregulated activities identified in our microarray study include deacetylation at H3K56ac. 

The enzyme responsible for this modification is SIRT6, of which the cellular protein abundance 

remained unchanged in our study, however, there remains the possibility SIRT6 catalytic efficiency is 

affected in a similar fashion as in SIRT2-p300 cross-talk mechanism. While this speculation lends 

further supports, together these results provide proof-of-concept for the unbiased use of our histone 

array assays to uncover aberrant histone modifying activities in cell extracts derived from different 

disease states. 
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FIGURE LEGENDS 

 
Figure 1. Immunodetection of acetylated peptides during the activity assay on the histone 

microarray.  

(A) The library used in this study consists of 932 different peptides covering human histone 

sequences and PTM states. A duplicate set (represented by pink and light turquoise each) of librarires 

allows two different reaction conditions to be probed simultaneously when used with a duplex 

chamber. The scheme represented here is HAT-dependent lysine acetylation monitored by an 

immunoassay using the anti-pan-Kac antibody.  

(B) Fluorescence signals at 532 nm come from Cy3-cellulose dye mixed with the peptide stock 

solution, which was used as a spot tracer (green), while Alexa Fluor®647 signal (red) that represents 

peptides with Kac group can be monitored at 635 nm. Each peptide is printed in triplicate for 

statistical analysis.  

(C) A scatter plot of signals at 532 nm and at 635 nm each respectively. Signals from each peptide in 

two different chambers treated with a buffer solution containing co-factors without cell lysates are 

compared, exhibiting high correlation and intra-array concordance.  

(D) A Box-and-whisker plot of % signal intensity at 635 nm across the peptide library of varying 

number of Kac (N). The whiskers represented the 95% confidence interval while the outliers were 

shown as dots. The lower and upper lines of the boxes are the quartile range with a cross line in the 

middle representing a median value in each n group. Each group represents varying number of Kac 

per peptide (n) from 0 (median, M = 8.6, number of population, N = 711), 1 (M = 30.2, N = 149), 2 

(M = 56.7, N = 39), 3 (M = 72.2, N = 17), or ≥4 (M = 84.0, N = 13). The differences of signal 

intensity between each group are statistically significant (*, 0.01 < P ≤ 0.05; **, 0.001 < P ≤ 0.01; 

***, P ≤ 0.001).  

(E) Sirtuin assays on histone peptide microarray using peptides with acetylated lysine residues. 

Deacetylation activity was observed when recombinant Sirtuins (Sirt1, Sirt2 and Sirt3) were added to 

the assay (pink and pistachio bar). In the absence of Sirtuin as well as HEK293T cell extracts (CE), 

deacetylation activity is almost negligible (brown bar). Addition of CE to Sirtuin mitigated 

deacetylation activity (pistachio bar), while addition of CE without Sirtuin supplementation still 

managed to deacetylate up to 40% (dark olive bar).  

(F) Microarray-based assay scheme used in this study for identification of HAT and Sirtuin activity. 
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Figure 2. Differential lysine acetylation (Kac) profiles in C4-2 versus LNCaP.  

(A) In the global HAT activity assay, cell lysates of LNCaP and C4-2 were added in presence of 

acetyl-coA (cofactor required for HATs activity), while TSA (HDAC inhibitor) and nicotinamide 

(Sirtuin inhibitor) were added to suppress HDAC and Sirtuin activity. Shown here is a snapshot taken  

from the same microarray after either HAT assay were performed. All the peptides were printed in 

triplicate with Cy3 dye as printing control and spot tracer as shown in green. The Alexa Fluor®647 

signal (red) became more intensive when peptides with either H3K9 (peptide #32) or H3K18 (#189) 

residue was incubated with C4-2 in HAT activity assay when compared to with LNCaP. Peptides 

with pre-acetylated lysines (#926) didn’t show differences in the signal. The peptides with most 

differential HAT activity were shown in the table in the decreasing order of Kac signal. Upregulation 

in acetylation was observed at several lysine sites, most prominently at H3K18, H3K4, H3K9, and 

H3K14 sites.  

