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Abstract

Purpose—A long natural history and a predominant osseous pattern of metastatic spread are 

impediments to the adoption of precision medicine in patients with prostate cancer. To establish 

the feasibility of clinical genomic profiling in the disease, we performed targeted deep sequencing 

of tumor and normal DNA from patients with locoregional, metastatic non-castrate, and metastatic 

castration-resistant prostate cancer (CRPC).

Methods—Patients consented to genomic analysis of their tumor and germline DNA. A 

hybridization capture-based clinical assay was employed to identify single nucleotide variations, 

small insertions and deletions, copy number alterations and structural rearrangements in over 300 

cancer-related genes in tumors and matched normal blood.

Results—We successfully sequenced 504 tumors from 451 patients with prostate cancer. 

Potentially actionable alterations were identified in DNA damage repair (DDR), PI3K, and MAP 

kinase pathways. 27% of patients harbored a germline or a somatic alteration in a DDR gene that 

may predict for response to PARP inhibition. Profiling of matched tumors from individual patients 

revealed that somatic TP53 and BRCA2 alterations arose early in tumors from patients who 

eventually developed metastatic disease. In contrast, comparative analysis across disease states 

revealed that APC alterations were enriched in metastatic tumors, while ATM alterations were 

specifically enriched in CRPC.

Conclusion—Through genomic profiling of prostate tumors representing the disease clinical 

spectrum, we identified a high frequency of potentially actionable alterations and possible drivers 

of disease initiation, metastasis and castration-resistance. Our findings support the routine use of 

tumor and germline DNA profiling for patients with advanced prostate cancer, for the purpose of 

guiding enrollment in targeted clinical trials and counseling families at increased risk of 

malignancy.

Introduction

Prostate cancer is a disease characterized by distinct clinical states with highly variable 

outcomes1. Surgery and radiation therapy are potentially curative for patients with localized 

disease, whereas androgen deprivation therapy (ADT) is effective but palliative for patients 

who develop metastases with a testosterone level in the non-castrate range (metastatic non-

castrate prostate cancer)2. Metastatic non-castrate prostate cancer inevitably evolves into 

castration-resistant prostate cancer (mCRPC), the lethal form of the disease.

Recent molecular profiling efforts, including the Stand Up to Cancer-PCF (SU2C-PCF) 

mCRPC project and The Cancer Genome Atlas (TCGA) primary localized prostate cancer 

study have identified distinct molecular subsets of prostate cancer and potentially targetable 

alterations that occur somatically as well as in the germline3–7. Notably, there is limited 

genomic data on metastatic non-castrate disease. While molecular profiling is not yet 

considered a standard-of-care for patients with the disease, new evidence points to enhanced 

treatment response in specific molecular contexts, paving the way for therapy selection 
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based on tumor molecular characteristics. In particular, genomic alterations in genes 

involved in DNA damage repair by homologous recombination (HR) may predict for 

increased sensitivity to poly-ADP ribose polymerase (PARP) inhibitors and platinum-based 

therapy8,9. We sought to determine whether routine prospective genomic profiling in the 

clinical practice setting was feasible and informative for patients with prostate cancer, and to 

define the frequency of potential driver genomic alterations across the disease clinical 

spectrum.

Methods

Patients and Samples

Patients with prostate cancer consented to an institutional review board-approved protocol 

for tumor genomic profiling using the MSK-IMPACT targeted sequencing assay. Specific 

consent was required for analysis of germline variants in an identifiable manner. Following 

consent, either archival or new tumor samples were obtained, and blood was drawn for 

germline DNA. Archival tumor samples were formalin-fixed and paraffin embedded (FFPE). 

New biopsies were obtained under radiographic guidance and were formalin fixed. Bone 

biopsies were non-decalcified. All tumors were reviewed by pathologists specialized in 

genitourinary oncology for confirmation of malignant histology of prostatic origin.

Sequencing and Analysis

We employed the MSK-IMPACT assay as previously described14,15 (Fig. 1A). The assay is 

performed in a CLIA-certified laboratory, and designed to robustly identify single nucleotide 

variations (SNVs), small insertions and deletions (indels), copy number alterations (CNAs) 

and structural rearrangements in over 300 cancer-related genes in FFPE tumors and matched 

normal blood.

