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Abstract

Purpose: Targeted inhibitors and immunotherapy have entered the treatment landscape of metastatic prostate cancer. Genomic testing

may uncover which patients benefit most from these therapies. We report the clinical utility and benefits of FoundationOne testing in men

with advanced prostate cancer.

Patients and methods: We retrospectively identified all men with prostate cancer who received tissue FoundationOne testing at our

institution between January 2010 and April 2017. Genomic alterations, treatment selection based on FoundationOne results, and clinical

outcomes including response and duration of therapy following matched targeted therapy were analyzed.

Results: A total of 77 men with metastatic prostate cancer were referred for FoundationOne testing; 59 (77%) had sufficient tumor tissue

for testing. Of these, 22% (17/77) of men had a targetable mutation and 9% (7/77) of men received matched off-label targeted therapy. Over-

all, 5% (4/77) of patients derived clinical benefit. One patient with a BRCA2 loss had a complete response on olaparib (>27 months) and 3

patients (ATM substitution, PALB2 frameshift, CDK12 frameshift) had stable disease with olaparib (10.3, 18.7, and 7.8 months, respec-

tively). Three patients (BRCA2 frameshift, PDL1 + PDL2 amplification, PMS2missense) had progressive disease despite targeted therapy.

Conclusions: Tissue genomic testing can uncover patients who may benefit from targeted therapies such as poly(adenosine diphosphate-

ribose) polymerase inhibitors or immunotherapy. In our limited single institution study, genomic testing led to clinical benefit in 5% of

patients. Combined germline and circulating tumor DNA testing may be helpful to identify additional patients suitable for matched genomic

therapies. � 2019 Elsevier Inc. All rights reserved.
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1. Introduction for men with metastatic castration resistant prostate cancer
In the era of precision oncology, biomarker-guided thera-

pies have revolutionized treatment selection [1−3]. However,
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(mCRPC), the development of biomarker-driven therapies

beyond targeting the androgen pathway remains challenging

given limited actionable targets and limited access to meta-

static tissue due to bone-predominant metastases. Current life-

prolonging treatments have been developed in unselected

patients, targeting the androgen receptor, microtubules, bone

microenvironment, and the immune system [4−9].
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Two new classes of therapies are being evaluated in men

with mCRPC, which appear to have activity in molecularly

defined subsets. First, poly(adenosine diphosphate-ribose)

polymerase (PARP) inhibitors such as olaparib have clear

clinical activity in men with mCRPC and somatic or germ-

line DNA homologous repair gene mutations [10,11]. Sev-

eral studies are underway evaluating PARP inhibitors in

preselected and unselected patients with mCRPC, alone

and in combination with AR inhibitors and immunothera-

pies [12−14].
A second class of therapy, the PD-1/PD-L1 immune

checkpoint inhibitors, demonstrated a low response rate in

unselected men with mCRPC (0%, 0/17) in early phase

studies [15]. However, subsequent studies have reported

dramatic responses to pembrolizumab, in particular for

patients with high microsatellite instability (MSI) [16,17].

In addition, biallelic loss of the DNA repair enzyme

CDK12 may also select for a subset of patients with tandem

duplications and novel fusion neoantigens that may predict

for response to PD-1 blockade [18].

The above data demonstrate that the efficacy of single-

agent PARP inhibitors and PD-1 checkpoint inhibitors for

mCRPC patients rely on precise patient selection. The real-

world benefits of next-generation sequencing on unselected

patients with mCRPC are unknown. This study describes

the efficacy and clinical outcomes of a heavily pretreated

cohort of patients with mCRPC who are screened for bio-

marker directed therapies with the FoundationOne panel for

somatic tumor tissue molecular profiling [19]. Our data sup-

port the clinical utility of a precision medicine approach in

an important but presently small subset of men with

mCRPC.
2. Methods

We performed a single institution retrospective review

of 77 men with metastatic prostate cancer treated at the

Duke Cancer Center who received standard-of-care tumor

tissue molecular profiling between January 2010 and April

2017. All patients were treated outside of a clinical trial as

part of standard medical practice. We obtained institutional

review board approval to review the charts of all patients

in this series to abstract the clinical outcomes following

FoundationOne testing.

