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Clear cell renal cell carcinoma (ccRCC) with pancreatic metastases (PM) is paradoxically associated with prolonged overall survival (OS),
but the biological basis for this observation remains unclear.

We analyzed matched primary and metastatic samples from an international consortium of patients with PM ( n = 108) and compared them
with a previously characterized ccRCC cohort without PM (n = 273).

Primary ccRCC tumors associated with PM were dominated by indolent, angiogenic phenotypes, characterized by low-grade histology and
reduced mTORC1 activation (all P < 0.001). Tumors of patients with PM were often PBRM1-deficient (80.4% vs. 54.8%, P < 0.001) and
rarely harbored BAP1 loss (3.7% vs. 20.7%, P < 0.001). After metastasis diagnosis, patients with PM had significantly longer median OS
compared with those without PM (110 vs. 33 months, HR 0.28 [95% CI, 0.19–0.39], P < 0.001). Survival was further prolonged among
patients with PBRM1 loss (143 vs. 64 months, HR 0.41 [95% CI, 0.22–0.81], P = 0.008). Notably, PM lesions were typically low-grade and
PBRM1-deficient even when more aggressive and evolved clones were present in primary tumors. Finally, PBRM1 loss was associated
with preferential response to angiogenesis inhibitors over immune-oncology therapy, reflected by longer time on treatment (32.1 vs. 9.1
months, HR 0.16 [95% CI, 0.06–0.39], P < 0.001).

These findings illustrate selective tropism of indolent, less-evolved, PBRM1-deficient ccRCC […]
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BACKGROUND. Clear cell renal cell carcinoma (ccRCC) with pancreatic metastases (PM) is 
paradoxically associated with prolonged overall survival (OS), but the biological basis for this 
observation remains unclear.

METHODS. We analyzed matched primary and metastatic samples from an international 
consortium of patients with PM (n = 108) and compared them with a previously characterized  
ccRCC cohort without PM (n = 273).

RESULTS. Primary ccRCC tumors associated with PM were dominated by indolent, angiogenic 
phenotypes, characterized by low-grade histology and reduced mTORC1 activation (all P < 0.001). 
Tumors of patients with PM were often PBRM1-deficient (80.4% vs. 54.8%, P < 0.001) and rarely 
harbored BAP1 loss (3.7% vs. 20.7%, P < 0.001). After metastasis diagnosis, patients with PM had 
significantly longer median OS compared with those without PM (110 vs. 33 months, HR 0.28 [95% 
CI, 0.19–0.39], P < 0.001). Survival was further prolonged among patients with PBRM1 loss (143 vs. 
64 months, HR 0.41 [95% CI, 0.22–0.81], P = 0.008). Notably, PM lesions were typically low-grade 
and PBRM1-deficient even when more aggressive and evolved clones were present in primary 
tumors. Finally, PBRM1 loss was associated with preferential response to angiogenesis inhibitors 
over immune-oncology therapy, reflected by longer time on treatment (32.1 vs. 9.1 months, HR 0.16 
[95% CI, 0.06–0.39], P < 0.001).

CONCLUSION. These findings illustrate selective tropism of indolent, less-evolved, PBRM1-
deficient ccRCC clones for pancreatic dissemination. This biological bias likely underlies therapeutic 
sensitivity and favorable survival, supporting the consideration of PBRM1 status and metastatic 
tropism in risk stratification and treatment selection.
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Institute of Texas (RP220294); Endowment from Jan and Bob Pickens Distinguished Professorship 
in Medical Science and Brock Fund for Medical Science Chair in Pathology.
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Introduction
Historically, metastatic renal cell carcinoma (mRCC) is associated with a 5-year survival rate of less than 20% 
(1), although more recent clinical trials have demonstrated a median overall survival (OS) of approximately 
50 months (2, 3). However, mRCC is quite heterogeneous, and while some patients have metastases at presen-
tation, other patients develop metastases after several years, including sometimes more than 5 years (1, 4, 5). 
Interestingly, both metastatic latency and tropism have been associated with improved OS. Specifically, metas-
tases to endocrine organs correlates with better OS. In particular, patients with pancreatic metastases (PMs) 
fare significantly better (6–10). However, PMs are uncommon (11, 12).

Previously, we reported that RCCs that metastasize to the pancreas have infrequent loss of  BAP1, 
a tumor suppressor protein that is mutated in approximately 15% of  metastatic clear cell RCC (ccRCC) 
and is associated with a high grade and poor OS (13–15). Furthermore, tumors with PMs were enriched 
for PBRM1 loss, which is associated with a low grade and better OS (9). However, the association with 
PBRM1 loss was inconclusive, which we attributed to the small cohort size. In this study, we expand upon 
our prior work and further investigate the molecular determinants of  PM tropism by leveraging samples 
from a multicenter, international consortium of  patients with PM and detailed clinical outcomes (8). By 
integrating patient characteristics, histological tumor features, and genomic alterations with treatment 
response and outcomes, we provide insights into the unique biological nature of  PM in RCC.