Somatic variant analysis was performed as described14,15, with germline variants identified 

in matched blood samples filtered out in the somatic analysis process. Somatic findings were 

reported in the electronic medical record, as well as anonymized and uploaded to cBioPortal 

(http://www.cbioportal.org/study?id=prad_mskcc_2016) for visualization and analysis10,11. 

Clonality of mutations was estimated as cancer cell fraction (CCF)13, and implemented in 

the FACETS algorithm12.

Beginning in May 2015, patients were given the option to consent to analysis of germline 

variants identified through sequencing of normal blood samples. Germline analysis of 76 

known cancer predisposing genes was performed as previously described14.

Supplementary methods are provided online.

Results

Targeted DNA sequencing of tumor-normal pairs from patients with prostate cancer

We successfully profiled 504 tumors from 451 prostate cancer patients who presented to the 

clinic using the MSK-IMPACT assay (Fig. 1A, Supplementary Table 1). In total, 348 

patients (77%) had metastatic prostate cancer, 53 (12%) had biochemical recurrence after 
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definitive therapy, and 50 (11%) had locoregional disease (Fig. 1B). The 504 tumors were 

either archival or newly acquired primary prostate or metastatic tumors of prostate origin, 

with 44 patients having more than one tumor profiled. Metastatic tumors successfully 

profiled were obtained from lymph node (45%), bone (22%), liver (14%), lung (5%) and 

other soft tissue sites (14%) (Fig. 1C). The disease state at the time of collection of the 

tumor is shown in Fig. 1B. Unlike the TCGA and SU2C-PCF studies, the tumors we profiled 

represented all three prostate cancer clinical states: locoregional, metastatic non-castrate and 

metastatic castration resistant.

We began with 746 biopsy/surgical samples to successfully sequence the 504 tumors 

reported above, with an overall success rate of 68% (Supplementary Fig. 1). The highest 

success rates were for prostate tumor samples obtained from diagnostic prostate needle 

biopsy, radical prostatectomy or transurethral resection of prostate performed for palliation. 

For metastatic samples, success rates of 69% and higher were seen for lymph node, liver and 

other soft tissues samples, whereas bone and lung samples were more challenging (42–52% 

success rate).

Somatic and germline alterations identified in the MSK-IMPACT dataset

Somatic alterations in biologically-relevant genes in prostate cancer were identified in all 

disease states and are shown in Fig. 2, grouped in pathways that are potentially clinically 

actionable. Overall, the frequency of alterations in genes of interest in prostate cancer was 

similar for mCRPC tumors profiled with MSK-IMPACT and the SU2C-PCF mCRPC 

dataset4 (Supplementary Fig. 2), but demonstrated now in a clinical practice setting. 

However, notable differences were observed when comparing primary localized tumors in 

the MSK-IMPACT dataset to those profiled in the prospective TCGA study, including a 

higher frequency of alterations in TP53 and FOXA1 in the MSK-IMPACT tumors 

(Supplementary Fig. 3). This is most likely due to the more aggressive nature of the primary 

localized tumors in the MSK-IMPACT cohort, which were predominantly obtained from 

patients who subsequently developed biochemically recurrent and metastatic disease (Fig 

1B), relative to the prospectively-acquired primary TCGA tumors (Supplementary Fig. 3).

24% of patients carried somatic alterations in the PI3K/AKT pathway, including in PTEN, 

PIK3CA, PIK3CB, PIK3R1, AKT1 and AKT3 (Supplementary Fig. 4). The majority of 

point mutations in PIK3CA, AKT1 and AKT3 were known activating hotspot mutations in 

those genes15. Additionally, 5% of patients harbored somatic alterations in MAP kinase 

pathway genes (Supplementary Fig. 5), including hotspot mutations in BRAF, HRAS, 
KRAS and MAP2K1. 15% of patients carried somatic alterations in the Wnt-β catenin 

pathway, including in APC, CTNNB1 and RNF43 (Supplementary Fig. 6). Consistent with 

results of the SU2C-PCF study, 22% of patients harbored a somatic alteration in a gene 

involved in DNA damage repair (DDR) by homologous recombination, including BRCA2, 

BRCA1, ATM, FANCA, RAD50, PALB2 and CDK1216–20 (Fig. 3A, Supplementary Fig. 7).

