
Vis et al. Genome Medicine           (2025) 17:24  
https://doi.org/10.1186/s13073-025-01445-5

RESEARCH Open Access

© The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if 
you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or 
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To 
view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.

Genome Medicine

Whole genome sequencing of 378 prostate 
cancer metastases reveals tissue selectivity 
for mismatch deficiency with potential 
therapeutic implications
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Abstract 

Background  Survival of patients with metastatic castration-resistant prostate cancer (mCRPC) depends on the site 
of metastatic dissemination.

Methods  Patients with mCRPC were prospectively included in the CPCT-02 metastatic site biopsy study. We evalu-
ated whole genome sequencing (WGS) of 378 mCRPC metastases to understand the genetic traits that affect meta-
static site distribution.

Results  Our findings revealed that RB1, PIK3CA, JAK1, RNF43, and TP53 mutations are the most frequent genetic deter-
minants associated with site selectivity for metastatic outgrowth. Furthermore, we explored mutations in the non-
coding genome and found that androgen receptor (AR) chromatin binding sites implicated in metastatic prostate 
cancer differ in mutation frequencies between metastatic sites, converging on pathways that impact DNA repair. 
Notably, liver and visceral metastases have a higher tumor mutational load (TML) than bone and lymph node metas-
tases, independent of genetic traits associated with neuroendocrine differentiation. We found that TML is strongly 
associated with DNA mismatch repair (MMR)-deficiency features in these organs.

Conclusions  Our results revealed gene mutations that are significantly associated with metastatic site selectiv-
ity and that frequencies of non-coding mutations at AR chromatin binding sites differ between metastatic sites. 
Immunotherapeutics are thus far unsuccessful in unselected mCRPC patients. We found a higher TML in liver and vis-
ceral metastases compared to bone and lymph node metastases. As immunotherapeutics response is associated 
with mutational burden, these findings may assist in selecting mCRPC patients for immunotherapy treatment based 
on organs affected by metastatic disease.
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Background
Prostate cancer is the second most common malignancy 
in men, with globally over 1.3 million new diagnoses and 
359,000 cancer-related deaths yearly [1]. Primary pros-
tate cancer has an excellent prognosis. However, meta-
static disease is generally incurable [2, 3]. After an initial 
response to androgen deprivation therapy, the condi-
tion will invariably progress to metastatic castration-
resistant prostate cancer (mCRPC), which is associated 
with high morbidity and mortality [4]. Approximately 
90% of patients with mCRPC will develop bone metasta-
ses during the course of the disease, rendering bone the 
most common site for prostate cancer metastases [5]. 
Lymph node (LN), liver, and (non-liver) visceral metas-
tases are less frequent and commonly co-occur with bone 
metastases [5]. Importantly, there is a strong associa-
tion between the sites of metastases and the prognosis of 
patients with disseminated prostate cancer. Patients with 
only LN metastases have the most favorable outcome. In 
contrast, patients with liver metastases have the worst 
prognosis, irrespective of concurrent metastases at other 
sites [6]. Moreover, several studies suggest differential 
responses of mCRPC metastatic sites to treatments [7, 8].

Cancer metastasis to specific organs occurs through a 
non-stochastic process termed metastatic organotropism, 
which is cancer-type specific and thought to be governed 
by interactions between the tumor cells and the tumor 
microenvironment at the pre-metastatic niche [9, 10]. 
Mediators of these interactions include genetic aberra-
tions that alter growth and survival signals, metabolism, 
and the expression of cell surface markers and secreted 
factors [11–13]. The mutational inter-patient heterogene-
ity of prostate cancer metastases is also affected by the 
accumulation of genetic traits during the course of the 
disease and subsequent therapies [14, 15].

Androgen receptor (AR) is the pivotal hormone-driven 
transcription factor in prostate cancer development, 
and inhibiting its actions represents the most effective 
treatment of this disease. Upon testosterone binding, 
AR predominantly interacts with regulatory elements 
throughout the chromatin [16, 17]. Patterns of AR chro-
matin interactions are highly plastic and reveal highly 
consistent programmatic alterations specific to the differ-
ent stages of prostate cancer [16, 18–21]. As a result of 
effective AR-inhibiting therapies, metastatic lesions have 
the potential to display linear plasticity, and aggressive 
prostate cancer variants may arise, including treatment-
emergent neuroendocrine (t-NE) or double-negative (loss 

of AR and NE markers) prostate cancer [22, 23]. t-NE 
differentiation is a distinct path of tumor progression in 
prostate cancer, characterized clinically by low expres-
sion of serum PSA and poor survival [24]. Although asso-
ciated with late-stage disease, the development of t-NE is 
an early feature of resistance to AR-inhibition and is gen-
erally considered an epigenetic phenomenon and defined 
by transcriptional reprogramming [25, 26]. However, 
reported genetic traits associated with t-NE include the 
absence of AR amplification, the presence of inactivating 
mutations in TP53 and RB1, loss of PTEN, and amplifica-
tion of MYC in the same sample [25, 27].

Unraveling the genetic determinants underlying meta-
static organotropism could contribute to patient stratifi-
cation for sensitivity to specific therapeutic interventions, 
improving prostate cancer patient care.

