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Abstract

Background: The combination of abiraterone acetate and prednisone (AA/P) is used to treat
metastatic prostate cancer, but molecular predictors of treatment response are not well elucidated.
We evaluated plasma circulating tumor DNA- (ctDNA-) based copy number alterations (CNAS) to
determine treatment-related predictive and prognostic biomarkers for metastatic castration-
resistant prostate cancer (MCRPC).

Methods: Serial plasma specimens were prospectively collected from 88 chemotherapy-naive
MCRPC patients before and after 12 weeks of AA/P treatment. Sequencing-based CNA analyses
were performed on 174 specimens. We evaluated CNA-associated 12-week responses for primary
resistance, time to treatment change (TTTC) for secondary resistance, and overall survival for
prognosis (P < .05). Associations with primary resistance were analyzed using the Fisher exact
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test. Kaplan—Meier survival curves and Cox regression analyses were used to determine the
associations of CNAs with acquired resistance and overall survival.

Results: ctDNA reduced by 3.89% in responders and increased by 0.94% in nonresponders (2
=.0043). Thirty-one prostate cancer—related genes from whole genome CNAs were tested. AR and
AR enhancer amplification were associated with primary resistance (£ =.0039) and shorter TTTC
(P=.0003). ZFHX3deletion and PIK3CA amplification were associated with primary resistance
(P=.026 and P=.017, respectively), shorter TTTC (£ =.0008 and P=.0016, respectively), and
poor survival (P=.0025 and P=.0022, respectively). CNA-based risk scores combining selected
significant associations (AR, NKX3.1, and PIK3CA) at the univariate level with TTTC were
predictive of secondary resistance (P=.0002). and established prognoses for survival based on
CNAs in ZFHX3, RB1, PIK3CA, and OPHN1 (P=.002). Multigene risk scores were more
predictive than individual genes or clinical risk factors (P < .05).

Conclusion: Plasma ctDNA CNAs and risk scores can predict mCRPC-state treatment and
survival outcomes.

Keywords

Metastatic castration-resistant prostate cancer; cell-free DNA; low-pass whole genome
sequencing; copy number alterations; abiraterone acetate and prednisone; overall survival; primary
resistance; acquired resistance

Introduction

Prostate cancer is the most prevalent nonskin cancer and the second leading cause of cancer-
related deaths among men in the US.1 Despite initial treatment with androgen deprivation
therapy (ADT), patients with advanced hormone-sensitive prostate cancer inevitably
progress to a state of metastatic castration-resistant prostate cancer (nCRPC).2 The
combination of abiraterone acetate and prednisone (AA/P) is used to treat metastatic prostate
cancer. AA/P decreases androgen synthesis by blocking CYP17, a critical enzyme in
testosterone synthesis.3 Despite the efficacy of AA/P treatment for mCRPC, many patients
do not respond, and most patients develop acquired resistance, with a median time period of
radiographic progression-free survival of 16.5 months.* Molecular biomarkers predictive of
primary and secondary resistance among mCRPC patients are critically needed to improve
clinical decision-making and develop personalized precision drug therapies.

Targeted and whole genome sequencing (WGS) has been used in previous studies on
biomarkers. These studies have identified recurrent somatic mutations, copy number
alterations (CNAs), oncogenic structural DNA rearrangements,® and alterations in AR and
the androgen signaling pathways that may be associated with clinical outcomes.1? Several of
these studies were conducted using metastatic tissue biopsies, which is clinically
impractical, given the invasive nature of the biopsies and the difficulty in obtaining sufficient
metastatic tissue for genomic analyses.1! At present, circulating tumor cell (CTC) counts is
the only blood-based biomarker to receive FDA clearence for mCRPC prognosis.12
However, recent studies have ideintified predictive biomarkers of androgen receptor pathway
inhibitors by probing circulating tumor DNA (ctDNA) in plasma cell-free DNA (cfDNA) for
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somatic alterations in AR and other candidate genes in mCRPC patients.13-23 To determine
ctDNA-based predictive factors, these studies have generally used single sampling before
initiating therapies for CRPC patients who received single or multiple CRPC-state drug
treatments,18:21-23

We conducted low-pass WGS and subsequent copy number analyses of ctDNA in a
prospective cohort study (NCT # 01953640) at the time of ADT failure and before the
initiation of any CRPC drug therapy. This was performed to identify candidate ctDNA-based
biomarkers and develop multigene-based predictive and prognostic plasma ctDNA-based
signatures for treatment response and survival, respectively. Serial sampling of ctDNA after
12 weeks of AA/P treatment was performed to identify markers of primary resistance to
AA/P. Patients were followed until progression and/or death to identify ctDNA-based
somatic CNAs predictive of acquired AA/P resistance and prognostic of the mCRPC state.