A recent multi-institutional study identified a high frequency of DDR gene alterations in the 

germline of patients with advanced prostate cancer21. 221 patients in our dataset underwent 

formal germline analysis, the first 124 of whom were included in the previously-reported 

study21. Of these 221 patients, 42 (19% of total) had a known or likely pathogenic germline 
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mutation in BRCA2 (9% of total), CHEK2 (4%), ATM (2%), BRCA1 (1%), FH (1 %), and 

PMS2, NBN, PALB2, and BRIP1 (<1% each) (Fig. 3B and Supplementary Table 2). While 

germline DDR gene alterations may predict for response to PARP inhibition or platinum 

agents, somatic-only alterations in these genes without a germline event may still predict for 

drug response9. Of the 221 patients who underwent germline analysis, 27% demonstrated 

alterations in BRCA2, BRCA1, ATM or CHEK2, either in the germline or somatically (Fig. 

3C). Notably, germline analysis alone accounted for approximately half of these patients 

only, suggesting that both germline and somatic analysis should be performed to identify 

patients with DDR gene deficiency.

3% of patients had tumors with somatic alterations in mismatch repair (MMR) genes MSH2, 

MLH1, PMS2 or MSH6. These tumors accounted for the majority of samples with the 

highest mutation counts on MSK-IMPACT profiling (Fig. 3D), which were confirmed to be 

enriched for previously-described MMR and microsatellite instability (MSI) signatures22,23 

(Supplementary Fig. 8). The identification of MMR-deficient prostate cancers may have 

immediate clinical applicability, given recent data suggesting sensitivity of such tumors to 

immune checkpoint blockade in colorectal cancer and other malignancies24–26.

In total, 36% of patients were found to have a potentially actionable alteration using the 

OncoKB annotation platform (Supplementary Fig. 9). This platform does not include non-

BRCA/ATM germline alterations, missense alterations of unknown significance, and genes 

whose clinical significance is less clear, including CDK12 and FANCA. As genomic 

alterations undergo further characterization and new trials and drug targets emerge, the 

frequency of alterations defined as actionable may increase.

Comparative analysis of somatic alterations across disease states

A unique aspect of this dataset is that it includes genetic profiles of tumors representing all 

three clinical states: locoregional, metastatic non-castrate and metastatic castration-resistant. 

The number of non-synonymous mutations per tumor increased significantly from tumors in 

the locoregional disease state to those in the mCRPC disease state (1.74 versus 4.02 mean 

mutations/megabase, p < 0.001), while tumors in the metastatic non-castration-resistant state 

had a mutation burden similar to locoregional tumors (2.08 mutations/megabase). Consistent 

with prior studies3,4, we identified recurrent areas of copy number loss involving 

chromosomes 6q, 8p, 13q and 16q, and areas of copy number gain involving chromosomes 

1q, 3q, 7, 8q and X (Fig. 4). mCRPC tumors displayed the highest burden of copy number 

alterations, while those representing locoregional disease displayed the lowest (Fig. 4, 

Supplementary Fig. 10).

Aiming to identify possible genomic drivers of disease progression, we performed a 

selective enrichment analysis to identify genes that were more frequently altered in mCRPC 

compared with locoregional disease (Fig. 5A). AR amplification/mutation was the most 

enriched alteration in mCRPC, as shown in prior studies3,4. Other genes that were more 

commonly altered in mCRPC included TP53, RB1, PTEN, APC, ATM, FANCA and 

CDK12.
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We performed a similar analysis comparing alterations in mCRPC versus metastatic non-

castrate prostate cancer (Fig. 5B). AR was again the most enriched gene in this analysis. The 

high enrichment of alterations in AR in mCRPC relative to both locoregional and metastatic 

non-castrate disease serves as a positive control, consistent with the known role of AR as a 

driver of castration resistance27–30. Beyond frequent amplification of the gene, AR 
antiandrogen resistance mutations were identified in tumors from patients with mCRPC 

(Supplementary Fig. 11), including an F877L enzalutamide/ARN509 resistance 

mutation31,32 found in the tumor of a patient who progressed after 4 years of treatment on 

ARN509. Notably, a 4% alteration frequency in AR was identified in tumors from patients 

with metastatic non-castrate disease (Figs. 2, 5D). These were tumors that were exposed to 

ADT and were likely transitioning to a castration-resistant phenotype that had not yet 

manifested clinically. Four locoregional tumors were found to have mutations in AR, 

including an H875Y mutation known to confer resistance to flutamide28,33 in a 

prostatectomy sample from a patient who was treatment-naïve, but had received dutasteride 

for benign prostate enlargement.