The primary objective of this analysis was to describe

whether molecular testing led to a change in clinical man-

agement, and whether there were clinical responses in men

with advanced mCRPC who received tumor molecular pro-

filing with FoundationOne as described by PSA response

and radiographic progression-free survival as defined by

RECIST 1.1 and PCWG2 criteria. Secondary objectives

were to describe the specific genomic results of all patients

and their clinical outcomes with matched targeted therapies.

Clinical data (including pathologic and laboratory data)

were recoded and secured in a password-protected,
auditable, institutional review board-approved REDCap

database.

For the patients who received molecularly matched tar-

geted therapy, board-certified, fellowship-trained radiolog-

ists with expertise in abdominopelvic imaging and RECIST

calculations (D.M. and R.T.G.) reviewed all imaging for

response and radiographic progression-free survival per

RECIST 1.1 and PCWG2 criteria [20,21].

All patients ≥18 years of age with histologically con-

firmed prostate adenocarcinoma who had tumor tissue (pri-

mary or metastatic) sent for FoundationOne testing within

our timeframe were included in the analysis. Genomic alter-

ations were classified for clinical utility based on the estab-

lished OncoKB framework [22] (Supplementary Table 1).

AR amplification was considered noninformative as present

inhibitors have activity independent of AR DNA genomic

alterations. MSI and tumor mutational burden (TMB) were

not included on the FoundationOne panel at the time of our

clinical testing—however, mismatch repair genes such as

MLH1,MSH2,MSH6, PMS2, and EPCAM were included.

Duration of therapy was defined as the time of treatment

initiation until discontinuation. No formal sample size cal-

culation was necessary as this was a descriptive retrospec-

tive analysis.

3. Results

Between January 2010 and April 2017, a total of 77 indi-

vidual patient tumor specimens were sent to FoundationOne

for genomic profiling at Duke University. Of these 77 sam-

ples, 18 samples (23%) were deemed insufficient for proc-

essing due to low tumor content, and thus 59 samples

(77%) were successfully processed and results were

reviewed by the treating oncologist (Fig. 1).

Baseline characteristics of our cohort at the time of

genomic profiling are listed in Table 1. Median age was 69

years; 81% of patients were Caucasian and 14% were Afri-

can American. Most patients had mCRPC (85%) while

15% had localized hormone-sensitive prostate cancer

(HSPC). Genomic testing using the FoundationOne plat-

form occurred after a median of 3 prior lines of therapy

(range 0−8). The most common therapies prior to genomic

testing were enzalutamide (63%), docetaxel (58%), abira-

terone (47%), and sipuleucel-T (47%).

With regards to the tumor characteristics, 44% of sam-

ples were from the primary prostate and 54% of samples

were from a metastatic site biopsy (Table 2). The most

common metastatic sites analyzed were bone (14%), lymph

nodes (14%), and liver (12%; Table 2).

Of the 59 evaluable tissues with DNA sufficient for

molecular profiling, a total of 209 genomic alterations were

reported (Fig. 2), with a median of 3 genomic alterations

per patient (range 1−12). The most frequently reported

alterations were TP53 mutation/loss (39%), TMPRSS2-

ERG fusion (34%), PTEN loss (31%), and AR amplification

(20%).



Fig. 1. Consort diagram. Levels of evidence based on OncoKB Precision Oncology Knowledge Base. There are currently no level 1 or 2 precision oncology

approaches for prostate cancer. Out of the 77 patients with FoundationOne testing, 7 patients (9%) received targeted therapy.
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Utilizing the OncoKB framework, somatic mutations

were classified into 4 main levels of evidence of bio-

marker-guided therapy (Supplementary Table 1) [22]. A

total of 17 of 59 patients (29%) had tumors with a total of

20 genetic alterations. Seven patients (12%) had tumors

with a level 3A mutation (Table 3)—ATM (p.D2721N—
missense, p.Q2414*—nonsense), BRCA2 (N986fs*2,

K437fs*22, loss), PALB2 (D616fs*12), and FANCA loss.