Results
Clinicopathological characteristics of  patients with PMs. This study focuses on a subset of  patients with clear 
cell histology and samples available from an international, clinical PM consortium study (8). First, we 
sought to assess how the subset of  patients in the current study compared with the original report. In 
the original study, patients were split into 2 groups and integrated data were not available (see Methods, 
Study design and patient population). Thus, to assess the representativeness of  the cohort with samples, 
comparisons were performed to each of  the groups. Notwithstanding the focus on ccRCC in the current 
study, these analyses showed that clinicopathological characteristics between the clinical and the sample 
cohorts were similar (Supplemental Tables 1 and 2; supplemental material available online with this arti-
cle; https://doi.org/10.1172/jci.insight.195195DS1). Two items had a standardized difference greater 
than 0.3. First, there was a greater proportion of  White patients in the subset with samples available in 
group 1. Second, the proportion of  patients with local treatment for PMs was greater in the sample cohort 
(27.3% vs. 14.9%). Although there is not an obvious explanation for the former, the later was expected 
since the current study focuses on patients with available tumor samples (including PMs), which would 
have been retrieved through focal therapy (i.e., surgery).

Having established the representativeness of  the current PM cohort (n = 108), we next assessed how 
these patients compared with patients with ccRCC without PM. For these studies, we retrieved a pre-
viously assembled cohort of  patients with mRCC without PM (n = 273) (9). As a reference, the control 
cohort has a comparable median OS to patients with metastatic ccRCC in contemporaneous clinical 
trials, such as the METEOR and CheckMate 214 (16, 17). Compared with the non-PM reference cohort, 
patients with PM were diagnosed with RCC at earlier stages (stage 1 and 2, 33.3% vs. 14.1%, P < 0.001) 
and their primary tumors were more frequently of  lower grade (42.7% vs. 22.1%, P < 0.001) (Table 1). 
In addition, patients with PM developed metastases significantly later than patients without PM (median 
[IQR]: 3 [0–7] years vs. 0 [0–1] years, P < 0.001), which is consistent with an association between PM 
and metastatic latency (4). In keeping with the late onset of  metastases, the PM patient group was also 
more likely to be in a favorable risk category (49.6% vs. 21.2%, P < 0.001), as categorized by the Interna-
tional Metastatic Renal Cell Carcinoma Database Consortium (IMDC).

Patients with PM have longer survival. We compared OS between the PM and non-PM cohort. Even after 
adjusting for metastatic latency by evaluating OS from the time of  metastasis diagnosis, patients with PM 
exhibited a significantly longer median OS compared with patients without PM (110 vs. 33 months, HR 
0.28 [95% CI, 0.19–0.39], P < 0.001) (Figure 1A). Notably, the improvement in survival persisted even 
among patients in a favorable IMDC risk category (HR 0.28 [95% CI, 0.13–0.58], P < 0.001) (Figure 1B).

We next assessed the potential contribution of  clinicopathological features to OS. Unstained 
slides from representative clinical blocks containing the highest-grade areas of  the primary tumor 
were stained and subjected to central review (reviewer blinded to clinical data), and assigned a 
nucleolar grade. For patient-level comparisons, tumor grade was based on data reported in the 
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standardized template provided by each participating institution. Although some differences were 
observed between the grade reported and the centralized review (Supplemental Figure 1), they were 
not statistically significant (see Methods).

A multivariable analysis controlling for race, sex, and other significant variables identified in uni-
variate analyses showed that the presence of  PM remained a strong and significant predictor of  OS 
(Supplemental Figure 2).

Table 1. Baseline clinicopathologic data of ccRCC patients with PM compared with those without PM

Demographic factors PM cohort n = 108 Non-PM cohort n = 273 P valueA

Age (yr), median (IQR)
Initial RCC diagnosis 58 (51–64) 60 (53–67) 0.018
Metastatic disease  

diagnosis 61 (55–67) 61 (54–68) 0.762

Years from diagnosis  
to metastases 3 (0–7) 0 (0–1) <0.001

Sex, n (%) 0.023
Male 68 (63.0) 205 (75.1)

Female 40 (37.0) 68 (24.9)
Race, n (%) 0.005

White 100 (92.6) 238 (90.1)
Black 1 (0.9) 19 (7.2)
Asian 2 (1.9) 5 (1.9)
Other 5 (4.6) 2 (0.8)

Not knownB 0 (–) 9 (–)
Ethnicity, n (%) 0.032

Hispanic 11 (10.2) 52 (19.5)
Non-Hispanic 97 (89.8) 214 (80.5)
Not knownB 0 (–) 7 (–)