In addition to AR, we again identified enrichment of alterations in TP53, RB1, PTEN and 

ATM in mCRPC compared with metastatic non-castrate disease. The enrichment of these 

genes in mCRPC relative to both earlier disease states implicates them in the development of 

castration-resistance, a finding that is of particular interest for ATM, a gene involved in DNA 

damage repair. FANCA and CDK12, two other DNA repair genes, did not show statistically-

significant enrichment in mCRPC relative to metastatic non-castrate disease as they did 

relative to locoregional disease, though there is a trend that suggests a role in castration-

resistance as well (Fig. 5D). When the analysis was limited to metastatic tumors or lymph 

nodes only, similar trends for enrichment were observed, although statistical significance 

was not always reached due to smaller sample size (Supplementary Fig. 12).

Only two genes were enriched in metastatic non-castrate versus locoregional disease: APC 
and to a lesser extent ARID5A (Fig. 5C). The enrichment of APC alterations in both 

metastatic states relative to locoregional disease (Fig. 5D) implicates this gene in metastasis. 

Conversely, alterations in SPOP7,34 were enriched in locoregional disease (and possibly 

metastatic non-castrate disease - though this does not meet statistical significance) relative to 

mCRPC (Figs. 5A, D), suggesting increased sensitivity of SPOP mutant tumors to ADT. 

These findings will require functional validation in the laboratory.

Matched samples identify clonal alterations in prostate cancer

44 patients had more than one tumor site profiled by MSK-IMPACT, including 17 with a 

matched primary localized tumor and a subsequent metastatic tumor. Tumors from the same 

patient that were acquired at a later time point typically had a higher mutation count (Fig. 

6A). Given the high frequency of TP53 alterations observed in primary localized tumors in 

this dataset, and prior reports of aggressive behavior of prostate tumors harboring TP53 
alterations35,36, we sought to determine whether TP53 alterations were present in tumors 

early in their evolution, or whether they were acquired later at disease progression. As 

shown in Fig. 6B, TP53 alterations arose early in affected patients and were identified in all 

tumors from the same patient. TP53 mutations were clonal, including in cases where both a 
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primary localized tumor and a later metastasis were available (cancer cell fraction ≥ 0.9 in 

the later metastasis). Likewise, we found that somatic alterations in BRCA2 were present in 

matched tumors, again suggesting that somatic BRCA2 loss of function alterations occur 

early in tumorigenesis for affected patients. Conversely, alterations in AR did not occur early 

in matched samples (Fig. 6B, patients P-0003597 and P-0004910), consistent with 

treatment-related changes that promote castration resistance. Of note, other potentially 

actionable alterations may arise later in disease evolution, as was the case for patient 

P-0002149 (Fig. 6B), who acquired an activating PIK3CA E545K mutation (Supplementary 

Fig. 4B) in a recurrent tumor nearly three years after his radical prostatectomy.

To confirm the findings above, we performed phylogenetic analysis on cases where several 

matched tumors were available from the same patient (Fig. 6C). Both phylogenetic trees 

shown reveal the early truncal nature of TP53 alterations. For patient P-0000377, alterations 

in EP300 and KDM5A, genes involved in epigenetic modulation, occurred truncally for 

metastatic tumors. An alteration in KMT2D was identified subclonally in metachronous 

metastases from bone obtained from separate sites, but not in a liver metastasis. For patient 

P-0003511, AR amplification was truncal in castration-resistant tumors, consistent with its 

well-characterized role in castration resistance27. As the number of prostate cancer patients 

profiled longitudinally throughout their clinical care increases, such findings may provide 

insight into clonal driver events that promote disease progression and site-specific 

metastasis.

