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 25	

Abstract: 26	

Background: Identifying treatment resistance in metastatic castration resistant prostate cancer 27	

(mCRPC) prior to initiating therapy would be a major asset in the clinical management of this 28	

highly aggressive and lethal form of the disease. As biopsy of metastatic lesions in this disease 29	

state is often not feasible, circulating cell free DNA (cfDNA) is an emerging tool to detect 30	

molecular drivers of resistance. While several studies have implicated the potential of mutation 31	

detection in cfDNA, DNA methylation changes have also shown promise as diagnostic and 32	

prognostic biomarkers in all stages of prostate cancer. Indeed, these tumor-derived DNA 33	

methylation patterns are detectable in circulation. However, the dynamics of the methylome in 34	

cfDNA has not been extensively studied, especially during treatment with current androgen-35	

targeting agents. 36	

Results: In this study, we performed genome-wide methylation sequencing analysis of cfDNA 37	

derived from mCRPC patients undergoing treatment with either Abiraterone acetate or 38	

Enzalutamide. Analysis of sequentially collected plasma cfDNA samples was performed, 39	

examining changes in the cfDNA methylome from prior to starting treatment (baseline), 12-40	

weeks during treatment and upon clinical progression. We developed a comprehensive analysis 41	

pipeline to identify differentially methylated regions within each patient during treatment. We 42	

examined the frequency of genome wide cfDNA methylation changes across all patients and 43	

correlated these patterns with time to clinical progression. Overall, changes in well-established 44	

prostate cancer methylation markers and alterations in key pathways, such as Wnt and neuronal 45	
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development, were detectable in cfDNA. Patients that maintained methylation changes from 46	

baseline to week-12 and until progression tended to have a longer time to clinical progression 47	

(TTP). Importantly, we observed that markers associated with a highly aggressive form of the 48	

disease, Neuroendocrine-CRPC (NE-CRPC), could be detected prior to initiating treatment and 49	

were associated with a faster TTP. 50	

Conclusions: Treatment-related methylation changes associated with TTP highlights the 51	

potential of monitoring cfDNA methylome during therapy in mCRPC. Our findings also suggest 52	

that detection of NE-CRPC associated methylation signatures in earlier stages of treatment may 53	

serve as predictive markers of response to androgen-targeting agents. 54	

Key words:  metastatic castration resistant prostate cancer, circulating cell free DNA, DNA 55	

methylation, epigenetic modifications, genome-wide methylation analysis 56	

Background: 57	

Prostate cancer (PCa) is the most common cancer and the second leading cause of cancer-58	

related deaths among males (1, 2). Androgen deprivation therapy (ADT) to reduce systemic 59	

androgen levels continues to be the major treatment for aggressive PCa (3). While ADT is 60	

initially beneficial, treatment resistance leads to the most lethal form of PCa, metastatic 61	

castration resistant prostate cancer (mCRPC) (4). Despite castrate levels of systemic androgens, 62	

these tumors can continue to rely on the androgen receptor (AR) pathway to promote tumor 63	

growth and metastasis (5). Indeed, androgen-targeting agents, Enzalutamide and Abiraterone 64	

acetate, can improve overall and progression-free survival in both the pre- and post-65	

chemotherapy settings (6-9). 66	

 67	
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Enzalutamide is an antiandrogen that directly inhibits full-length AR. Abiraterone 68	

inhibits CYP17A1, which catalyzes extragonadal androgen production (10, 11). Both treatments 69	

perform similarly to suppress the androgen pathway, and choice of treatment is often dependent 70	

on comorbidities (12). However, primary and eventual secondary resistance to Abiraterone or 71	

Enzalutamide remains an ongoing challenge. As a result, the treatment landscape of mCRPC is 72	

complex and continues to focus primarily on the order/sequencing of therapies. For instance, 73	

recent trials demonstrated early treatment with Abiraterone or Enzalutamide in the hormone-74	

sensitive state could be beneficial (13-15). However, there is a diverse array of molecular drivers 75	

contributing to disease heterogeneity amongst mCRPC patients (16), leading to variable response 76	

to current treatment strategies. Therefore, reliable biomarkers are needed to facilitate optimal 77	

therapy sequences for each patient prior to starting treatments.  78	

 79	

Liquid biopsies are emerging as a minimally invasive source of biomarkers, reflecting 80	

tumor turnover (17). This is particularly advantageous for mCRPC, as most patients have had 81	

prior radical prostatectomy and bone metastases are often inaccessible. Numerous studies have 82	

explored the potential of circulating tumor cell (CTC) or circulating nucleic acid markers in 83	

mCRPC (18). Counting the number of CTCs and/or characterization of molecular alterations (i.e. 84	

genomic and transcriptomic) are promising markers that capture tumor heterogeneity (19). For 85	

instance, increased CTC number is associated with poor prognosis, and expression of the ligand-86	

independent AR-V7 splice variant by CTCs is associated with resistance to Enzalutamide and 87	

Abiraterone (20-22). However, low CTC counts prior to first-line treatment and the need for 88	

robust CTC surface markers for their optimal detection remain an ongoing challenge (23, 24). 89	

Furthermore, some AR-V7 positive patients may still benefit from androgen therapies, while 90	
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certain AR-V7 negative patients show variability in treatment response (25, 26). In addition, 91	

highly aggressive androgen-independent Neuroendocrine-CRPC (NE-CRPC) tumors express 92	

lower levels of AR-V7 than Adenocarcinoma-CRPC patients (27). Therefore, additional markers 93	

are needed to identify this subset of patients.  94	

 95	

Circulating cell free DNA (cfDNA) can harbor tumor-specific somatic mutations and 96	

capture tumor heterogeneity (28). There is a high concordance (>90%) of tumor mutations (i.e. 97	