(B) Sirtuin activity in each PCa cell line was monitored after incubation with NAD+ cofactor, 

anarcardic acid (HATs inhibitor), TSA (HDAC inhibitor), and cell lysates from either LNCaP or C4-

2. When peptides with pre-installed acetyllysine at either H3K9 (#103) or H3K14 (#165) were 

incubated with C4-2, there was less reduction in the Kac fluorescent signal (i.e. higher positive 

signal). Higher Kac signals were observed in peptides harboring acetylation at H3K9, H3K14, and 

H4K5/K8/K12/K16. Lower Kac signals were detected at peptides with acetylation at H3K122, 

H3K56, and H3K4. In both acetylation and deacetylation profiles, a blue bar indicates higher Kac in 

C4-2 (CR PCa) compared to LNCaP (HS PCa) while a red bar indicates decreased Kac signal in C4-2 

versus LNCaP. The column on the right represents the position of the peptide sequence within 

histone and the PTM mark introduced.  When peptides with pre-installed acetyllysine at either H3K9 

(#103) or H3K14 (#165) were incubated with C4-2 there was less reduction in the fluorescent signal.  

 

Figure 3. Upregulation of lysine acetylation of histone H3 N-terminal tail in castrate-resistant 

C4-2.  

(A) Lysine acetylation of histone H3 (1-20) peptide by endogenous HAT activity in C4-2 versus 

LNCaP as monitored by isotopic incorporation of tritium-labeled acetyl group from 3H-acetyl CoA 

shows higher acetylation on the H3 peptide when incubated with C4-2 compared with LNCaP. 

(B) Quantification of western blot analyses showing endogenous acetylation level at H3K9, H3K14, 

and H3K18 sites in LNCaP compared to C4-2. Each histone PTM was normalized against the histone 

H3 band (n = 3 for each PTM). All data represent the mean ± s.d. *, P  ≤  0.05, and **, P  ≤ 0.01. 

 



 27 

Figure 4. Endogenous protein and gene expression levels against HATs and Sirtuins in HS 

versus CR prostate cancer cell lines. (See supplementary figure, Fig S4. for the full image of the 

western blot used for the quantitative immunoblot analysis) For all the data shown in this figure, n > 

3; n.s., P > 0.5; *, P ≤ 0.05; **, P ≤ 0.01, ***, P ≤ 0.001.  

(A) Representative immunoblots showing the levels of HAT proteins, PCAF, Gcn5, p300, and acetyl-

p300(K1499ac), normalized to α-tubulin level.  

(B) Representative immunoblots for Sirtuin levels and quantification result for SIRT1-4, 6, and 7 in 

total cell extract of LNCaP versus C4-2 as normalized to α-tubulin level. Quantification of Sirt1-3 

levels shows a drastic reduction in the cellular level of Sirt2 as well as Sirt3 in C4-2 Differences in 

the cellular level of Sirt1, Sirt4, Sirt6 and Sirt7 between the two cell lines were not significant. Sirt5 

was not measured as it is reported to have no detectable deacetylase activity.  

(C) SIRT2-dependent deacetylation of acetyl-p300(K1499ac) over time as represented by 

immunoblots of p300 and Ac-p300(K1499ac). The Ac-p300 band was removed in both LNCaP and 

C4-2 after 1 hour of incubation with SIRT2 and NAD+. When LNCaP and C4-2 was not treated with 

neither NAD+ nor SIRT2,acetyl-p300 (K1499ac) level was higher in C4-2 while the p300 level was 

comparable between LNCaP and C4-2 cell extracts.  

(D) Quantification result for protein levels of SIRT2 and SIRT3 in six different prostate cancer cell 

lines as determined by Western blots and normalized to the level of α-tubulin in the whole cell 

extracts. The first two cell lines are HS cell lines, LAPC4, LNCaP; and PC3, DU145, 22RV1, and 

C4-2 are CR cell lines.  
  