Discussion

Unlike prior prostate cancer genomic studies, we profiled tumors representing the clinical 

spectrum of the disease, from locoregional to metastatic non-castrate and metastatic 

castration-resistant disease, enabling comparisons of genomic landscape across disease 

states using a single assay. While locoregional tumors in this dataset typically represented 

more aggressive disease than TCGA, patients with such tumors are those in highest need of 

new treatment approaches and profiling of their tumors may have particular clinical 

relevance.

An increase in copy number alterations and mutation frequency was evident in mCRPC 

relative to earlier disease states, as was an increased frequency of alterations in AR, TP53, 
RB1 and PTEN. SPOP mutations, however, were more frequent in the earlier disease states, 

suggesting better outcomes for patients with SPOP-mutant tumors, possibly through 

increased sensitivity to ADT. Importantly, the ability to compare alteration frequencies 

across three prostate cancer disease states can provide insight into genes that promote 

metastasis versus castration resistance. In this analysis, APC and ATM emerged as candidate 

genes of interest that may independently contribute to metastasis and castration resistance 

respectively, pending functional validation in the laboratory. Other genes that emerged as 

being enriched in mCRPC, though not to the same extent, are FANCA and CDK12, which, 

like ATM, are involved in DNA damage repair, alluding to a possible role for DNA repair 

defects in the development of castration-resistance.
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We also found that TP53 alterations are early clonal events in matched tumor samples from 

individual patients. This suggests that TP53 alterations in localized tumors may predict for 

an increased risk of progression to metastatic disease, consistent with recent reports of 

aggressive behavior of TP53-altered prostate cancers36–38. As long-term outcomes from 

prospective primary prostate cancer datasets become available, it will be possible to validate 

this finding, guiding more aggressive treatment approaches early on for these patients.

Overall, we identified potentially actionable alterations including hotspot activating 

alterations in genes that are known drug targets, consistent with the findings of the SU2C 

mCRPC study but this time in a prospective clinical practice setting. In allowing for separate 

somatic and germline analyses, our study showed that 27% of patients with advanced 

prostate cancer have a combination of either somatic or germline alterations in BRCA2, 
BRCA1, ATM or CHEK2, and that 3% harbor an alteration in an MMR gene. These findings 

have immediate therapeutic relevance, given the recently reported sensitivity of these tumors 

to PARP inhibition9 or immune checkpoint blockade24. The higher frequency of DNA repair 

alterations identified through integrative germline and somatic analysis strongly argues for 

performing both germline and somatic genomic analysis in all patients with advanced 

prostate cancer who will require systemic treatment, irrespective of screening based on 

family history.

In summary, this study shows that a large genomic dataset representing the clinical spectrum 

of prostate cancer can provide mechanistic insight into possible genomic drivers of disease 

initiation, metastasis and drug resistance. Our ability to profile metastatic tumors allowed us 

to detect the evolution of potential driver alterations in matched tumors from individual 

patients, identifying alterations in TP53 and BRCA2 as early events that may confer a more 

aggressive phenotype. Our study reveals that identifying actionable genomic alterations is 

feasible in the clinical practice setting for patients with prostate cancer, but several 

challenges remain. First, the availability of trials targeting these alterations remains a 

limitation. Trials of PARP inhibitors for prostate cancer patients with HR gene alterations 

are due to open shortly, and the findings of this study and others should prompt the 

development of multi-institutional molecularly-guided studies for the smaller subsets of 

patients with other molecular alterations. Second, a critical difficulty is in obtaining 

sufficient tumor material for sequencing, particularly for patients with disease that is 

restricted to bone. Circulating tumor DNA sequencing assays, currently under investigation 

in prostate cancer, may offer a solution to this problem. Overall, given the high frequency of 

potentially actionable alterations, early but compelling evidence of clinical benefit of 

targeted therapy for patients with DNA repair gene-deficient prostate cancers, and the 

implication of germline findings for family members, our data argue for the routine use of 

germline and somatic genomic profiling assays as standard practice for all patients with 

advanced prostate cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Clinical sequencing of tumors and germline for patients with prostate cancer
A. MSK-IMPACT assay workflow. EMR = electronic medical record. B. 451 patients 

underwent tumor profiling in the clinic. Their last known disease state when seen in the 

clinic is represented at top of figure. Their disease state at the time of tissue collection for 

the 504 tumors that were profiled is represented at bottom. Tumors that were profiled 

represented all three prostate cancer clinical disease states: locoregional, metastatic non-

castrate and metastatic castration-resistant. Locoregional disease indicates disease without 

distant clinical or pathological spread, including lymph node involvement in the pelvis only 