AR, BRCA2) between matched cfDNA and mCRPC biopsies (17). Although the proportion of 98	

circulating tumor DNA (ctDNA) can vary from 1-2% to ~30% of cfDNA in mCRPC, the 99	

sequencing throughput of massively parallel sequencing platforms can sample cfDNA with 100	

sufficient coverage (29). For instance, targeted sequencing of AR in cfDNA can detect mutations 101	

associated with resistance to Enzalutamide or Abiraterone (30, 31). However, genomic 102	

aberrations are not the only contributors to molecular and phenotypic heterogeneity in mCRPC. 103	

Aberrations in the epigenome are a hallmark of all stages of PCa, including DNA methylation 104	

alterations (32, 33). Hypermethylation in promoter regions of several genes, such as GSTP1, 105	

APC, HOXD3 and TBX15, are currently being investigated as diagnostic and prognostic markers 106	

in earlier stages of PCa (33, 34). Furthermore, in biopsy tissue from metastatic lesions, distinct 107	

DNA methylation patterns were observed between NE-CRPC and Adenocarcinoma-CRPC (27).  108	

 109	

CpG methylation can be detected from DNA extracted from tissue and various biofluids 110	

(35-37). Presence of promoter methylation in GSTP1 and APC in cfDNA from mCRPC patients 111	

is prognostic of overall survival (35, 38). Using an array-based platform, differential cfDNA 112	

methylation patterns were observed between Abiraterone responsive versus resistant patients 113	
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(36). While these observations are promising, extensive genome wide analysis of the mCRPC 114	

cfDNA methylome during Enzalutamide or Abiraterone treatment has not been performed.  115	

Specifically, the changes/dynamics in the cfDNA methylome at various stages of treatment could 116	

help further delineate and predict response to current mCRPC treatments. Recently, genome-117	

wide analysis using cell-free methylated DNA immunoprecipitation and high-throughput 118	

sequencing (cfMeDIP-seq) revealed tumor-specific methylation changes in cfDNA of patients 119	

with various cancers (39).  120	

 121	

  To identify circulating DNA methylation changes associated with response to either 122	

Enzalutamide or Abiraterone treatment, we monitored sequentially collected cfDNA samples 123	

from mCRPC patients, starting from prior to treatment initiation to eventual clinical progression, 124	

and performed comprehensive methylome assessment /analyses. We identified changes in key 125	

genes known to have altered methylation state in PCa. Pathway analysis of cfDNA methylome 126	

changes also reflected alterations in several oncogenic pathways, such as Wnt and neuronal 127	

development related genes. Importantly, we observed that methylation patterns in genes 128	

associated with NE-CRPC were correlated with time to clinical progression.  129	

 130	

Results: 131	

Study design and patient cohort 132	

Tumor methylation signatures can be identified through comparison of cancer patients’ 133	

cfDNA with either matched tumor tissue or healthy control cfDNA (39). In the case of mCRPC, 134	

biopsy of metastatic lesions in bone is not routinely feasible, and there is considerable molecular 135	

heterogeneity in this clinical state. Therefore, to identify methylation markers associated with 136	
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response to therapy, we opted for within/intra-patient differential methylation analysis. We 137	

hypothesized that sequential collection of cfDNA from visit A (baseline/pre-treatment) to visit B 138	

(week-12) to visit C (clinical progression) would reveal changes in the cfDNA methylome that 139	

reflect tumor responses, with each patient serving as their own internal control. As outlined in 140	

Figure 1, intra-patient comparison could potentially detect changes in abundance of methylated 141	

DNA fragments related to tumor response. For instance, loss of methylated fragments may 142	

reflect loss/reduction of tumor cells sensitive to treatment. In contrast, gains in methylated 143	

fragments could be associated with gains in treatment resistant tumor cells, since changes in 144	

methylome could occur due to non-tumor/treatment related changes. Therefore, our analysis 145	

entailed: (1) identification of intra-patient differentially methylated regions (DMRs) and (2) 146	

finding common genes/pathways with differential methylation, and establishing the frequency of 147	

these changes across all patients in this study. 148	

 149	

We prospectively collected plasma from mCRPC patients receiving either Enzalutamide 150	

(n=12) or Abiraterone acetate (n=4) treatment. In total, 45 blood samples were collected and 151	

summarized in Figure 2a. Two Enzalutamide-treated patients were unable to provide Visit C 152	

samples (P2 and P26) and one Abiraterone-treated patient progressed prior to Visit B (P36). The 153	

majority of patients (14/16) presented with bone metastatic lesions upon mCRPC diagnosis, with 154	

a subset showing lymph node and soft tissue metastases (Figure 2b). Twelve patients 155	

demonstrated an initial favorable prostate-specific antigen (PSA) response (≥ 50% decline from 156	

baseline, Figure 2c), and most patients exhibited maximal PSA response (favorable or plateau) 157	

around Visit B (Supplementary Figure 1). Overall time to clinical progression (TTP) varied for 158	
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each patient, ranging from rapid/primary resistance to therapy to treatment-driven resistance 159	

following initial favorable response (Figure 2d).  160	

 161	

Performance of cfMeDIP-seq strategy with PCa cell line DNA and cfDNA samples 162	

We utilized an established cfMeDIP-seq approach, which was developed for low amounts 163	

of cfDNA and capable of ctDNA fractions as low as 0.001% (39).  This technique was able to 164	

distinguish methylation patterns between various cancer types, including pancreatic, breast and 165	

colorectal cancer (39).  Briefly, methylated cfDNA is enriched using an antibody specific for 166	

methylated CpG sites, followed by amplification of adapter-ligated libraries. For each sample, 167	