Here, we explored the genetic characteristics associated 
with the location of prostate cancer metastases, including 
mutations, amplifications, deletions, and tumor muta-
tional load (TML). Moreover, the mutational patterns in 
disease stage-specific AR chromatin binding regions were 
explored and related to functional output. We report on 
whole genome sequencing (WGS) data from 378 mCRPC 
biopsies, representing the largest genomic dataset to date 
in metastatic prostate cancer, as a unique resource for the 
scientific community, enabling us to evaluate differential 
genetic traits of metastatic disease with significant power.

Methods
Cohort
The Center for Personalized Cancer Treatment (CPCT) is 
a nationwide biopsy trial in the Netherlands that collects 
fresh-frozen biopsies from metastatic sites of all cancers 
(Additional file 3: CPCT-02 full protocol). Patients with 
mCRPC were prospectively included in the metastatic 
site biopsy study between February 2015 and June 2020. 
Patients included were 18 years or older, had measurable 
disease according to RECIST 1.1 criteria [28], had meta-
static lesions that were safely accessible for a histological 
biopsy, and were candidates for systemic treatment with a 
second-generation anti-hormonal therapy (enzalutamide, 
abiraterone or apalutamide or any other new androgen 
inhibitor at the discretion of the physician).

The primary outcome of the CPCT-02 study was to 
evaluate the number of patients with adequate muta-
tional profiling of their cancer genome and multiple 
secondary outcomes. The primary outcome result in 
mCRPC patients has been published previously [29]. 
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Adequate biopsy and PBMC germline control WGS was 
obtained in 69.1% of patients who underwent a meta-
static site biopsy.

Samples and genomics features
The Hartwig Medical Foundation (Hartwig) mCRPC 
cohort contains WGS data from 378 biopsies from 
unique patients at any stage of metastatic castration-
resistant disease, irrespective of (systemic) treatments 
received. However, all patients received androgen dep-
rivation therapy. For this analysis, we excluded biopsies 
from the prostate, as these most likely reflect primary 
tumors. Patients may have had metastases at other 
sites than biopsied. Biopsies were fresh-frozen in liquid 
nitrogen, followed by an assessment of tumor cellular-
ity estimated in hematoxylin–eosin-stained 6-µm thick 
sections. A minimal tumor content of the biopsy of 30% 
was accepted for further processing (see [29]). WGS data 
of the biopsies was processed uniformly using the same 
pipeline. In short, between 50 and 200 ng of DNA were 
used for sequencing on a HiSeqX (Illumina) sequencer. 
The resulting reads were mapped to the GRCH37 version 
of the genome using BWA-MEM. Single nucleotide vari-
ants and indels were called using Strelka with optimized 
settings. Structural variants were called using Manta. A 
complete workflow description is found elsewhere [30, 
31].

Hartwig performed whole genome sequencing (WGS) 
for 386 metastatic castration-resistant prostate cancer 
samples, of which 378 were from metastatic sites, catego-
rized as LN, bone, liver, or visceral metastases. Visceral 
biopsies were defined as any taken from the peritoneal 
or thoracic cavity except the liver. We excluded biopsies 
from the prostate as they are too similar to the primary 
tumor and do not represent metastasis. A clinician man-
ually curated the sample classification.

The genomic data was processed at Hartwig [30]. All 
samples were processed identically. The analyses were 
performed using all data unless stated otherwise. For 
generation of the mutation/copy number and structural 
variant data, we used the data from the purple analysis 
pipeline, which is downstream of the primary mutation 
and variant calling and prioritized genes as likely drivers. 
Hartwig provided this data. The driver gene list selec-
tion method is described in Priestley et al., Supplemental 
Materials Sect. 21 [30]. The mutational signature and AR 
chromatin binding site analyses were performed using 
the whole genome somatic mutation data. The complete 
definition of the Hartwig pipeline is found here: https://​
github.​com/​hartw​igmed​ical/​pipel​ine5.

Genes with at least ten altered samples were consid-
ered for downstream analysis. The Hartwig data process-
ing includes patient-matched blood (PBMC) samples, but 

an exploration of germline data was out of the scope of 
this analysis.

Genomic regions selectively occupied by AR and 
altered upon tumorigenesis (gained in tumor (GIT) or 
lost in tumor (LIT)) or metastasis formation (gained in 
metastases (GIM) and lost in metastases (LIM)) were 
reported previously [16, 19, 20].

Clinical data
Apart from the biopsy site as provided in the database, 
data on the number of organs affected by metastases 
could be secured separately from a total of 233 patients, 
of whom 87 (37.3%) had a bone biopsy, 23 (9.9%) had a 
liver biopsy, 115 (49.4%) had a LN biopsy, and 8 (3.4%) 
a visceral biopsy. However, no data on the number of 
metastases or metastatic load was available.

Association of genomic features with biopsy site 
and tumor mutation burden
Biopsy site
A generalized Fisher exact test was used to determine 
whether the gene is non-uniformly altered across biopsy 
sites. Multiple testing corrected p values, using the Ben-
jamini–Hochberg procedure, are designated as p-adjust.

Tumor mutation load
We tested whether genes were associated with the tumor 
mutation load for each biopsy site, as defined in the pre-
vious section. For that purpose, we performed a t-test 
comparing the tumor mutation load in altered samples 
against wild-type samples. We corrected the p values for 
multiple tests using the Benjamini–Hochberg procedure. 
For a high TML qualification, the Hartwig threshold 
of > 140 missense mutations was used.