Patients and methods

Study cohorts

Plasma samples from 88 chemotherapy-naive mCRPC patients who progressed on ADT
were collected at 2 time points (May 2013 - August 2015; followed until December 2018). A
baseline collection during visit 1 (pretreatment) was performed before initiating AA/P
treatment, and a second serial sample was collected during visit 2 (posttreatment) after 12
weeks. CTC counts were obtained during both visits. The correlative biospecimen study was
approved by the Institutional Review Boards at Mayo Clinic, Rochester, and the Medical
College of Wisconsin, at which site an additional 16 plasma specimens from healthy donors
were collected as normal controls. All patients and donors provided written informed
consent. All patients in the study were followed until death. Clinical outcomes included
failure to respond to AA/P therapy after 12 weeks (primary resistance), time to treatment
change (TTTC) (acquired resistance), and time to death (overall survival [OS]). To
determine primary AA/P resistance, all patients who were alive after 12 weeks of treatment
were uniformly evaluated for response to therapy.

Whole genome sequencing

WGS-based CNA analyses were performed on 174 specimens. Sample collection and
processing and WGS methods are detailed in Supplementary Methods. Briefly, QIAmp
DNA Blood Mini Kits (Qiagen, Hilden, Germany) were used to extract cfDNA, as
previously reported.1” DNA libraries were prepared using a ThruPlex DNA-Seq Kit
(Rubicon Genomics, Ann Arbor, MI, USA). Sequencing was performed using HiSeq2500
Sequencing System (lllumina, San Diego, CA, USA), and the Veridex automated CellSearch
platform (Janssen Diagnostics, LLC, Raritan, NJ) was used for CTC counts.

CNA analysis

CNA analyses (log2 ratio based) were performed as previously described.2425 In brief, low
coverage (0.1~0.2X) WGS reads (FASTQ files) were aligned with the human reference
genome (hg19/GRCh37) using DNASTAR (Madison, WI, USA). The mapped reads were
then binned into either 1 Mb (for gene-specific CNA analyses) or 60 Kb (for fine-mapping
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analyses of AR locus at Xq12) bins. The read count ratio in each genomic bin was calculated
by dividing the cfDNA read count with the mean read count of 16 unrelated healthy male
donors. The resulting ratios were further transformed with log2 and corrected for guanine-
cytosine content.24 After removing centromeres and other repeat-rich regions, the fully
normalized log2 ratios in 2 848 bins (1 Mb) were subjected to segmentation using the copy
number analysis method algorithm (Golden Helix, Bozeman, MT, USA). Statistical analyses
of gene-specific CNAs were performed using the log2 ratio of the 1 Mb bin covering the
target gene. ctDNA content (ctDNA fraction of total cFDNA) was estimated by using the
log2 ratio of the most significantly deleted fragment (>20 Mb) across all segments in the
genome (refer to Supplementary Methods and Results). The ctDNA content calculation was
further validated by using the ichorCNA program.19.26

Statistical methods and analyses

In this study, we performed radiological and prostate-specific antigen (PSA) measurements
for all enrolled patients who were alive 12 weeks after AA/P treatment initiation. To
determine CNAs associated with primary resistance, we defined patients without PSA
progression, absence of new bone lesions in a bone scan, and no evidence of radiological
(RECIST 1.0) progression of nodal or soft tissue metastases after 12 weeks of treatment as
responders. The definition of PSA response was based on PSA Working Group criteria.2’
Patients who did not meet these criteria after 12 weeks of treatment were defined as
nonresponders with primary resistance. Patients who died because of disease progression
before the 12-week assessment were also deemed nonresponders.® Fisher exact tests were
performed to identify CNAs associated with a nonresponse status after 12 weeks of
treatment for primary resistance, and statistical significance was set at a 2 value cutoff and a
false discovery rate (FDR) < .05. A primary resistance risk score was calculated by
combining statistically significant CNAs, weighted by their estimated regression
coefficients, at the univariate level. This calculation was used to build multiple CNA-based
risk scores. A receiver operator curve (ROC) and the area under the ROC (AUC) were
employed to evaluate the predictive accuracy of CNAs of primary treatment resistance.