10% of the DNA was reserved as an input control (without immunoprecipitation).  168	

 169	

To benchmark this methodology for PCa samples, we generated a control from genomic 170	

DNA derived from PCa cell line, 22Rv1, sheared to the same size as cfDNA (Supplementary 171	

Figure 2). As an additional control, we spiked all samples with methylated and unmethylated 172	

Arabidopsis thaliana (AT) DNA, and confirmed increased recovery of methylated AT DNA 173	

(~80%) compared to unmethylated DNA (<0.06%) (Supplementary Figure 2a). Spiked AT 174	

DNA was added following sequencing adapter ligation to cfDNA and not detectable during 175	

sequencing. Increased enrichment of known methylated genes/regions in the genome of 22Rv1 176	

cells, (40) including the CDKN2A gene body and the first exon of TGFB2, compared to the 177	

unmethylated promoter of HOXD8 was confirmed (Supplementary Figure 2b).  178	

 179	

We performed cfMeDIP-seq on all 45 samples collected. The average starting amount of 180	

dsDNA was 27 ng, and ranged from 9 to 50 ng, with no significant differences in cfDNA 181	
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amounts across visits and treatments (Supplementary Figure 2c). Following alignment and base 182	

quality filtering, 48-62% of the cfMeDIP reads and 80-85% of input control reads remained for 183	

DMR analysis (Supplementary Figure 2d-e). A majority of cfMeDIP-seq sequence reads 184	

aligned within gene bodies (major transcript starting from transcriptional start site/TSS to 185	

transcription termination site/TTS) and intergenic regions, as well as CpG Island (CGI), CGI 186	

shores, and TSS/promoter regions (TSS +/-1.5Kb), together representing the entire genome 187	

(Supplementary Figure 2f). As expected, enrichment of methylated cfDNA in the MeDIP 188	

fraction over input control fraction was observed, especially within CpG rich regions. Similar 189	

distribution of regions was observed between Enzalutamide and Abiraterone treated patients 190	

(Supplementary Figure 2 g-h).  191	

 192	

Intra-patient differential methylation analysis  193	

To identify treatment-related differentially methylated regions (DMRs), we developed a 194	

DMR calling strategy for intra-patient analysis termed “cfDNA DMRHunter” (See 195	

Supplemental methods and Supplementary Figure 3). As location-specific cfDNA recovery 196	

sensitivity is unknown a priori, we used input control libraries to ensure uniform cfDNA read 197	

coverage across the whole genome. DMRHunter also uses the input controls to remove 198	

alignment artifacts from analysis.  After filtering low quality and PCR duplicated reads, 199	

DMRHunter builds a background model and identifies differentially methylated CpGs (DMCs) 200	

across the genome. Adjacent DMCs with the same differential methylation state (UP or DOWN) 201	

were merged to identify DMRs with stringent z-score (>1.5), average read count (≥10) and false 202	

discovery rate (FDR = 0.01) cut-offs. There were a large number of DMRs across all 203	

comparisons and treatments, ranging from 93 000 to 154 000 DMRs (Figure 3a) with no 204	
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significant difference in median number of DMRs between comparisons and treatment (Figure 205	

3b-c). The overall median DMR size was 74 bp, ranging from 2bp (single CpG sites) up to 4163 206	

bp. 207	

 208	

We next examined the directionality of these changes across comparisons. 209	

Conventionally, hypermethylation or hypomethylation is the typical terminology for methylation 210	

changes. However, for cfDNA, it is unclear whether these changes reflect a gain/loss of 211	

methylated CpGs at these specific genomic sites or changes in DNA fragment abundance, 212	

reflecting an altered cellular abundance contributing to the cfDNA pool. For our analysis we 213	

opted to define these DMRs as gains (UP) or loss (DOWN) in methylated fragments. There was 214	

no significant difference in the overall proportion of regions with increased or decreased 215	

methylation in all visit comparisons (Figure 3d-f) and between the treatment types for B vs A 216	

and C vs B (Supplementary Figure 4a-d). However, Enzalutamide-treated patients showed 217	

gains in the overall proportion of methylated cfDNA fragments in visit C compared to A 218	

(Supplementary Figure 4e-f). The majority of DMRs were found within gene bodies (protein 219	

coding and pseudogenes) and intergenic regions (Figure 3g). DMRs near/within transcription 220	

start sites (TSS)/promoters and CpG Islands (CGI), as well as non-coding RNA (ncRNA), were 221	

found, but with lower abundance. We chose to focus on DMRs within promoter and gene body 222	

regions, as CpG methylation changes in these locations are known to be associated with gene 223	

expression changes (41).  224	

 225	

 226	

 227	
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Methylation changes within promoter and gene body regions 228	