Four patients (7%) had a level 3B mutation—PD-L1

amplification (1), CDK4 amplification (2), and PMS2

mutation (p.V415M). Eight patients (14%) had level 4

mutations: CDK12 loss (4—frameshift, 2—splice site,

1—other) and CDKN2A/B loss (1). Of samples, 19%

(5/26)processed from the prostate had a levels 1 to 4

mutation, compared with 36% (12/33) of samples proc-

essed from a metastatic site.
We next examined whether patients benefited from

molecular profiling by examining the receipt and response

to molecularly matched targeted therapies that these men

would not have otherwise had access to as part of standard-

of-care treatment. Treatment duration ranged from 2.1 to

27.7 months. Of the 7 patients with a level 3A mutation, 4

patients received matched targeted therapy with olaparib

for their DNA homologous repair defect mutation (Table 3)

with 1 complete response (BRCA2 loss, duration >27
months), 2 with stable disease (10 and 19 months with

ATM mutation and PALB2 frameshift mutation, respec-

tively), and 1 patient with progressive disease (BRCA2

frameshift).

Patient 1 developed PSA recurrence after radiation for

low-risk PC and was treated with androgen deprivation

therapy (ADT) for 4 years after which he developed



Table 1

Baseline characteristics of the 59 patients with successful genomic testing

Baseline demographics

Age (years) Median = 69, range (46−82)
Race White 81% (25/59), black 14% (8/59), unknown 5% (3/59)

Prior prostatectomy 42% (25/59)

Prior prostate radiation (primary or salvage) 41% (24/59)

Histology 98% adenocarcinoma (58/59), 2% small cell (1/59)

Gleason (radical prostatectomy or Gleason) Median = 8, range (6−10)
PSA at diagnosis (ng/ml) Median = 15.9, range (1.9−1232)
Disease state at the time FoundationOne ordered 85% (50/59) mCRPC, 15% (9/59)

localized hormone-sensitive prostate cancer

Lines of therapy before FoundationOne Median = 3, range (0−8)

Therapies prior to FoundationOne

Enzalutamide 63% (37/59)

Docetaxel 58% (34/59)

Abiraterone 47% (28/59)

Sipuleucel-T 47% (28/59)

Radium 223 47% (16/59)

Cabazitaxel 29% (17/59)

Carboplatin 14% (8/59)

Oxaliplatin 3% (2/59)
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mCRPC with bulky retroperitoneal and pelvic adenopathy

and obstructive uropathy. He was treated with abiraterone

and had a partial response but ultimately developed clini-

cal/radiographic progression after 1 year. His genomic pro-

filing revealed a somatic BRCA2 loss, RB1 loss, and TP53

loss; germline testing was negative. He was started on ola-

parib and reached a complete response by RECIST 1.1 with

a corresponding 96% PSA decline from baseline

(9.15! 0.33; Figs. 3 and 4) which is ongoing after 27

months and is now disease free off therapy.

Patient 2 presented with mHSPC, progressed to mCRPC

after 1 year of ADT, and was subsequently treated with

abiraterone, sipuleucel-T, enzalutamide, radium-223, doce-

taxel, and cabazitaxel. His genomic testing revealed

BRCA2 N986fs*2 mutation and was started on olaparib.
Table 2

Sites of tissue used for genomic testing

Tissue location Percent

Prostate 44% (26/59)

Bone 14% (8/59)

Liver 12% (7/59)

Bladder 8% (5/59)

Lymph nodes

Pelvic lymph node 8% (5/59)

Axillary lymph node 2% (1/59)

Supraclavicular lymph node 2% (1/59)

Other

Chest wall 2% (1/59)

Lung 2% (1/59)

Peri-prostatic soft tissue 2% (1/59)

Penis 2% (1/59)

Rectum 2% (1/59)

Unknown 2% (1/59)
Unfortunately, he did not respond and progressed clinically

after 2 months of therapy.