Kaplan—Meier survival curves and Cox regression analyses were used to determine the
associations of CNAs with acquired resistance and OS. TTTC was used as the clinical
endpoint to determine acquired resistance and was calculated from the date of enroliment
until the date of treatment change. OS was measured from the date of study enrollment until
the date of death. Patients who were alive at the time of the last study follow-up were
censored.

A Cox regression analysis was then performed to identify gene-specific CNAs at the
univariate level and CNAs associated with TTTC and survival (FDR < 0.05). Details for
multiple CNA-based risk score calculations are provided in Supplementary Methods.

The cutoff date for all analyses was December 18, 2018.
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Results

Clinical characteristics of patient samples

Ninety-two patients with mCRPC were enrolled (May 2013 - August 2015). Plasma samples
from 88 patients were processed before initiating AA/P treatment (visit 1) and from 86
patients after 12 weeks of treatment (visit 2; Table 1). Four samples (P40, P61, P109, P165)
were removed from the visit 1 samples because of poor-quality sequencing data. Among the
remaining 84 patients, 36 had progressed by week 12 (nonresponders with primary
resistance). Eighty-one of the 88 patients had died during follow-up. The median survival
was 28.2 (range, 2.6 - 59.9) months. Among 84 patients, 73 had CTC data available, and 23
patients showed CTC numbers = 5 before treatment. The overall experiment design is shown
in Supplementary Figure S1.

Extensive Somatic CNAs in Plasma cfDNA—The somatic CNAs observed in our
cohort had patterns of alterations similar to those previously reported for mCRPC tissue-
based genomes with conspicuous chromosomal instability and widespread copy number
aberrations [6, 9]. These CNAs included chromosomal gain of 1q, 3q, 8q, and Xq and loss of
1p, 8p, 10q, and 13q (Figure 1A, 1B; Supplementary Figure S2) [6, 7]. Other CNAs
included gain of 3p, 5p, 7p, and 7q and loss of 5911.2-913.3, 6g15-g16.1, 16q, 17p, and 18q.

Dynamic ctDNA content changes associated with primary resistance

We compared ctDNA-based changes and the percentage of ctDNA content changes with
AA/P treatment response in responders (n = 48) and nonresponders (n = 36) after 12-weeks
of treatment.® We estimated the percentage of ctDNA content in cFDNA and observed a
median ctDNA content of 3.94% (range, 0.70 - 33.91%) in visit 1 samples and 2.28%
(range, 0.62 - 33.55%) in visit 2 samples (Supplementary Table S1). Methods for ctDNA
calculation and dynamic CNA changes between visits are detailed in Supplementary
Methods and Supplementary Results (Supplementary Figures S3). In pretreatment and
posttreatment plasma samples, the amount of ctDNA was significantly reduced (3.89%) in
responders but was slightly increased (0.94%) in nonresponders (P=.0043). In 82 paired
plasma samples (pre- and posttreatment), 25.6% (n = 21/82) showed a significantly reduced
CtDNA content (Visit 2 vs Visit 1 [ -3%]), and 12.2% (n = 10/82) showed an increased
CtDNA content (Visit 2 vs Visit 1 [>3%]). Interestingly, 90% (n = 9/10) of patients with
increased ctDNA content were nonresponders, whereas only 38.1% (n = 8) of patients with
reduced ctDNA contents were nonresponders (£ =.009) (Figure 2A-B; Supplementary
Table S1). Details of CNA changes in each of the 1 Mb bins across the genome are provided
in Supplementary Results.