The majority of DMRs within promoters (TSS +/- 1.5 Kb) were associated with protein 229	

coding (PC) genes, followed by long non-coding RNA (lncRNA), pseudogenes (Pseudo) and 230	

short non-coding RNA (sncRNA) regions (Supplementary Figure 5a). We observed minimal 231	

overlap among promoters of different gene/ncRNA categories, and overall distribution of DMRs 232	

in these regions did not vary between patients and visits (Supplementary Figure 5b). For all 233	

patients combined, the distribution of methylation changes within promoters (UP vs DOWN) did 234	

not vary significantly across most regions, with the exception of a slight increase in overall 235	

methylation in pseudogenes for C vs A (Supplementary Figure 5c). We focused on protein 236	

coding genes with at least one promoter DMR. Analyzing recurrence of these genes, we found 237	

that many of these genes were found in less than 5 patients for each comparison 238	

(Supplementary Figure 5d-f). We examined the most common protein coding genes (with 239	

DMRs in ≥ 5 patients) and found many genes overlapping across visit comparisons (Figure 3h), 240	

with the majority shared between Abiraterone and Enzalutamide groups. The most common 241	

genes showing either increases or decreases in promoter methylation are in Supplementary 242	

Figure 6, with certain genes implicated in PCa or other cancers. For instance, pyrroline-5-243	

carboxylate reductase 1 (PYCR1), which is involved in proline biosynthesis and can promote 244	

tumor cell growth (42), often demonstrated gain of methylation at visit C.  245	

  246	

We next performed pathway enrichment analysis for gene sets, which showed increased 247	

or decreased methylation in promoters during treatment (Supplementary Figure 7 and 8 248	

respectively).  Variability in the types and frequency of pathways identified was observed across 249	

patients; however, cancer-related pathways such as Wnt and PI3K signaling were observed, with 250	
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neuronal pathways being the most frequent. Several promoter associated DMRs were only found 251	

among Enzalutamide-treated patients (Figure 3h and Supplementary table 2). The most 252	

frequently (6-7 patients, 20 comparisons) differentially methylated promoter region within the 253	

Enzalutamide cohort was FGFR1, which is overexpressed in PCa and implicated in metastasis 254	

(43).  255	

 256	

We also examined the distribution of DMRs within gene bodies/known transcripts. The 257	

majority of these DMRs were associated with protein coding gene bodies across 258	

(Supplementary Figure 9a-b). Overall changes in methylation levels (UP vs DOWN) for these 259	

key regions did not change across comparisons (Supplementary Figure 9c). In contrast to 260	

promoter DMRs, many genes with body DMRs were shared across patients (Supplementary 261	

Figure 9d-f). Similarly, we focused on commonly altered gene bodies and found extensive 262	

overlap between visit comparisons and treatments (Figure 3i). We further examined net 263	

methylation change across these genes by scoring the ratio of increased to decreased methylation 264	

within each gene body, excluding genes that had no net change (i.e. equal number of UP and 265	

DOWN trends). We found 91 genes that were commonly altered across all comparisons 266	

(Supplementary Figure 10). In most cases, regardless of visit comparison, the methylation 267	

pattern for these genes clustered closely for the same patients. One such group of genes with 268	

increases in methylation at Visit C included NFATC1, which can promote tumorigenesis (44), 269	

and a histone deacetylase, HDAC4. While several Enzalutamide-specific genes were found 270	

(Supplementary table 3), common pathways including several differentiation-related and 271	

neuronal pathways were found among gene-body associated DMRs (Supplementary Figures 11 272	

& 12),  273	
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PCa associated methylation changes in cfDNA 274	

Aberrations in the DNA methylome is a hallmark of both androgen dependent PCa and 275	

mCRPC. Genomic DNA extracted from primary PCa tumors can harbor recurrent 276	

hypermethylation in gene promoters, including GSTP1, TBX15, AOX1 and members of the HOX 277	

family of transcription factors (33).  We assessed the overall promoter methylation status of 278	

genes that have been established as differentially methylated in PCa (Figure 4a). Among the 279	

most common differentially methylated gene promoters were genes involved in tumorigenic 280	

processes, such as RUNX3, RGS12 and FBP1, with several differentially expressed in NE-CRPC 281	

(27), including the neuronal transcription factor PHOX2A (45) and a regulator of apoptosis, 282	

CTBP2 (46). Similarly, several differentially methylated and cancer-related genes were found 283	

(Supplementary Figure 13), such as a master regulator of AR and driver of NE-CRPC, 284	

ONECUT2 (47). 285	

 286	

DMRs in genes associated with diagnosis and prognosis could reflect tumor cell response 287	

to treatments. While differential promoter methylation events in the well-established PCa-288	

specific hypermethylated gene, GSTP1, were infrequent (Figure 4b), decreased gene body 289	

methylation coinciding with treatment response (i.e. PSA reduction) was shown in some patients 290	

(i.e. P3). Similar methylation regions were also observed in the PCa cell line LNCaP (48). 291	

Similarly, changes in TBX15 methylation (1st intron) were associated with response to treatment 292	

(i.e. PSA) in certain patients (Figure 4c). While promising, there were no consistent DMRs in 293	

these genes that could classify patients by androgen-targeting treatment response. A caveat is 294	

that many of these methylated genes were reported in earlier stages of PCa and may not reflect 295	

the changes in mCRPC.  296	
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 297	

To find potential “treatment sensitive” CpG sites in the genome, we next examined 298	

differentially methylated CpG sites (DMCs) among patients that completed all study visits, 299	

specifically CpG sites that fluctuated in ≥2 visit comparisons. DMCs were analyzed as DMR size 300	

for similar genomic regions varied within and across patients. We stratified the proportion of 301	