Comparison with primary prostate cancer cohort (TCGA)
We used the TCGA Prostate Adenocarcinoma, as 
sourced data from GDAC Firehose (https://​gdac.​broad​
insti​tute.​org) by cBioportal (https://​www.​cbiop​ortal.​
org). The gene-altered status combines mutation status 
(comprising putative drivers and VOUS) with copy num-
ber alterations by Gistic2. The sample altered status was 
downloaded directly from the cBioportal.org website and 
used for the downstream comparative analyses.

Mutational signatures
We used the R package MutationalPatterns (v3.0.1) [32] 
for inferring mutational (RefSeq) signatures [33].

Neuroendocrine (NE)‑potential score
Three genetic traits associated with t-NE were selected 
to construct a NE-potential score: (1) the absence of AR 
amplification, (2) the presence of inactivating mutations 

https://github.com/hartwigmedical/pipeline5
https://github.com/hartwigmedical/pipeline5
https://gdac.broadinstitute.org
https://gdac.broadinstitute.org
https://www.cbioportal.org
https://www.cbioportal.org
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of TP53, and (3) the presence of inactivating mutations 
of RB1 [25, 27]. The score per biopsy site is 0, 1, 2, or 3 
genetic traits, of which 3 genetic traits qualify for high 
NE potential.

Results
Patient cohort characterization
Of the 378 metastatic samples, 179 originated from a LN, 
116 from bone, 59 from liver, and 24 from visceral sites 
(Fig. 1A and B). Visceral samples comprise biopsies taken 
from any organ in the abdominal or thoracic cavity, apart 
from the liver, bone, or LN, thus constituting a more het-
erogeneous group than the other sites (Additional file 1: 
Table S1). The number of organs affected by metastases 
was lower at diagnosis than at the time of biopsy (Addi-
tional file  2: Fig. S1). At the time of biopsy, patients 
who had a liver or visceral metastasis biopsy had more 
metastatic sites than patients with a bone or LN metas-
tasis biopsy (Additional file  2: Fig. S1, Additional file  1: 
Table  S2), which agrees with the occurrence of these 
metastatic sites in late-stage disease.

We generated an overview of the most common genetic 
alterations observed in the cohort, affecting at least 10 
patients (Fig.  1C). The most common aberrations were 
AR amplifications, followed by deletions or mutations 
in RB1, TP53, and PTEN. TMPRSS2-ERG was the most 

common gene fusion (Additional file  2: Fig. S2). These 
findings are consistent with a previously reported analy-
sis of 197 samples from the same cohort [29] and other 
studies evaluating whole exome sequencing (WES) data 
[34].

Genomic patterns aligning with neuroendocrine 
differentiation
Next, we assessed genetic features previously associated 
with t-NE mCRPC: absence of AR amplifications, the 
occurrence of inactivating mutations of RB1 and TP53, 
loss of PTEN, and amplification of MYC [25, 27]. Nearly 
all RB1 losses also showed PTEN loss, while high MYC 
amplification levels were mutually exclusive from these 
other genetic traits. Based on these findings, we created 
an NE-potential score, which is the sum of the occur-
rence of three genetic traits: inactivating alterations 
in TP53 and RB1 and the absence of AR amplification 
(Additional file  2: Fig. S3). We found 33 (8.7%) patients 
whose genetic alteration pattern suggested NE-poten-
tial (all three features). Interestingly, the biopsy site was 
strongly associated with NE-potential (generalized Fisher 
exact, p value: 1.2e − 9): 25.0% of the visceral and 27.1% 
of the liver metastases carried a high NE-potential, while 
only 5.2% of the bone and 2.8% of the LNs did (Additional 
file 2: Fig. S4). When we looked more specifically at the 

Fig. 1  Origin and genetic characterization of prostate cancer metastatic sites. A Overview of the number of biopsy samples collected from each 
metastatic site (https://​smart.​servi​er.​com). B Distribution of metastatic sites in the dataset. C Oncoprint shows this cohort’s most frequent mutations 
and recurrently deleted or amplified genes

https://smart.servier.com
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number of genetic features that make up the NE-poten-
tial score, we saw that one or two alterations in bone and 
LN metastasis were common, but all three were rarely 
co-occurring (Additional file  2: Fig. S4). In contrast, we 
observed one to three alterations in almost equal fre-
quency for liver and visceral metastasis.