Figure 5. Changes in the abundance of histone modifiers in HS vs. CR human prostate cancer.  

(A) The mRNA expression has been detected by qRT-PCR. A bar graph showing SIRT2 gene 

expression as represented by log2 fold change of CR over HS cells. Each compared pairs are 

generated from the same individuals as the tissue progressed from AS to CR by serial xenografts. The 

numbers in the x-axis represent each patient. The bar graph is the average of three technical replicates 

with standard error represented by standard deviation. At least 7 xenografts exhibited SIRT2 

downregulation.  

(B) Representative staining of HS (a, b, c, g, h) and CR (d, e, f, i, j) PCa. Composite images of 

multiplexed staining are shown at the top panel (a, d, g, i).  Spectral libraries of individual stains were 

used to segment composite images for quantitative analysis. The selected images demonstrate 

segmented stains for Sirt2 (b, e), H3K18ac (c, f), and P300 (h, j).  These images are representative of 

the mean intensity of HS and CR PCa for each marker shown (±10% Optical Density).  
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(C) SIRT2, H3K18ac, and P300 expression in tissue microarrays containing HS and CR PCa. Box 

plots of the optical density (OD) of p300, H3K18ac, and Sirt2 immunohistochemistry.  Each box 

represent 25% to 75% percentile range, solid horizontal lines represent medians, and notches 

represent 95% confidence intervals of the medians.  Dots represent individual patient tumors in each 

group. Tissue and cellular segmentation of IHC staining revealed significantly increased nuclear 

H3K18Ac in the epithelium of CR prostate cancer samples (P = 0.013), while epithelial total Sirt2 

and nuclear P300 expression did not significantly change in CR vs. HS samples. 

(D) Reduction of H3K18ac level in C646-treated LNCaP and PC3 cells. At 10 µM concentration both 

cells showed decrease in the level of H3K18 acetylation over time as detected by the western blot 

analysis using anti-H3K18ac antibody. Three replicate experiment was averaged and represented 

with s.d. The significance of the values were shown using standard convention of p > 0.5; *, p ≤ 0.05; 

**, p ≤ 0.01, ***, p ≤ 0.001.  

(E) Changes in the mRNA expression of AR and PSA in PCa cell lines after treatment with p300 

inhibitor, C646 up to 48 h are shown. mRNA level was detected by qRT-PCR, normalized to 

housekeeping gene GAPDH, and represented as relative expression to control expression. Overall, 

both AR and PSA showed higher expression after C646 treatment in Du145 cell lines, while LNCaP 

did not show significant changes compared to control experiment.  
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Figure 1. Immunodetection of acetylated peptides during the activity assay on the histone microarray.  
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Figure 2. Differential lysine acetylation (Kac) profiles in C4-2 versus LNCaP.  

Data 1

1
0

50

100

150

!0.8% !0.6% !0.4% !0.2% 0.0% 0.2% 0.4% 0.6% 0.8%
Log2(HAT%ac2vity(C4!2)/(LNCaP))%

Differen2al%Acetyla2on%in%C4!2%versus%LNCaP%
!

!!D
ow

nr
eg
ul
at
ed
!!

HA
T!
ac
2v
ity
!!

in
!C
48
2!

Up
re
gu

la
te
d!
!

HA
T!
ac
2v
ity
!in
!C
48
2!

!