DMCs that were uniquely found in single visit comparisons and those shared across all visits 302	

(Figure 5a). We identified DMCs present in two or more visit comparisons for each patient and 303	

associated them with gene promoters and bodies. Analysis of gene promoters containing DMCs 304	

revealed minimal overlap amongst patients, with P4, P31, P38 and P3 showing the highest 305	

overlap of 8 shared genes: NPBWR1, ZSCAN12, PCDHGA11, PHOX2A, TBX10, TEX28, TKTL1 306	

and TSPAN32 (Supplementary Figure 14a). In contrast, we observed a high degree of overlap 307	

amongst patients when looking at DMCs within gene bodies, with the exception of P3 308	

(Supplementary Figure 14b). Interestingly, we also noted a positive correlation between the 309	

proportion of DMCs shared across all visits and TTP (Figure 5a).  310	

  311	

We examined 3 major combined scenarios observed among 14 total: (1) scenarios 7 and 312	

8, increase/decrease in methylation in visit C vs B or A (Figure 5a); (2) scenarios 9 and 10, 313	

increase/decrease in B and C vs A; (3) those that go up or down in B vs A and then return to 314	

same levels in C (13 &14). The proportion of these three combined scenarios was correlated with 315	

time to progression (TTP), and we found that those patients with more DMCs that 316	

increased/decreased at visit B and maintained at visit C (scenarios 9 and 10) had a longer TTP 317	

(Figure 5b). Although scenarios 7 & 8 did not correlate with TTP, those patients with a higher 318	

proportion of scenarios 13 & 14 had a possible trend towards faster TTP (Supplementary figure 319	
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14 c-d). This suggests that genome-wide cfDNA methylation dynamics can reflect response to 320	

treatment in mCRPC patients.  321	

 322	

Neuroendocrine-CRPC related cfDNA DMRs  323	

As many of the DMRs were associated with genes implicated in several neuronal 324	

pathways and differentiation, we integrated cfDNA DMRs with those identified from biopsy 325	

samples from NE-CRPC versus Adenocarcinoma-CRPC in an independent mCRPC patient 326	

series (27). While this published dataset utilized reduced representation bisulfite sequencing 327	

(RRBS), which primarily covers CpG rich regions (i.e. CGIs), several of these DMCs were 328	

found within cfDNA DMRs (29 355 CpG sites out of 84 930 in NE-CRPC). In order to assess 329	

whether changes in these regions at earlier time points are associated with overall response to 330	

androgen-targeting agents, we examined the overlap between DMRs from the A vs B 331	

comparison and NE-associated DMRs. As P36 progressed prior to visit B (Figure 2d), we 332	

included this patient in the analysis (examining A vs C). In this case, we examined the changes 333	

in methylation from the perspective of visit A. That is, increased methylation in visit A vs B/C 334	

(UP in A) or decreased methylation in visit A (DOWN in A). We proposed that the abundance of 335	

methylated cfDNA fragments from certain regions may reflect key genes/regions to monitor 336	

prior to initiating therapy. The overall proportion of these DMRs that were increased or 337	

decreased in methylation at A vs B (or C for ID 36) varied across the patients (Figure 6a). 338	

Interestingly, we noted that these DMRs (A vs B) appeared to be related to TTP. We examined 339	

the ratio of DMRs containing NE-CRPC associated CpG sites with more methylated fragments 340	

in Visit A to those with less methylation. In order to further delineate key regions, we applied 341	

various FDR thresholds to these DMRs to examine the effect on correlation with TTP (Figure 342	
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6b). We found an optimal set of regions that were negatively correlated with TTP: that is, the 343	

more methylated cfDNA fragments containing these NE-CRPC associated CpGs, the 344	

faster/shorter the TTP (Figure 6c). To determine whether the amount of NE-CRPC related 345	

methylation patterns at visit A was associated with a faster TTP, we performed ROC analysis for 346	

various TTP cut-offs (ranging from ≤20 to 35 weeks). We found that an increased ratio of NE-347	

CRPC DMRs UP in visit A can stratify patients that progressed as early as 25-weeks (area under 348	

the curve, AUC: 0.927, CI: 0.773-1) (Figure 6d). These sites may serve as potential predictive 349	

markers of resistance to androgen-targeting agents. 350	

 351	

Discussion 352	

In this study, we showed that methylome analysis of the cfDNA from mCRPC patients 353	

can capture treatment-related epigenetic alterations. We found changes in well-established PCa 354	

methylation markers associated with response to treatment. Importantly, we demonstrated that 355	

cfDNA contains NE-CRPC related methylation signals, which have the potential to be utilized as 356	

predictive markers of treatment response. Methylation of several oncogenic driving pathways 357	

were detected in cfDNA across time points, suggesting that methylome analysis of patients’ 358	

liquid biopsies can serve as a monitoring tool during treatment, as well as highlight potential 359	

targets for future therapies.  360	

 361	

A key advantage of liquid biopsy-based versus tissue-biopsy approaches is the ability to 362	

capture tumor heterogeneity. To date, much focus has been placed on genomic alterations, which 363	

can help identify AR mutations related to resistance to Abiraterone/Enzalutamide (30, 31). 364	

However, few studies have highlighted that cfDNA methylation markers may help further 365	
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stratify patients (35, 36). In a recent study of 600 mCRPC patients receiving docetaxel, increased 366	

methylated GSTP1 at baseline was associated with longer overall survival, and loss of 367	

methylation after two cycles of treatment corresponded with longer time to PSA progression 368	