Gene-specific CNAs predictive of primary resistance

We focused on genomic bins covering 31 biologically relevant mCRPC driver genes®? to
evaluate candidate gene-specific CNAs. These gene loci were selected from published
reports based on tumor tissue studies (Figure 3).6:7:28.30 pretreatment plasma samples were
evaluated to identify candidate gene-specific CNAs associated with primary resistance
(Figure 3). We then compared detectable CNAs at each gene locus between responders and
nonresponders. Amplification of AR, OPHN1, PIK3CA and deletion of ZFHX3 copy
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numbers were significantly associated with primary resistance (both the Pvalue and FDR <
0.05, Figure 3; Supplementary Table S2). To determine primary resistance, the combined
CNA-based risk score for each patient was calculated at the univariate level with these 4
significant genes. ROC analyses demonstrated that the multigene CNA risk score was
predictive of primary resistance, with an AUC of 0.73 (P < .0001). ROC analyses using AR
found that CNA alone had an AUC of 0.67 (P=.009).

Gene-specific CNAs for acquired resistance associations

To identify gene-specific CNAs predictive of acquired resistance, we performed Cox
regression analyses using pretreatment plasma samples (84; median TTTC = 10.43 months;
interquartile range = 18.53 months). Significant associations with TTTC were observed in
35.5% (n = 11/31) of selected gene loci, including AR, OPHNI, ZFHX3, NKX3-1, and
PIK3CA (Supplementary Tables S3; Supplementary Figure S4). AR amplification was
associated with shorter TTTC (P=.0003; HR = 3.27; 95% CI [1.78-6.84]). Median TTTC
was 8.67 months with AR amplification and more than 43 months without AR amplification
(Figure 4A). Amplification at the OPHNI locus was also associated with shorter TTTC (P
=.0002; HR = 3.70; 95% CI [1.08-7.00]) (Figure 4B). Both AR and OPHNI were
coamplified at Xq12, with correlation coefficient 7= 0.95. In the 84-baseline samples,
detectable amplification was 48% for AR and 56% for OPHNI (Figure 4C). Further results
of gene-specific CNAs are detailed in Supplementary Results.

To address genetic heterogeneity, we designed multivariate risk models on the basis of
multiple somatic CNAs and clinical factors associated with acquired resistance. Stepwise
regression was applied to the 11 gene loci that showed significant associations with TTTC at
the univariate level (Supplementary Table S3).31 This analysis generated a CNA-based
predictive risk score that included genes AR, NKX3.1, and PIK3CA. This risk score was
significantly associated with TTTC (£ =.0002; HR = 3.93; 95% CI [2.04-7.56]) (Figure 4D)
and remained significant after adjusting for CTC, ctDNA content, and clinical factors (age,
baseline PSA level, and volume of metastasis) (Supplementary Table S4).

Gene-specific CNAs prognostic for survival

The prognostic value of the CNAs was evaluated using the 31 selected genes. Cox regression
analyses with pretreatment plasma samples showed a significant association with OS in
35.5% (n = 11/31) of selected gene loci, including RB1, NKX3-1, PIK3CA, ZFHX3, and
OPHNI (Supplementary Table S3; Supplementary Figure S5). To build a multivariate
prognostic model, our stepwise selection identified 4 genes (ZFHX3, RB1, PIK3CA, and
OPHNI) among the 11 significant genes at the univariate level. The risk score based on
these 4 genes was prognostic of survival (P=.002; HR = 1.96; 95% CI [1.32-3.23]) (Figure
4E) and remained significant after adjusting for CTC, ctDNA content, and clinical factors
(age, baseline PSA level, and volume of metastasis) (P < .05) (Supplementary Table S4).

Discussion

Several associations with clinical outcomes of interest were observed in our ctDNA-based
genome-wide copy number analyses. We identified multiple gene-specific CNAs associated
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with primary and acquired resistance to AA/P and OS. Multigene CNA-based risk scores
identified to compensate for genomic heterogeneity demonstrated high predictive and
prognostic accuracy. The multivariate risk scores were independently predictive of treatment
response and survival after adjusting for CTC counts, ctDNA content, and other clinical
factors.

Plasma ctDNA content was a critical factor in treatment response and survival. Dynamic
ctDNA content changes during treatment indicated a response if reduction of ctDNA content
was observed; an increase of ctDNA after 12 weeks of treatment was indicative of primary
resistance. In a recent study that examined plasma collections from 140 mCRPC patients,
ctDNA content decline was evaluated as a potential biomarker for initial therapeutic
response.1® We similarly observed that ctDNA changes in accordance with treatment
responses, as it reflects overall tumor burden.