(TxN0/1). Sample type (prostate versus metastasis is represented at bottom. C. Site of 

disease for metastatic tumors successfully profiled by MSK-IMPACT (LN = lymph node).
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Figure 2. Selected genomic alterations across disease states in the MSK-IMPACT dataset
Each column represents an individual patient with prostate cancer whose tumor was 

acquired in the disease state indicated at top of figure. Total number of non-synonymous 

somatic mutations in the tumor is represented in histogram form. Sample type (prostate 

versus metastasis) is also represented. Alterations in commonly affected genes in prostate 

cancer (e.g. AR, PTEN, TP53, FOXA1) are shown, in addition to genes in potentially 

actionable or biologically-relevant pathways. The type of alteration (e.g. copy number 

variation, rearrangement, mutation) is indicated in the bottom row.
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Figure 3. Somatic and germline alterations in DNA damage repair genes
A. Oncoprint of somatic alterations in genes involved in DNA repair by homologous 

recombination (HR) for 451 patients. 22% of patients harbor a tumor alteration in one of the 

listed genes. B. Germline alterations for patients who consented to germline analysis (N = 

221). 19% of subjects were found to have a germline pathogenic alteration. C. Frequency of 

combined somatic and germline alterations in DNA repair genes BRCA2, BRCA1, ATM 
and CHEK2 for patients who consented to germline analysis. 27% of patients had either a 

germline or a somatic-only alteration in one of these genes. D. Oncoprint of somatic 

alterations in genes involved in DNA mismatch repair (MMR) (top). 3% of patients harbor a 
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tumor alteration in one of these genes. Most tumors that display more than 20 somatic 

mutations (bottom) harbor a somatic alteration in a MMR gene.
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Figure 4. Cross-cohort comparative analysis of the pattern and degree of copy number 
alterations across the genome
Represented here are regions of amplification (red) or deletion (blue) with chromosomes 

listed horizontally (top) in the MSK-IMPACT, SU2C-PCF (metastatic CRPC), and TCGA 

(primary localized prostate cancer) datasets. The MSK-IMPACT tumors are sorted by 

disease state at time of tissue acquisition, from locoregional (bottom, gray) to metastatic 

CRPC (top, blue). While sequencing platforms differ between studies, the degree and pattern 

of copy number alteration was similar for tumors acquired in the same disease state.
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Figure 5. Enrichment of genomic alterations between disease states
A. Enrichment of genomic alterations in tumors from patients with metastatic CRPC versus 

locoregional disease. The level of enrichment is represented as difference in frequency 

between the two indicated classes (x-axis) and its significance (p-value, y-axis). The type of 

alteration is represented by color (homdel = homozygous deletion; amp = amplification; mut 

= mutation). B. Enrichment of genomic alterations in tumors from patients with metastatic 

CRPC versus metastatic non-castrate disease. C. Enrichment of genomic alterations in 

tumors from patients with metastatic non-castrate disease versus locoregional disease. D. 
Frequencies of alterations in select genes across disease states in the MSK-IMPACT dataset. 

P-values are represented (Fisher’s exact test).
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Figure 6. Somatic alterations identified in matched tumors from the same patients
A. Somatic mutation count in pairs of matched tumors. The latter tumor (Tumor 2) tends to 

have a higher mutation burden. A notable exception (*) involves a bladder metastasis and a 

bone metastasis acquired 5 months later, where the patient had received salvage radiation to 

the pelvis, possibly explaining the higher mutation count in the earlier bladder tumor. B. 
Somatic alterations in TP53 (red), BRCA2 (blue), AR (yellow) and PIK3CA (green) in 

matched tumors in the dataset, including localized primaries and later metastases (green 

box) and other matched tumors from the same patients. C. Evolutionary analysis 

representing the acquisition of genomic alterations in sequential tumors obtained from 2 

patients. Filled circles represent tumors sequenced by MSK-IMPACT, labeled with their 

sites, disease state and relative dates of acquisition.
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