(49). Furthermore, patients that exhibited loss in methylated GSTP1 after two cycles of treatment 369	

had better overall survival. In this study, we observed some cases in which there were losses of 370	

GSTP1 methylation in certain treatment responsive patients (PSA reduction). We also examined 371	

other tissue-based methylation markers (promoter and gene body), including TBX15 and RUNX3 372	

(33), and similar heterogeneity amongst patients was observed. This in part could be explained 373	

by differing mechanisms between docetaxel and androgen-targeting agents. Due to intra- and 374	

inter-tumor heterogeneity (50, 51), androgen targeting agents may not target all androgen-375	

independent tumor cells which could also harbor these methylation markers. Furthermore, most 376	

well-studied methylation markers were derived from earlier stages of PCa, whereas further 377	

epigenomic instability is known to occur with the mCRPC state (52). 378	

 379	

A unique strength of our study is the sequential analysis using a genome-wide approach, 380	

which highlights progressive changes in genes involved in tumorigenic processes in PCa and 381	

other cancers. Commonly altered genes in the promoter region included PYCR1 and SHARPIN, 382	

which are known to be upregulated in PCa tissue and involved in processes such as proliferation 383	

and angiogenesis (53). Gene body methylation was observed in NFATC1, HDAC4, PHOX2A, 384	

CTBP2, and master regulator of NE-CRPC, ONECUT2 (44-47). Pathway analysis also further 385	

highlighted key mechanisms that have been established in prostate tumor tissue studies, 386	

including the wnt pathway (16). Interestingly, the methylation patterns amongst these genes 387	

demonstrated extensive variability across patients and visits. In order to further delineate key 388	
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regions, we further assessed common regions that changed during treatment. These changes 389	

appeared to reflect dynamics of treatment response. For instance, patients that demonstrated CpG 390	

changes (up or down) in visit B and sustained the changes by visit C appeared to have a longer 391	

TTP.  In contrast, there was a trend towards shorter TTP amongst patients that did not 392	

demonstrate sustained methylation changes. Among the genes included was Neuropeptides B/W 393	

receptor 1 (NPBWR1), which was shown to be upregulated in basal cells from prostate tissue 394	

(54), thus highlighting that genome-wide cfDNA methylation analysis is able to capture tumor 395	

dynamics and may further have additive potential to mutation analysis. 396	

 397	

We also observed that many of the differentially methylated genes overlapped between 398	

Enzalutamide- and Abiraterone-treated patients. Although there are ongoing studies to compare 399	

efficacy of either treatment (55), the current consensus is that both perform similarly, and 400	

deciding between treatments in a patient-specific manner remains an ongoing challenge. We 401	

identified sets of genes altered in the promoter and gene body locations, including one large set 402	

amongst Enzalutamide treated patients. We were limited by the number of Abiraterone-treated 403	

patients, which may have limited heterogeneity, as seen in the larger Enzalutamide cohort. 404	

Further studies are needed to examine if the methylome is different between these treatment 405	

types. However, similar pathways were observed between the treatments, with neuronal 406	

pathways being the most prominent.  407	

 408	

Given these neuronal-related genes/pathways, we wanted to examine the utility of these 409	

methylation changes in helping to predict treatment outcome, especially in identifying 410	

Neuroendocrine-CRPC. With our unique study design of sequential sampling, we could detect 411	

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted April 9, 2020. ; https://doi.org/10.1101/2020.04.08.032565doi: bioRxiv preprint 

https://doi.org/10.1101/2020.04.08.032565


	 19 

these methylation trends at earlier time points, demonstrating that the proportion of 412	

Neuroendocrine-like DMRs correlated with faster/shorter time to progression. In particular, the 413	

higher the proportion of certain DMRs with these NE-CRPC associated methylation patterns, the 414	

faster the time to progression. While we did not have confirmatory biopsies or other markers of 415	

NE disease (i.e. chromogranin A), increased methylation at Visit A could be utilized as 416	

predictive markers of response to androgen-targeting agents. Although we are currently limited 417	

to a single cohort, we now have a set of candidate regions that could be validated in additional 418	

cohorts.  419	

 420	

Conclusions 421	

Our genome-wide sequencing protocol and analysis strategy has demonstrated the utility 422	

of intra-patient monitoring of cfDNA methylation. If changes in the methylome during treatment 423	

were sustained until clinical progression, these patients appeared to have a better prognosis with 424	

androgen-targeting treatment. Interestingly, methylation patterns associated with a highly 425	

aggressive form of the disease may serve as potential predictive markers. Further independent 426	

validation of these markers is needed to  assess this predictive potential. 427	

 428	

Methods 429	

Patient cohort  430	

All patients in this study were recruited from the Princess Margaret Cancer Centre 431	

Genitourinary Clinic, and informed written consent was obtained in accordance with approved 432	

institutional Research Ethics Board protocols from University Health Network (UHN) and Sinai 433	

Health System (SHS). The UHN Genitourinary Biobank performed patient recruitment, blood 434	
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collection and clinical follow-up. All patients were chemotherapy naïve and developed resistance 435	

following initial PCa treatments (local therapies and ADT) (Supplementary Table 1). A total of 436	

12 Enzalutamide-treated (160 mg daily) and 4 Abiraterone-treated patients (1000 mg daily + 437	

Prednisone/Dexamethasone) completed study visits for cfDNA methylome analysis. Blood was 438	

collected at three time points: prior to starting treatment (Visit A), at 12-weeks during treatment 439	