AR amplification has been reported in many mCRPC patients®32 and has been shown in
several studies to be a predictor of abiraterone and enzalutamide resistance in tissue and
plasma.13:16-18 |n the current study, similar results with AR amplification were observed
after adjusting for clinical factors; AR amplification was predictive of primary resistance to
AA/P and prognostic of poor survival in chemotherapy-naive mCRPC patients. We made a
novel observation that ctDNA-based AR enhancer amplification is predictive of short-term
AA/P response. Interestingly, recent reports have indicated that the AR enhancer is
frequently amplified in mCRPC,33-3% and increases of AR enhancer copy numbers may
drive mCRPC progression. Our focused analysis of the genomic region flanking AR
revealed frequent amplification of OPHNI, which was indicative of shorter disease
progression and survival. In prostate cancer, OPHN1 is upregulated and is associated with
cell adhesion and migration.36 However, it is unclear whether amplifications of either the
AR enhancer or OPHN are functional consequences or coincidental bystander events
related to AR amplification.

Our study shows strong evidence that CNAs at other gene loci, including ZFHX3, PIK3CA,
NKX3.1, and RB1, have predictive and prognostic value in mCRPC. Deletion of ZFHX3, a
tumor suppressor located at 16g22.3, had a significant impact on clinical outcomes. ZFHX3
codes for a transcription factor with multiple homeodomains and zinc finger motifs that
regulate myogenic and neuronal differentiation.3” ZFH.X3 deletion was observed in
mMCRPC;38 it was also associated with reduced cancer-specific survival rates among patients
with urothelial carcinoma of the bladder.3 P/K3CA, an important gene in the PI3K
signaling pathway, has been widely reported to be a key oncogenic driver of multiple cancer
types, including prostate cancer.#0 Mutation and amplification of P/K3CA have been
recently reported to correlate with poor survival of prostate cancer patients.> NKX3.1is a
prostate-specific tumor suppressor, and its loss represents a pivotal initiating event in
prostate cancer.4243 High prevalence of RB1 genomic aberrations in the mCRPC state has
been reported;** RB1 loss is associated with reduced progression-free survival rates.13
Because several genomic events may be drivers of resistance and survival in this advanced
state, we designed CNA-based risk scores for better predictive performance.
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Although promising, this plasma ctDNA-based analysis has its limitations. Low-pass WGS
could lead to read count bias when smaller genomic bins are used. Sufficient read counts are
particularly important for gene-based CNA analyses when genes of interest cover smaller
genomic regions. Additionally, due to low yield of cfDNA and limited availability of
genome copies, mutational analysis may not capture rare variants. Therefore, in the current
study, we did not perform mutation detection. Another limitation is the selection of cutoff
values to define amplification and deletion. In this study, a group of healthy individuals were
used as controls to define thresholds for CNAs as genomic gain/loss, using 97.5 percentile of
log2 values across all genomic bins. These predefined thresholds could lead to false-positive
and false-negative results. Our statistical method used the log2 value of the most
significantly deleted fragment (> 20 Mb), which may miss more significant deletions with
smaller sizes. Therefore, ctDNA content calculation could underestimate tumor percentage
in plasma cfDNA.

Conclusions

We identified multiple novel loci, including ZFHX3, AR enhancer and OPHN, as candidate
biomarkers for response to AA/P. Multigene risk scores for predicting resistance to AA/P
treatment, disease progression, and survival were also identified. Independent and
prospective validation of these biomarkers is needed to guide clinical practice in advanced
prostate cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Landscape of copy number alterationsin plasma cell-free DNA of metastatic
castration-resistant prostate cancer patients.

a Heatmap of genome-level copy number alterations (CNAs) in 84 baseline mCRPC plasma
samples. Rows represent plasma samples ordered by circulating tumor DNA content.
Columns represent chromosomal- or subchromosomal-level CNAs, ordered by chromosome
number. Log?2 ratio for 1 Mb bins is shown by the density of the color. Red and blue
represent genomic gain and loss, respectively. b Heatmap of CNAs on chr8 and chrX in the
84 baseline plasma samples. Typical 8p loss (blue) and 8q gain (red) are clearly shown. AR
amplification on chrX is also clearly shown.
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Figure 2. Dynamic circulating tumor DNA content changes during abir aterone acetate and

prednisone treatment.