H3%K18%

H3%K4%

H3%K9%

H3%K4/K9%

H3%K14%

H3%K14/K18%

H4%K8/K12%
H4%K12/K16%

H4%K20%

H2B%variants%

%H3%K79%
H2A%K13/K15%

H3(11!23)K14acR17me1%
H3(11!23)K14acR17me2a%
H3(11!23)K14acR17me2s%
H3(11!23)K14acR17cit%
H3(11!23)K14me2R17me2a%
H3(1!13)R8citK9ac%
H3(1!13)K9me3%
H3(1!13)T6phK9me%
H3(1!13)R2me2aK9me%
H3(1!13)K9ac%
H3(1!13)K9me%
H3(1!13)R8me2aK9me3%
H3(1!13)S10phK14ac%
H3(1!13)T11phK14ac%
H3(1!13)R2me2aK4ac%
H3(1!13)R2citK4ac%
H3(1!13)K4me3T6ph%
H3(1!13)K4acT6ph%
H3(1!13)R2me2aT6ph%
H3(1!13)R2me2sT6ph%
H3(1!13)R2citT6ph%
H3(1!13)T6phR8cit%
H3(1!13)T6phR8me2s%
H3(11!23)R17me2aK18me%
H3(5!17)K9me%
H3(5!17)R8me2sK9ac%
H3(5!17)R8citK9ac%
H3(5!17)R8meK9ac%
H3(11!23)%%
H3(11!23)%%
H4(1!13)%
H4(8!19)%
H4(8!19)%
H4(16!28)R23cit%
H4(16!28)R23me2s%
H4(16!28)R23me1%
KTQKKEGKKRKRT%
VPKKGSKKAINKA%
KRTRKESYSIYIY%
APKKGSKKAVTKA%
H3(73!85)T80ph%
H2A(11!23)RAKAKTRSSRAGL%

Data 1

1
0

50

100

150

!0.8% !0.6% !0.4% !0.2% 0.0% 0.2% 0.4% 0.6% 0.8%
Log2(Sirtuin%ac5vity(C4!2)/(LNCaP))!

Differen5al%Sirtuin%Ac5vity%in%C4!2%versus%LNCaP%

%%H4%K5acK8ac%
K12acK16ac%

H3%K122ac%

H3%K14ac%

H3%K9ac%

H3%K64ac%

H3%K56ac%

H3%K4ac%

H2B%K20ac/K23ac%
/K24ac/K27ac%

H3%K115ac%

H3%K36ac%

Do
w
nr
eg
ul
at
ed
--

Si
rt
ui
n-
ac
1v
ity
-in
-C
46
2-

U
pr

eg
ul

at
ed

  
S

irt
ui

n 
ac

tiv
ity

 in
 C

4-
2 

H3(112!124)K115meK122ac%
H3(50!62)K56acT58ph%
H3(50!62)K56acS57ph%
H3(50!62)K56ac%
H3(1!13)K4acK9me%
H3(1!13)K4acK9me2%
H3(1!13)K4acK9me3%
H2B(17!29)K24/K27/K28ac%
H2B(17!29)K20/K23/K27/K28ac%
H2B(17!29)K20/K23/K24/K27ac%
H2B(17!29)K20/K23/K24/K27/K28ac%
H2B(17!29)K23/K24/K27/K28ac%
H3(112!124)K115acR116cit%
H3(112!124)K115acR116me2a%
H3(112!124)K115acR116me%
H3(112!124)K115acR116me2s%
H3(112!124)K115ac%
H3(30!42)T32phK36ac%
H3(57!69)R63citK64ac%
H4(1!13)K5acK8ac%
H3(1!13)K8acK16ac%
H3(1!13)K8acK12ac%
H3(8!19)K16ac%
H3(8!19)K16acR17me%
H3(8!19)K8acK12ac%
H3(8!19)K12acK16ac%
H3(5!17)T11phK14ac%
H3(11!23)K14acR17cit%
H3(11!23)K14acR17me%
H3(11!23)K14acR17me2a%
H3(11!23)K14acR17me2s%
H3(1!13)R8citK9ac%
H3(1!13)K9ac%
H3(5!17)R8me2sK9ac%

A B



 
 

  
 
Figure 3. Upregulation of lysine acetylation of histone H3 N-terminal tail in 
castrate-resistant C4-2.  
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Figure 4. Endogenous protein and gene expression levels against HATs and Sirtuins in HS 
versus CR prostate cancer cell lines.  
 

 



 

 

 

 

 

 

 

 

  

 
 
Figure 5. Changes in the abundance of histone modifiers in HS vs. CR human prostate cancer.  
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