(Visit B) and upon clinical progression/treatment change (Visit C). While we aimed to collect 440	

Visit B around week-12 (+/- 2 weeks), average time from baseline for Visit B was 12.7 weeks 441	

(ranging 9 - 17 weeks).  Serum PSA levels were obtained throughout treatment, and the lowest 442	

PSA level (nadir) was used to determine PSA progression. Clinical progression was determined 443	

by several factors, including radiological evidence of additional/worsening metastases and 444	

symptomatic changes as assessed by the treating physician.  445	

 446	

Blood sample processing and cfDNA isolation  447	

Blood was collected at each time point in citrate cell preparation tubes (BD Biosciences, 448	

San Jose, CA, USA) and samples were processed within 2 hours from collection.  Plasma was 449	

separated from peripheral blood mononuclear cells (PBMCs) by centrifugation at 1800 x g for 20 450	

minutes. Isolated plasma was divided into 1 mL aliquots and stored at -80°C. Prior to cfDNA 451	

isolation, frozen plasma samples were rapidly thawed at 37°C and spun at 16 000 x g for 5 452	

minutes. For each visit, we utilized 4 mL of plasma and cfDNA was isolated using the QIAamp 453	

Circulating Nucleic Acid Kit (Qiagen, Hilden, Germany). The concentration of cfDNA was 454	

determined using the Qubit dsDNA High Sensitivity Assay Kit (ThermoFisher Scientific, 455	

Waltham, MA, USA) and cfDNA fragment distibrution for subset of samples was obtained using 456	
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the Agilent 2100 Bioanalyzer System. To avoid within-patient batch effects, we isolated plasma 457	

cfDNA and performed methylation analysis for all visits from each patient together.  458	

 459	

cfMeDIP-seq protocol 460	

The cfMeDIP-seq protocol utilized in this study was adapted from a previously published 461	

protocol optimized for cfDNA (39). Isolated cfDNA was first end-repaired and A-tailed using 462	

the KAPA HyperPrep kit (Roche, Mannheim, Germany), followed by adapter ligation with index 463	

adapters (Integrated DNA technologies). Each adapter-ligated cfDNA sample was then spiked 464	

with λ phage DNA (ThermoFisher Scientific) as filler DNA, as well as methylated and 465	

unmethylated control Arabidopsis thaliana (AT) DNA (Diagenode, Denville, NJ, USA) to bring 466	

the total DNA amount to 100ng. Prior to immunoprecipitation, 10% of this DNA is saved as 467	

input control. The Diagenode MagMeDIP and IPure v2 kits were utilized to enrich and purify 468	

methylated cfDNA. Prior to library amplification, qPCR quality checks were performed to 469	

ensure: (1) high specificity (>95%) for enrichment of methylated AT DNA over unmethylated 470	

AT DNA, and (2) appropriate adapter-ligation. This was followed by adapter-specific 471	

amplification of each MeDIP and input control library and gel size selection. All sequencing was 472	

performed on the Illumina HiSeq 2500 platform (50-bp single end reads).  473	

 474	

Sequencing data pre-processing and differential methylation analysis 475	

Raw sequencing data was aligned to hg19 reference genome using Burrows-Wheeler 476	

alignment (BWA version 0.7.6a, using ‘mem’ option with default settings, except using –M 477	

flag). Duplicated reads were marked by Picard tools (https://broadinstitute.github.io/picard/) and 478	

collapsed to allow only one copy of the reads from reads that have the same alignment position. 479	
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Reads mapped to the multiple locations were removed by applying alignment quality threshold 480	

(QA>5). As the sequencing data was single-end, the average DNA fragment length was 481	

evaluated for both cfMeDIP and input controls using self-correlation technique (56). For each 482	

library, the fragment coverage genomic profile was calculated using directional extension of all 483	

aligned reads with estimated average fragment length (175bp in our case) using an in-house 484	

BAM2WIG custom tool (M. Bilenky, unpublished, see http://www.epigenomes.ca/tools-and-485	

software). Within-patient differential methylation analysis for all comparisons was performed 486	

using DMRHunter pipeline developed for cfDNA samples (Supplemental Methods Section).  487	

 488	

Statistical analysis of mCRPC-associated DMRs  489	

Differences in regions with overall increase (UP) versus decrease  (DOWN) in 490	

methylation across all comparisons were analyzed using the Wilcoxon rank-sum test as part of 491	

the base package of R (v3.5.3). Spearman correlation analysis was performed using similar base 492	

packages. Receiver operating characteristic (ROC) curve analysis was performed using the 493	

pROC package (1.14.0). All data was visualized using the ggplots2 package (v 3.1) and 494	

heatmaps from the package ComplexHeatmap (1.2). Pathway analysis is described in 495	

Supplemental Methods Section. 496	

 497	

List of abbreviations 498	

Androgen deprivation therapy (ADT) 499	

Androgen receptor (AR) 500	

Circulating cell free DNA (cfDNA) 501	

Cell-free methylated DNA immunoprecipitation and high-throughput sequencing (cfMeDIP-seq) 502	
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Differentially methylated CpG sites (DMCs) 503	

Differentially methylated regions (DMRs) 504	

Metastatic castration resistant prostate cancer (mCRPC) 505	

Neuroendocrine-CRPC (NE-CRPC) 506	

Prostate cancer (PCa) 507	

Prostate-specific antigen (PSA) 508	

Time to progression (TTP) 509	
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Figure Legends 729	