The differential mutational landscape between prostate 
cancer metastatic sites
After identifying the most frequent aberrations and 
gene fusions in the cohort, we assessed the differential 
frequencies of amplifications, deletions, and mutations 
of these commonly mutated genes in mCRPC between 
metastatic sites. We marked a sample as “altered” when 
we observed any of these alterations. We reported hot-
spot mutations when genes carried multiple alterations. 
Genetic traits were grouped by their associated pathway, 

while genes not associated with a pathway were collated 
as “other” (Fig.  2). The complete list of gene alteration 
counts can be found in Additional file  4: Table  S3. We 
compared gene mutation frequency distributions across 
different sites using a generalized Fisher exact test and the 
Benjamini–Hochberg procedure to control for multiple 
testing [35]. Interestingly, while the alteration frequencies 
were similar for most genes across the metastatic sites, 
some reflect a site preference (Additional file 5: Table S4). 
The differential alteration frequencies between biopsy 
sites that reached significance were RB1 (p-adjust: < 0.01), 
PIK3CA (p-adjust: 0.03), JAK1 (p-adjust: 0.03), RNF43 
(p-adjust: 0.03), and TP53 (p-adjust: 0.05) (Fig.  2). A 
previous study reported enrichments of MYC amplifica-
tion, PTEN deletion, and PIK3CB amplifications in liver 
metastases compared to other metastatic sites [36]. How-
ever, we found that alterations in RB1 occurred more 

Fig. 2  Frequencies of prostate cancer-relevant gene alterations between metastatic sites. Overview of the alteration frequencies of genes 
in metastatic sites, clustered by their associated pathway. In addition, the aggregated pathway analysis, based on alteration frequencies within these 
pathways, is shown for the different sites
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frequently in liver and visceral metastases, specifically 
gene deletions (n = 7, 11.9% and n = 7, 29.9%, respec-
tively), compared with LN and bone (n = 5, 2.8% and 
n = 1, 0.9%, respectively) (p-adjusted: 0.0002) (Fig.  2). 
Relatively few PIK3CA hotspot mutations were found in 
bone (n = 1, 0.9%), liver (n = 1, 1.7%), and in LN (n = 6, 
3.3%) compared to visceral sites (n = 5, 21%) (p-adjust: 
0.041), suggesting a role of these alterations in metastatic 
organotropism. However, since liver and visceral biopsies 
had the highest NE-potential score (Additional file 2: Fig. 
S3), t-NE differentiation is an alternative explanation for 
the higher frequency of gene alterations in these sites. Of 
the gene rearrangements, TMPRSS2-ERG fusions were 
found in 45–50% of bone, liver, and LN samples, while in 
38% (n = 9) of visceral samples (p value: ns) (Additional 
file  2: Fig. S2). In contrast, CNTNAP2 and MACROD2 
rearrangements were found in 38% and 33% of visceral 
samples, respectively, compared to 12–22% and 13–17% 
in bone, liver, and LN samples. However, these differ-
ences in occurrence did not reach significance (p-adjust: 
0.18 and 0.28, respectively). While these genes have not 
been implicated in prostate cancer before, CNTNAP2 
has been reported as over-expressed in metastatic breast 
cancer, while MACROD2 is implicated in liver cancer 
metastasis [37, 38].

The visceral metastases group is heterogeneous (Addi-
tional file  1: Table  S1), with various impacts of sites on 
patient prognosis. For instance, lung metastases have 
a relatively small impact on prognosis [39]. Therefore, 
comparisons of frequencies of aberrations in sites within 
the visceral metastases group would have been of added 
value. However, the number of samples per site was con-
sidered too low to make reliable comparisons.

Prostate cancer metastases do not develop simul-
taneously in the various organs and liver, and visceral 
metastases are associated with late-stage disease [40]. 
Therefore, the timing of metastasis development at a 
particular site may be associated with the accumulation 
of metastases and frequency of NE potential. Further-
more, only one metastatic site biopsied was considered 
per patient. Based on the current data, it cannot be 
excluded that the genetic features of the biopsy can be 
generalized to other metastatic lesions within the same 
patient. We clustered the samples into three groups 
to address these confounding factors: no-bone metas-
tases, no-LN metastases, and no soft-tissue (liver and 
visceral) metastases. Of all the genes analyzed for muta-
tions listed in the oncoplot, only a higher frequency 
of RB1 (p-adjust: 0.0012) was found in patients with 
soft-tissue metastases, while fewer PRDM1 (p-adjust: 
0.0094) mutations were found in biopsies of patients 
with bone metastases (Additional file 1: Table S5A and 
B). PRDM1, encoding for the BLIMP1 transcription 

factor, has been associated with T-cell stemness and 
exhaustion [41], but no relation with prostate cancer 
bone metastasis was previously described.

After identifying genetic traits associated with 
the metastatic process, organotropism, or both, 
we assessed prostate cancer-relevant pathways for 
organotropism with emphasis on targetable pathways, 
including AR signaling, PI3K signaling, WNT signal-
ing, DNA repair, and MAP-kinase pathways [42–46]. 
The fractions of altered samples (with genomic altera-
tions in the pathway) were compared across the various 
metastatic sites using a generalized Fisher exact test 
and the Benjamini–Hochberg procedure to correct for 
multiple hypothesis testing [35]. WNT pathway altera-
tions (p-adjust: 0.01) were higher in liver metastases 
than in the other metastatic sites, while PI3K pathway 
alterations (p-adjust 0.02) were lower in bone than in 
other sites (Additional file 5: Table S4). Genetic altera-
tions associated with t-NE differentiation may partly 
explain these findings because of the high NE-potential 
score of liver and visceral metastases. Additionally, we 
found a trend for differential mutations of DNA repair 
genes (p-adjust: 0.12) with relatively few in bone. There 
were no differential alterations between metastatic sites 
in the other pathways assessed.