Patient 3 had Gleason 9 mCRPC and had previously

been treated with enzalutamide, sipuleucel-T, abiraterone,

cabazitaxel, and 2 clinical trials before he was noted to

have a somatic ATM p.Q2414* variant on FoundationOne

testing. He was treated for 10.3 months with olaparib before

switching therapy due to radiographic and PSA progression.

Patient 4 had a PALB2 frameshift alteration, detected in

the setting of mCRPC and prior ADT, radiation, docetaxel,

and carboplatin, with non-PSA producing disease. He was

treated with olaparib with stable disease for 17.8 months.

He subsequently developed fatal treatment-related

myelodysplastic syndrome-acute myelogenous leukemia in

follow-up, likely related to his prior therapy [23].

Of the 3 patients with a level 3A mutation who did not

receive therapy, 2 (ATM mutation and BRCA2 deletion)

were too ill for consideration of additional systemic ther-

apy, and 1 patient (FANCA deletion) was enrolled into a

clinical trial.

Both patients with a level 3B mutation received pembro-

lizumab. Patient 5 had amplification of both PD-L1 and

PD-L2 and patient 6 had a missense mutation in PMS2, a

mismatch repair gene. Both patients had progressive dis-

ease on pembrolizumab. Of note, patient 6 did not have sub-

sequent MSI testing, and it is unknown at this time whether

the alteration is pathogenic [24]. There were no confirmed

PSA50 responses (Fig. 3).

No patients with CDK12 deletions were treated with

pembrolizumab, given that the data supporting CDK12

deletion with immune checkpoint response only emerged in

2018. Lastly, 1 patient with a level 4 mutation (patient 7)

had a CDK12 frameshift (P955fs*18 and Y246fs*2) and
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Fig. 2. Genomic landscape of 57 patients with mCRPC. The most common gene variants are included above. Those with * above the bar denote genes with

potentially actionable alterations.
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received olaparib for 7.8 months with an overall response of

progressive disease.

In summary, 12% (7/59) of evaluable patients received

molecularly matched therapy and 5% (4/77) overall had

clinical benefit from matched therapy for greater than 6

months. Of those receiving matched therapy, 57% (4/7) had

complete imaging responses or stable disease for at least 6

months.
4. Discussion

Currently, there are 6 FDA-approved therapies for

mCRPC: docetaxel [25], cabazitaxel [7], abiraterone [26,27],

enzalutamide [28,29], radium-223 [8], and sipuleucel-T [9].

While these therapies are active in unselected patients, most

men will progress within 1 to 2 years with treatment resis-

tance. In a previously reported cohort of 150 patients, 20% of

patients had a potentially clinically actionable mutation in
Table 3

The mCRPC patients with targetable genomic alterations and clinical responses to

ID Mutation status Mutation

Prior lines

of therapy

Targ

thera

1 Level 3A BRCA2loss 1 Olap

2 Level 3A BRCA2 p.N986fs*2 6 Olap

3 Level 3A ATM p.Q2414* (nonsense) 5 Olap

4 Level 3A PALB2 D616fs*12 2 Olap

5 Level 3B PDL2amplification 2 Pem

6 Level 3B PMS2 p.V415M (missense) 0 Pem

7 Level 4 CDK12frameshift P955fs*18, Y246fs*2 6 Olap

* = confirmed PSA response.
a Patient currently on treatment break with no evidence of disease.
b Patient switched therapy at 10.3 months due to clinical progression, without ra
c Patient developed treatment-related acute myeloid leukemia (AML).
the DNA repair pathway, suggesting a role for biomarker

guided therapies in prostate cancer [30]. Here, we report our

experience with the use of tissue molecular profiling in men

with advanced prostate cancer and how genomic profiling

impacted clinical care and eventual patient outcomes.