Figure 1. Within patient differential methylation analysis strategy to monitor temporal 730	

changes in cfDNA. 731	

In order to help identify methylation changes associated with treatment in cfDNA, we opted to 732	

perform within-patient methylation analysis to identify differentially methylated regions (DMRs) 733	

associated with tumor response and/or resistance to current treatments. Each patient in this study 734	

received either Enzalutamide or Abiraterone acetate and blood was collected prior to initiating 735	

therapy (Visit A), at 12-weeks during treatment (Visit B) and upon clinical 736	

progression/treatment change (Visit C). We applied an established genome-wide method to 737	

detect methylated cfDNA fragments followed by extensive analysis to identify DMRs associated 738	

with treatment response. We compared all study visits available (Visit B vs A, C vs B, and C vs 739	

A) to find losses or gains in methylated cfDNA fragments. For instance, loss of treatment 740	

responsive tumor cells (green methylated DNA fragments at visit B) or gains in treatment 741	

insensitive/resistant tumor cells (blue DNA fragments at visit C) could be detected with this 742	

strategy.  743	

 744	

Figure 2. Sample collection and patient clinical follow-up overview. 745	

(a) Plasma samples from mCRPC patients receiving Enzalutamide (12 patients) or Abiraterone 746	

acetate (4 patients) were collected at baseline (Visit A), at week-12 (+/- 2 weeks, Visit B) and 747	

upon clinical progression (Visit C). The total number of samples collected at each visit is shown. 748	

2 Enzalutamide-treated patients (P2 and P26) were unable to provide samples for Visit C and 1 749	

Abiraterone-treated patient (P36) progressed prior to Visit B. For these patients, the date of 750	

treatment change/clinical progression was recorded for data analysis. (b) Pie chart summarizes 751	
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the distribution of metastasis locations at mCRPC diagnosis. (c) Bar plot shows best PSA 752	

response for each patient during treatment (nadir), expressed as a percentage of Baseline/Visit A 753	

PSA. Dotted line indicates ≥ 50% decline in PSA from Visit A. (d) Overall timeline of study 754	

follow-up starting from Visit A to Visit C/Final visit is shown for all patients. Green dots 755	

represent Visit B, red dots are Visit C or final study visit (if Visit C was not collected), yellow 756	

indicates lowest PSA level (nadir) and blue dots show first PSA rise during treatment.  757	

 758	

Figure 3. Summary of intra-patient DMR analysis. 759	

(a) The total number of DMRs for all patients, visit comparison and treatment. (b) Boxplot 760	

summarizing median, first and third quartile of all comparison DMRs. Whiskers represent the 761	

highest and lowest number of DMRs. (c) DMR totals were further stratified by treatment type. 762	

Boxplots illustrate percentage of DMRs that increased or decreased in methylation in (d) B vs A, 763	

(e) C vs B and (f) C vs A. (g) The overall proportion of DMRs that were identified near/within 764	

CGI, shore, TSS/promoter, ncRNA, intergenic and gene body regions is shown for all visit 765	

comparisons (In order of B vs A, C vs B and C vs A). (h) Venn diagrams showing the overlap of 766	

protein coding genes with DMRs near their promoters is shown for all visit comparisons and 767	

between Enzalutamide- and Abiraterone-treated patients. (i) Similarly, the overlap of protein 768	

coding regions with DMRs within gene bodies is shown.  769	

 770	

Figure 4. Key prostate cancer related methylation changes observed in cfDNA 771	

(a) Heatmap shows methylation trends in promoter regions for all patients and comparisons of 772	

the most frequently methylated genes in PCa. For each gene, the proportion of DMRs with 773	

increased (blue) and decreased (red) methylation was calculated and the net change is shown. 774	
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Grey indicates no net change in methylation. Representative peaks show methylation levels 775	

(normalized read counts) of (b) GSTP1 (black dotted lines indicating gene body) and (c) TBX15. 776	

LNCaP cell line MeDIP-seq data is also shown.  777	

 778	

Figure 5. Common differentially methylated CpGs (DMCs). 779	

(a) For patients that were able to provide samples for all three visits, the proportion of CpG sites 780	

that were differentially methylated in a single comparison and shared across 2 or more 781	

comparisons is shown.  14 possible scenarios are represented by different colors. TTP in weeks 782	

are also indicated for each patient. (b) Spearman correlation analysis of the proportion of DMCs 783	

that were found to increase or decrease in B/C vs A (scenarios 9 & 10) against time to 784	

progression (Spearman rho and p values are shown).  785	

 786	

Figure 6.  NE-CRPC related DMRs in cfDNA. 787	

(a) For each patient, the proportion of DMRs that demonstrated methylation differences in NE-788	

CRPC associated regions in visit A vs B. (b) For DMRs that contained NE-CRPC associated 789	

CpGs, various FDR thresholds were applied to assess for optimal regions that correlated with 790	

TTP. (c) Using the optimal FDR cut-off, the ratio of NE-associated DMRs with increased 791	

methylated fragments in visit A vs B to decreased fragments was correlated with TTP (Spearman 792	

rho and p value is shown). For P36, A vs C comparison was used as this patient progressed prior 793	

to visit B. (d) ROC analysis shows optimal AUC (0.927, 95% CI: 0.773-1) that stratifies patients 794	

according to TTP (<25 weeks).  795	
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