Mutational patterns at disease stage‑specific AR 
chromatin‑bound sites and their functional consequences
As a consequence of the high plasticity of AR chroma-
tin interactions, varying with disease stage, prior stud-
ies identified consistent and programmatic alterations 
of AR chromatin profiles in tumorigenesis (coined as 
GIT or LIT) or metastasis formation (coined as GIM or 
LIM) [16, 19, 20]. The availability of WGS data allowed 
us to evaluate the mutation frequency of these regions 
for the metastatic site. While there was no difference in 
the mutational frequency of GIT, LIM, and LIT regions 
between metastatic sites, the GIM regions were more 
often mutated in bone metastases than other sites (Addi-
tional file 2: Fig. S5). At these GIM regions, we found that 
mutations were predominantly intronic and distal inter-
genic sites, typical for AR-bound sites [17]. However, 
between metastatic sites, no difference in the distribution 
of type of mutations at GIM regions was found (Addi-
tional file  2: Fig. S6). Subsequently, we applied gene set 
enrichment analysis based on the AR site-proximal genes 
(Additional file  2: Fig. S7). Strikingly, the hallmark UV 
response, which represents DNA repair, is enriched in all 
four metastatic sites, suggesting that non-coding muta-
tions at AR-bound sites in metastatic prostate cancer 
affect genes involved in DNA repair, which seems espe-
cially the case for bone metastases.



Page 7 of 13Vis et al. Genome Medicine           (2025) 17:24 	

Comparison of gene alterations between primary prostate 
cancer and metastatic sites
Following identifying genetic traits with a differential fre-
quency between metastatic sites, we explored differences 
in gene alteration frequencies between primary pros-
tate cancer and metastatic sites using a two-sided Fish-
er’s exact test and a Benjamin-Hochberg procedure to 
account for multiple testing. This comparison allowed us 
to discriminate between gene alterations associated with 
the metastatic process, organotropism, or both. To this 
end, we compared the alteration rates in our 378-tumor 
metastatic cohort with WES data from 492 primary pros-
tate cancers from The Cancer Genome Atlas using cBio-
Portal (TCGA) [47].

Comparisons of gene aberrations between metachro-
nous same-patient treatment naïve primary prostate 
cancer samples and mCRPC metastases were made pre-
viously in 61 patients [48]. Although our primary and 
metastatic disease comparisons were not in the same 
patient, the more considerable statistical power of the 
greater sample numbers might yield novel insights.

Twelve of the 492 (2.4%) primary prostate cancers ful-
filled the NE-potential score criteria, which is lower than 
the 7.4% we found in the metastatic samples we ana-
lyzed. Subsequently, we explored all 61 genes commonly 
mutated in prostate cancer (see also Fig. 2) for differential 
alteration frequencies between primary castrate-sensitive 
prostate cancer (TCGA) and our mCRPC cohort. Of the 
gene alteration frequencies not different between meta-
static sites, alterations in AR are uncommon in primary 
disease (n = 9, 2%) but widespread in metastatic disease 
(n = 175, 46%) (p-adjust < 0.001), as expected and exten-
sively described previously [49]. Also, for PPP2R3B and 
FAT1 alterations, we observed a similar enrichment 
between the various metastatic sites, suggesting no role 
in metastatic organotropism. However, the elevated fre-
quency of alterations in these genes for the metastatic 
samples (log2-fold change of 1.97 and 1.87, respec-
tively) suggests a link with the metastatic process. We 
also found genes more frequently altered in the primary 
samples than in the metastatic samples, suggesting that 
these variants and indel alterations are associated with 
less metastatic potential. These genes include PRDM1, 
PPP2R2A, FGFR1, TMPRSS2, and RAD21, of which 
TMPRSS2 is the most commonly altered gene and found 
in 7% (n = 25) of the metastatic samples and 16% (n = 80) 
of the primary samples (p-adjust < 0.001). Although there 
is much research into TMPRSS2-ERG fusions [50], there 
are, to our knowledge, no reports on the role of point 
mutations in TMPRSS2 in prostate cancer development.

Of the five genes which showed organotropism, RB1, 
PIK3CA, JAK1, RNF43, and TP53 (Additional file  5: 
Table S4), we found enrichment only for TP53 alterations 

in mCRPC (n = 221, 58%) compared with primary dis-
ease (n = 88, 18%) (p-adjust < 0.001), which might suggest 
a role of functional TP53 loss in the metastatic process. 
The remaining four genes had comparable frequen-
cies in primary cancer and metastases, suggesting that 
alterations in these genes confer no general propensity 
to the metastatic process. Samples with RB1 alterations 
were found in equal frequencies in primary (n = 83, 17%) 
and mCRPC samples (n = 51, 13%). Although less fre-
quent, we observed similar tendencies for the other gene 
alterations that showed organotropism with a penchant 
for visceral sites, PIK3CA, JAK1, and RNF43, which are 
relatively rare in primary and metastatic disease (< 7% in 
both compartments). Of note is that the differences in 
mutation frequencies between primary and metastatic 
disease might reflect the time of development and tumor 
evolution, as primary disease precedes metastatic cancer.