Our study demonstrates that genomic profiling utilizing

a commercially available assay (FoundationOne) reveals

that up to 22% (17/77) of patients may have a levels 1 to 4

actionable mutation, as defined by OncoKB. This is greater

than the general estimates of benefit for genome-driven can-

cer therapy in the United States [31], despite the fact that

23% of samples were insufficient for analysis. However,

we found that in our mCRPC cohort, only 5% (4/77) of

men had clear clinical benefit to a PARP inhibitor and no

patients benefited from pembrolizumab based on duration

of therapy. This represented 7% (4/59) of men with evalu-

able tissue, and is similar to another published report of pre-

cision oncology benefits in mCRPC patients [32].
targeted therapies

eted

py

Duration of targeted

therapy (months)

rPFS

(months)

Best response

by RECIST 1.1

Best PSA

response

arib 27.7 27.7a CR �96%*

arib 2.1 2.6 PD +60%

arib 10.3 10.3b Non-Cr/non-PD +75%

arib 17.8 18.7c Non-Cr/non-PD 0%

brolizumab 5.8 3.0 PD �11%

brolizumab 8 3.3 PD +83%

arib 7.8 7.8 Non-Cr/non-PD +16%

diographic progression.



Fig. 4. Patient ID1. Patient ID1 received olaparib for a pathogenic BRCA2 loss and above shows the treatment response of 1 lymph node. He achieved a CR

and decrease in PSA by 96%.
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These data are important when counseling patients on the

utility and outcomes of these tests, prior to genomic profil-

ing. Based on this study, for the majority of patients for

mCRPC, targeted gene panels will not change clinical deci-

sion making, as most tumors currently do not have any bio-

marker-driven therapeutic options. In the future, as

emerging data supports the utility of genomic biomarkers to

enrich for response to novel therapies, such as biallelic

CDK12 deletion and MSI high mCRPC and response to

PD-1 blockade, this proportion of men likely to benefit will

increase [18]. In addition, as novel combination therapies

are developed such as agents that target the PTEN/PI3K/

Akt pathway, molecular alterations may become actionable

and result in therapies that benefit patients [33,34].

One strategy to improve the yield of genomic profiling

may be earlier testing. First, earlier testing may enable addi-

tional lines of a targeted agent before a patient becomes too

ill for therapy. One of the patients with a pathogenic

BRCA2 mutation was unable to receive olaparib due to a

declining functional status. Many patients at our institution

who were not included in this chart review did not receive

molecular testing at all, and thus did not have an opportu-

nity for further matched treatment. A second reason for ear-

lier testing is to allow for thoughtful sequencing of

chemotherapy. Patient 4 died from treatment-related AML

[23]. This patient had previously been treated with carbo-

platin, docetaxel, and radiation. Preliminary data in ovarian

cancer suggest that patients exposed to earlier lines of plati-

num therapy have a higher incidence of developing treat-

ment-related AML to PARP inhibitors [35].

Lastly, some patients with potentially actionable muta-

tions did not receive matched therapy due to the inability to

procure the treatment, either due to lack of prescription cov-

erage or lack of expanded access use programs from the

pharmaceutical company. However, most patients were

granted therapy at no cost through the expanded access pro-

grams of AstraZeneca or Merck for olaparib and pembroli-

zumab, respectively. These programs that provide access to

off-label therapies are crucial to our abilities to provide

potentially efficacious treatment options for highly refrac-

tory patients who do not qualify for clinical trials.