A-bWaterfall plots of circulating tumor DNA content serial changes in responders (a) and
nonresponders (b). Black vertical bars represent level and direction of ctDNA content
changes after 12 weeks of treatment. Horizontal red dot lines represent cutoff (x 3%) for

significant ctDNA content change.
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Figure 3. Circulating tumor DNA-based copy number alterations of biologically relevant driver
genes and abiraterone acetate and prednisoneresistance in baseline plasma samples.

Light red and green represent copy number gain and loss, respectively; white represents
copy number neutral. Columns indicate patients grouped by responders and nonresponders.
Rows represent genes of interest and are grouped in pathways. The proportion of patients
with copy number alterations (CNAS) at specific genes is indicated on the left. The —log10
(P value) of Fisher’s exact test on CNAs between responders and nonresponders are reported
by barplot on the right. Red vertical dot line (P = .05) shows the threshold of statistical

significance.
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Figure 4. Association of locus-specific copy number alterationswith clinical outcomes at baseline

plasma samples.

a-b Kaplan—Meier plots show that amplifications at AR (a) and OPHNL1 (b) loci are
associated with shorter time to treatment change (TTTC). c Distribution of amplification
frequency in 20 Mb region flanking AR gene. Detectable amplifications are significantly
increased at the ARand OPHNI loci. d Higher risk scores (based on copy humber

alterations [CNAs] at 3 gene loci including AR, NKX3.1, and PIK3CA) are associated with
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shorter TTTC. e Higher risk scores (based on CNAs at 3 gene loci including ZFHX3, RBI,
PIK3CA, and OPHNI are associated with poor survival rates.
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Table 1.
Clinical characteristics of the mCRPC cohort.

Clinical Variables Total (N = 86)
Race (n = 85), no (%)

White 82 (97)

Black or African American 1(1)

Asian 1(1)

American Indian or Alaskan Native 1(1)
Agey

Median 72

Range 39-92
Gleason score at initial diagnosis, no (%)

2-6 14 (16)

7 24 (28)

8-10 48 (56)
Primary radiation therapy at initial diagnosis, no (%)

Yes 55 (64)

No 31 (36)
Primary radical prostatectomy at initial diagnosis, no (%)

Yes 42 (49)

No 44 (51)
Volume of metastatic disease”, no (%)

Low 36 (42)

High 50 (58)
Timefrom starting ADT to CRPC, y

Median 2.6

IQR 1.3-4.6
Metastatic biopsy site at study enrollment, no (%)

Bone 62 (72)

Lymph nodes 15 (17)

Liver/lung 3(4)

Others 2(2)
Metastatic biopsy site after 12 weeks, no (%)

Bone 65 (76)

Lymph nodes 10 (12)

Liver/lung 3(4)

Others 2(2)

Unable to biopsy 6 (7)

Median 14.6
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Clinical Variables Total (N = 86)
Serum Chromogranin levelsat study enroliment (n = 84), ng/ml

Median 92.5

IQR 56.5-245.5
Testosterone at study enrollment (n = 84), ng/ml

Median 7

IQR 6.9-10.0
Study follow-up, days

Median days of follow-up (IQR) 806 (531.995)

Number of patients who progressed after 12 weeks (n = 84) (%) 35 (42)

Median time to progression on abiraterone acetate/prednisone (IQR)

230 (96-654)

Median Survival, mo. (range)

28.2 (2.6-59.9)

12-week responders **(n =45)

33.6 (11.4-59.9)

12-week nonresponders **(n =36)

22.3(2.6-55.7)

Number of events

81

Page 18

*
Definition of low vs high metastatic volume disease used: low volume represents < 3 total metastatic skeletal or lymph nodal sites with no visceral

metastasis; high volume represents = 4 metastatic skeletal sites with one being outside the axial skeleton or any visceral metastasis.

*Kk
Responders/nonresponders: Defined at 12 weeks

Abbreviations: ADT, androgen deprivation therapy; IQR, interquartile range; mMCRPC, metastatic castration-resistant prostate cancer; CRPC,

castration-resistant prostate cancer.
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