Tumor mutational load and mismatch repair deficiency are 
most pronounced in liver and visceral metastases
Finally, we explored broad characteristics of DNA aber-
rations, such as the type of aberration, tumor mutational 
load (TML), and mutational signatures. TML is the total 
number of somatic missense variants across the whole 
genome of the tumor [31, 51]. Metastases to the liver 
and visceral sites showed the highest TML (Fig.  3A). A 
comparison of the mean TML across biopsy sites showed 
more missense mutations, the defining feature of TML, 
in the liver (mean: 131, IQR 42–70) and visceral metasta-
ses (mean: 290, IQR 50–86) as compared to bone (mean: 
59, IQR 36–58) and LN samples (mean: 96, IQR 36–71) 
(ANOVA, p < 0.001) (Fig.  3B). The mutational process 
frequently leaves traces known as mutational signatures, 
allowing for its identification [52]. We queried the Signal 
Reference signatures (Ref.Sig.) [33] for all samples from all 
metastatic sites (Additional file 2: Fig. S8). We observed a 
high burden of Ref.Sig. 1 mutational signature. This sig-
nature is known to be associated with age, which might 
be expected because prostate cancer mainly affects older 
men. More importantly, we found a cluster with a high 
score for Ref.Sig.MMR1 and Ref.Sig.MMR2, both associ-
ated with defective mismatch repair (MMR). Other refer-
ence signatures were Ref.Sig. 18 and 17, both of unknown 
etiology [33]. Nine cases with high-TML unexplained by 
MMR signatures were associated with high Ref.Sig. 8, 
and Ref.Sig.3 fractions, but not 5 (Additional file 2: Fig. 
S9). Ref.Sig.8 tends to cluster with Sig.3 and Sig.5 [33] 
and is associated with homologous repair deficiency. 
While Sig.8 is of unknown etiology, Sig.3 is implicated in 
BRCA1/2 germline/somatic mutations [33], and indeed, 
mutation data confirmed BRCA2 mutations or deletions 
in six patients. Ref.Sig.5 is associated with smoking, and 
this may explain the low contribution.
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Next, we explored the relationship between TML and 
MMR signatures (Fig.  3C) and found that most high-
TML samples [30, 31] had more than 50% of the missense 
mutations explained by the MMR signature (Fig.  3C). 
The frequency of high TML showed organotropism and 
was predominantly determined by Ref.Sig.MMR1 (Addi-
tional file  2: Fig. S10). Most high-TML cases are also 
microsatellite instable (MSI)-high, and the MSI status is 
one explanation for the large number of point mutations. 
Interestingly, none of the samples recognized as MSI-
high had a high NE potential, suggesting MSI-high as an 
orthogonal group not associated with t-NSE differentia-
tion (Additional file 2: Fig. S3). MSI-high tumors exhibit 
more aggressive biology, which may be associated with 
more extensive disease [53]. Although no exact infor-
mation on the metastatic load of patients in the cohort 
was available, we used the number of organs affected 
with metastases as a proxy for the metastatic volume. 
No relation was found between TML and the number of 

metastases affected organs in all four biopsy site groups 
(Additional file 2: Fig. S11).

Subsequently, we used the Hartwig driver assessment 
(see Methods) to test whether the mutational status of 
the DNA repair genes was associated with TML rela-
tive to the site of metastasis. A positive relation between 
DNA-repair-associated gene alteration state and TML 
was expected, but this does not have to be true for all 
gene-site combinations. Of the homologous recombina-
tion DNA-repair-associated genes, BRCA2 mutations 
were associated with a higher TML in all biopsy sites, 
while ATM and FANCD2 were associated with a higher 
TML in visceral samples only (FDR < 0.2). Also, muta-
tions in the epigenetic modifiers previously described 
to be involved in DNA damage response KMT2C and 
KMT2D [54, 55] were associated with a higher TML in 
liver, visceral, and LN samples (FDR < 0.2), while ZMYM3 
[56] was only associated with a higher TML in visceral 
samples. MSH2 mutations were associated with a higher 

Fig. 3  TML by metastatic sites in relation to MMR deficiency. A Waterfall plot of TML in all samples. Y-axis: number of missense mutations. The 
insert shows the 25 samples with the highest TML. B Boxplot showing the TML per biopsy site (p value by t-test). C Dotplot showing the fraction 
of mutations explained by Ref.Sig. MMR1 and MMR2 (no dimension; x-axis) and their relation with TML (mutations per megabase; y-axis, log scale). 
High-TML is defined as > 140 missense mutations
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TML in all sites, no MSH2 mutations were found in 
liver samples (Additional file 2: Fig. S12), and TML was 
higher in liver and LN samples with MLH1 mutations. 
Similarly, JAK1 mutations showed a trend (p-adjust: 0.06) 
for TML association in visceral metastases. Generally, 
MSH2 driver alterations are rare (1%) in primary prostate 
cases (TCGA) but are more frequent (4%) in metastatic 
patients (this cohort) [47]. A non-significant (p-adjust 
0.136) trend for a higher incidence of MSH2 alterations 
was found in visceral samples (13%), as compared to 
bone (2%), liver (0%), and LN (4%) samples (Additional 
file 5: Table S4). Alteration rates for MLH1 were relatively 
low, with 2% and 1% in metastatic and primary samples, 
respectively, without clear evidence of organotropism 
(Additional file 5: Table S4).

In conclusion, we identified distinct mutational profiles 
between metastatic sites with possible therapeutic impli-
cations by analyzing the largest WGS dataset on meta-
static prostate cancer generated to date.