There are several limitations to this study. First, TMB and

MSI status were not available at the time of testing, and

knowledge of the association of MSI high disease or biallelic

CDK12 loss with response to immune checkpoint blockade in

mCRPC has only recently emerged. In our cohort, 7 patients

(12%) had CDK12 loss but the FoundationOne assay does not

currently report if these are biallelic [18]. These additional

markers may increase the number of patients with actionable

results, as both TMB and MSI status have been shown to be

predictors of response to immunotherapy [17,36,37]. How-

ever, it is important to note that predictive biomarkers of

immunotherapy remain imperfect for patients with prostate

cancer. For MSI-high tumors (3% of all patients with prostate

cancer), only about 50% of those patients will experience a

PSA50 [38]. Clinicians must exercise caution when
interpreting biomarkers utilized outside of prostate cancer,

such as PD-L1 amplification which is seen in less than 1% of

prostate cancer [39]. In addition, careful analysis of each gene

alteration is important as not all variants are pathogenic. In

our study, patient 6 had a PMS2 p.V415M variant that has

conflicting interpretations of pathogenicity, which may

explain the lack of response to pembrolizumab.

A second limitation was that germline testing was not

available for most of these men during the timeframe that

this retrospective chart review was conducted. Our current

practice, aligned with current NCCN guidelines, is to also

include germline testing on all men with metastatic prostate

cancer, given the prevalence of 12% or greater based on

combined data from 7 different germline case series [40].

In the TOPARP trial, of the 7 patients who harbored

BRCA2 loss, 3 had a previously unidentified pathologic

germline mutation [10]. Preliminary data in prostate, ovar-

ian, and breast cancer suggest that patients with germline

mutations in BRCA1 or BRCA2 benefit from PARP inhibi-

tors, even in the absence of a somatic mutation [41−43].
In our study, 23% of patients were excluded due to insuffi-

cient tissue for genomic analysis. This is not uncommon for

patients with mCRPC where the most common site of meta-

static disease is bone, where it is technically challenging to

biopsy and frequently yields inadequate tissue for genomic

profiling [44]. In addition, many of our patients in the

mCRPC setting only had tissue from their diagnostic biopsy

or radical prostatectomy specimen, which was collected

many years prior. Prostate cancer is known to evolve, with

acquired homologous recombination, mismatch repair, and

CDK12 mutations that may arise as treatment resistance

mechanisms [30,45]. One solution to address inadequate met-

astatic tissue biopsies is the use of circulating tumor DNA

(ctDNA) or circulating tumor cells (CTCs) [46,47]. It is

known that there may be intratumoral and intertumoral geno-

mic heterogeneity in localized prostate cancer, and a suffi-

ciently sensitive and contemporary “liquid biopsy” may help

capture the true genomic diversity of a patient’s malignancy

[48]. In addition to discovering actionable mutations, CTC

assays may be able to help guide the sequencing of standard

of care therapies. The first CTC assays have now been pro-

spectively validated for patients with mCRPC in the PROPH-

ECY study—these assays may help clinicians who are

deciding between abiraterone/enzalutamide or chemotherapy

based on the AR-V7 status of CTCs [49].

Lastly, our study is limited by its size, retrospective

nature, and patient population to make generalizations

regarding the utility of genomic testing in all patients with

mCRPC. Our study was completed at a major academic

medical center, where many patients have been referred for

a second opinion and have already completed several prior

lines of therapy. It is unknown if the yield of genomic test-

ing would be higher or more likely to change clinical out-

comes if the testing had been done earlier in a patient’s

treatment course. In the current era of precision oncology

and basket trials, genomic profiling is important not only
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for primary treatment selection, but also enrollment in bio-

marker guided clinical trials. Several large prospective

studies are underway such as the IRONMAN registry and

the Metastatic Prostate Cancer Project, collecting data on

genomics, treatments, and clinical outcomes [50−52].
5. Conclusion

Tissue-based genomic profiling utilizing the Foundation

One assay guided biomarker-driven therapy in 9% (7/77) of

men with advanced prostate cancer, with 5% (4/77) of men

having prolonged and durable responses from this

approach. These proportions can serve as benchmarks to

judge the merits of future precision medicine-based

approaches to treating men with mCRPC. Presently, all

approved therapies (except pembrolizumab for MSI-high

mCRPC) are available and approved for men irrespective

of their molecular profile. To improve upon our current pre-

cision oncology efforts, earlier testing may capture a

broader, more robust population of patients who may bene-

fit from targeted therapy or enrollment into clinical trials.
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