Discussion
Metastatic dissemination is the process by which can-
cer cells spread from their primary location to other 
organs in the body [9]. Different types of cancer tend to 
spread to specific organs, which suggests that germline 
and somatic mutations may play a significant role in the 
dissemination process [9]. However, it is unclear how 
the genetic traits of prostate cancer cells enable them to 
spread to specific tissues or how tumors develop genetic 
alterations at the site of metastasis.

Commonly clinically applied panel sequencing has lim-
ited resolution to assess molecular events since it only 
probes a small part of the genome [57]. To identify the 
genetic characteristics of metastatic prostate cancer, we 
therefore used the largest WGS dataset generated to date 
on mCRPC samples. Samples with a high NE poten-
tial, suggesting t-NE differentiation, were rare in bone 
and LN samples but more frequent in liver and visceral 
samples, which has been described previously [24]. We 
found that alteration frequencies across metastatic sites 
were similar for most genes, but some mutations were 
site-specific. RB1, PIK3CA, JAK1, RNF43, and TP53 were 
the most frequently altered genes, with RB1, PIK3CA, 
and TP53 already known to be drivers of prostate can-
cer development [58]. Although suggestive of a role in 
organotropism, genetic traits with a higher frequency in 
liver and visceral samples might also be explained by dif-
ferential clonal selection due to multiple treatments and 
the development of t-NE differentiation between meta-
static sites.

We evaluated the mutation frequency of clinically rel-
evant AR chromatin binding sites and found a higher 
frequency of mutations in bone compared to the other 

metastatic sites only in the GIM regions. Gene set enrich-
ment analysis identified DNA repair mechanisms as the 
most significantly enriched process for those mutated AR 
sites, suggesting that non-coding mutations converge on 
this biological process in metastatic disease. This inter-
esting observation warrants deeper functional biological 
exploration in follow-up studies.

Surprisingly, only TP53 mutations showed a higher 
frequency in mCRPC metastases than in primary pros-
tate cancer, which suggests that RB1 and PIK3CA are 
not required for cells to metastasize, but TP53 muta-
tion potentially is. A previous study of paired biopsies of 
primary prostate cancer and mCRPC metastases of 61 
patients reported an increase of AR mutations and ampli-
fications, as well as an increase of TP53, RB1, and PI3K/
AKT mutations in metastatic sites [48], confirming our 
finding of higher TP53 mutation frequencies in metasta-
ses. Mutations of the WNT-pathway-associated RNF34 
gene are associated with resistance of mCRPC to AR-
targeted therapies [59]. JAK1 and RNF43 alterations can 
be considered passenger mutations, and no difference 
in the occurrence between primary disease and mCRPC 
metastases [58] was observed. In turn, for PPP2R3B and 
FAT1 alterations, we observed an enrichment in the met-
astatic setting but no selectivity for particular metastatic 
sites. PPP2R3B is a subunit of protein phosphatase 2A, 
and alterations have been associated with poor progno-
sis of metastatic melanoma but have not been studied in 
mCRPC, while FAT1 was identified as a tumor suppres-
sor in prostate cancer cells [60, 61]. Therefore, alterations 
of PPP2R3B and FAT1 might contribute to an aggressive 
phenotype.

We observed a higher TML in liver and visceral metas-
tases than in bone and LN metastases. Surprisingly, a 
high TML was mutually exclusive with a high NE poten-
tial, suggesting two parallel tracks of prostate cancer pro-
gression in the advanced disease setting, with high TML 
precluding neuroendocrine differentiation. Over half 
of the mutations in the samples with high TML could 
be explained by a DNA mismatch repair (MMR)-defi-
ciency mutational signature. MMR deficiency increases 
the likelihood of acquiring somatic mutations, particu-
larly in short repetitive sequences, leading to varying 
lengths of these regions, termed microsatellite instabil-
ity (MSI) [62]. MMR signatures could not explain some 
of the high TML samples, and deeper investigation into 
the mutational signatures pointed to homologous repair 
deficiency associated with loss of BRCA1/2, which was 
corroborated by 6 out of 9 samples indeed presented with 
BRCA1/2 mutations—the functional role of Ref.Sig. 8, 
which significantly contributed to our observed muta-
tions, is unknown. Ref.Sig. 3 is associated with BRCA1/2 
loss of function, but the clustering of these two signatures 
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is consistent with previous findings, possibly hinting at 
a complex interplay between the mechanisms underly-
ing these signatures [33]. In the current cohort, a trend 
towards organotropism was found for mutations of the 
MMR-associated gene MSH2, with relatively high rates in 
visceral samples. Another driver gene alteration associ-
ated with a higher TML in visceral metastases was JAK1. 
While SPEN and PREX2 are not reported to be associated 
with DNA repair mechanisms, JAK1 loss of function is 
associated with MSI in multiple cancers, including pros-
tate cancer [63]. It is suggested that JAK1 loss of function 
alterations represent an adaptation to immune responses 
against MSI tumors and contribute to tumor immune 
evasion through an interferon response [63].

Few studies have reported on molecular organotropism 
of prostate cancer previously. A large pan-cancer 
cohort identified associations between genomic altera-
tions and patterns of metastatic dissemination [34], 
in which genomic characterization was performed 
by targeted sequencing of a panel of 341–468 cancer-
associated genes. This study included targeted panel 
sequencing of 860 metastatic prostate cancer samples 
(no WGS), revealing a slight increase in mutation fre-
quency observed in liver metastases without differential 
TML between metastatic sites. Liver metastases were 
associated with increased PTEN deletion, MYC ampli-
fication, and increased PI3K and MYC signaling, while 
bone metastases were associated with decreased repre-
sentation of ERG fusions and lung metastases displaying 
fewer AR amplifications [34]. These results agree with 
our current findings on increased PTEN deletion and 
elevated PI3K signaling in liver metastases, but we did 
not find increased MYC amplification in liver metastases 
or a higher frequency of ERG fusions in bone metastases 
compared to other sites.

However, we established differential alterations of more 
genes between metastatic sites and increased TML in 
liver and visceral metastases. Some discrepancies might 
be related to differences in techniques, as WGS can dis-
cover biologically and clinically relevant signals compre-
hensively and unbiasedly that are often missed by the 
limited gene panel of targeted sequencing. Furthermore, 
panel sequencing has been reported to have limited reso-
lution in establishing genetic relations [57].

Metastatic organotropism has also been studied 
in other cancer types, including breast cancer [64]. 
Although prostate cancer and breast cancer are hor-
mone-dependent and share multiple molecular features 
[65], the genetic traits driving metastatic site selection 
share surprisingly little overlap between the cancer types. 
This lack of overlap suggests that the molecular compo-
nent of metastatic site preference of prostate and breast 
cancer follows different routes.

High-TML incidence varies markedly across tumor 
types [66] and is common in canonical mutagen-associ-
ated cancers, including skin (ultraviolet light) and lung 
(tobacco smoke) [52]. Consequently, approximately half 
of melanoma and non-small cell lung cancers (NSCLC) 
meet the criteria for high-TML [66]. In contrast, less 
than 5% of prostate cancers have been reported as 
high-TML [67]. Tumors with high-TML produce many 
neoantigens that lead to increased tumor immuno-
genicity, rendering tumors more susceptible to immu-
notherapeutics [68]. Several studies have demonstrated 
an association between high-TML and the response of 
melanoma and NSCLC to immunotherapeutics [69]. 
Multiple randomized trials showed limited immuno-
therapeutic efficacy in treating unselected patients 
with mCRPC [70–72]. In the present study, we report 
a higher TML in prostate cancer metastases in the 
liver compared to other metastatic sites. While com-
pelling, claims on the response of these metastases to 
immunotherapy cannot be made, as no clinical trials 
to date have evaluated the efficacy of immunotherapy 
in patients with specific organ metastases. Some cir-
cumstantial support can be derived from the results 
of the KEYNOTE-921 trial, in which mCRPC patients 
were randomized between docetaxel and docetaxel in 
combination with pembrolizumab, a monoclonal anti-
body inhibiting programmed cell death protein-1 [72]. 
Although no radiographic progression-free survival or 
overall survival benefit was established in the whole 
population, the 67 patients in the trial with liver metas-
tases tended to have better radiographic progression-
free survival than patients with other metastatic sites 
(HR 0.61 (0.35–1.08)), suggesting that mCRPC metas-
tases in the liver could be more sensitive to immuno-
therapeutics than other metastatic sites.

Our study has several limitations. Although genetic 
traits accumulate over time and are selected by emerg-
ing resistance to previous treatments, we do not present 
the timing or evolution of the WGS biopsies. Moreo-
ver, the biopsy site was not predefined, and no patient 
received multiple biopsies simultaneously. Therefore, 
it cannot be excluded that metastatic sites in the same 
patient harbor different mutations. The large number 
of samples partly overcomes this uncertainty. Another 
limitation is the absence of information on treatments 
and treatment outcomes. Therefore, the present study 
cannot evaluate a relation between high TML metasta-
ses and response to immunotherapy and between other 
genetic aberrations and targeted therapy. Finally, the 
constructed NE-potential score represents a likelihood 
of an NE phenotype, but pathology evaluations and 
immunohistochemistry are required to identify such an 
NE phenotype conclusively.
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Conclusions
In summary, RB1, PIK3CA, JAK1, RNF43, and TP53 
mutations were identified as the most frequent genetic 
determinants associated with site selectivity for pros-
tate cancer metastatic outgrowth. We found that fre-
quencies of mutations of metastatic disease-specific AR 
chromatin binding sites were higher in bone metastases 
and converged on pathways that impact DNA repair. 
These results suggest a critical role of mutations in the 
non-coding genome in prostate cancer metastatic out-
growth and/or tumor progression. Furthermore, liver 
and visceral metastases had a higher TML than bone 
and LN metastases, which were strongly associated 
with DNA mismatch repair (MMR)-deficiency fea-
tures. Based on these observations, we hypothesize that 
patients with metastases that are found predominantly 
at sites associated with high-TML (namely liver and 
visceral) are more likely to respond to immunothera-
peutics treatment based on relations between TML 
and immunotherapy response, as established in other 
cancer types. Therefore, preselecting mCRPC patients 
based on metastatic sites could prove a critical step in 
future clinical trial design.
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