Stage at diagnosis,  
n (%) <0.001

1 17 (19.5) 17 (6.9)
2 12 (13.8) 18 (7.2)
3 30 (34.5) 64 (25.7)
4 28 (32.2) 150 (60.2)

Not knownB 21 (–) 24 (–)
Fuhrman grade  

at diagnosis, n (%) <0.001

1 4 (4.5) 7 (3.2)
2 34 (38.2) 42 (18.9)
3 35 (39.3) 102 (45.9)
4 16 (18.0) 71 (32.0)

Not knownB 19 (–) 51 (–)
IMDC risk category,  

n (%)
Favorable 51 (49.6) 48 (21.2) <0.001

Intermediate 43 (41.7) 121 (53.6)
Poor 9 (8.7) 57 (25.2)

Not knownB 5 (–) 47 (–)
AContinuous variables were compared using the Wilcoxon rank-sum test, and categorical variables were compared 
using Fisher’s exact test or the Fisher-Freeman-Halton exact test, as appropriate. Unknown data were excluded from 
statistical comparisons and are indicated by (–). Statistical significance was defined as P < 0.05. Within the PM cohort, 
demographic data were collected using a standardized template with predefined categories (see Methods). For patients 
from University of Texas Southwestern Medical Center, demographic information was obtained from the EMR and, when 
available, was based on patient self-report. BDemographic information was sometimes not reported in the EMR at the 
patient’s discretion; clinicopathological information was not always available when patient care partially occurred at 
external institutions. ECOG, Eastern Cooperative Oncology Group; EMR, electronic medical record; IMDC, International 
Metastatic Renal Cell Carcinoma Database Consortium; non-PM, nonpancreatic metastasis; PM, pancreatic metastasis.
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PBRM1 loss is associated with prolonged survival. We and others have previously shown that PBRM1 loss is 
associated with prolonged survival, especially when compared with patients whose tumors are BAP1-defi-
cient (13, 18, 19). We compared the frequency of  BAP1 and PBRM1 loss across the 2 cohorts. To evaluate 
the status of  these tumor suppressor proteins, we performed IHC studies. Interpretable results were obtained 
for 107 out of  108 patients with PM for both BAP1 and PBRM1, and we compared these results to previ-
ously available results from the control cohort (Table 2). We previously reported that BAP1 loss occurred 
infrequently in ccRCC with PM (9), and this was confirmed in the current study (3.7% vs. 20.7%; P < 0.001). 
In the current study, we also showed that PM was frequently associated with PBRM1 loss (80.4% vs. 54.8%; 
P < 0.001), a finding that did not reach statistical significance in our prior publication (9).

We evaluated clinicopathological characteristics of  patients with PMs according to PBRM1 status. 
We compared the 86 patients with PBRM1-deficient tumors (80.4%) with the 21 patients with retained 
PBRM1 (19.6%) (Table 3). Among the different variables evaluated (demographics, stage at diagnosis, 

Figure 1. Kaplan-Meier analyses of overall survival for patients with mRCC with or without pancreatic metastasis. Kaplan-Meier and Cox proportional hazards 
analyses of OS from time of metastases diagnosis for (A) all patients and (B) those with favorable IMDC risk profile. Patients with missing survival data were 
excluded. OS, overall survival; PM, pancreatic metastasis; No PM, cohort without pancreatic metastases.
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grade assigned by institutions, IMDC risk category, ECOG performance status, etc.) only ECOG perfor-
mance status differed. Although the size of  the cohorts compared was small, we found that patients with 
PBRM1-deficient tumors (PBRM1–) exhibited better ECOG performance status at diagnosis (P = 0.025).

Next, we compared survival outcomes. Median OS from metastasis diagnosis was significantly lon-
ger in the PBRM1– group compared with the PBRM1+ group (143 vs. 64 months, HR 0.41 [95% CI, 
0.22–0.81], P = 0.008) (Figure 2). Notably, PBRM1 status remained an independent predictor of  OS 
even after controlling for ECOG performance status (or IMDC risk profile) (Supplemental Figure 3). 
These data suggest that PBRM1 is prognostic in patients with PMs.

Improved outcomes with angiogenesis inhibitors in patients with PMs and PBRM1 loss. Previous studies have 
suggested an association between PBRM1 loss and response to angiogenesis inhibitors (20–22). Thus, we 
examined the impact of PBRM1 status on treatment response. Among 107 patients with PMs and available 
PBRM1 status, first-line (1L) therapy was as follows: 53 received an angiogenesis inhibitor, 19 an immune-on-
cology (IO) drug, and 7 a combination of angiogenesis inhibitor/IO drug. The remaining 28 patients did not 
receive systemic therapy. We then examined time on treatment (TOT), a surrogate for progression-free survival 
employed in the original consortium study (8). Patients with PBRM1-deficient tumors had significantly longer 
TOT with 1L antiangiogenic therapy (32.1 months, 95% CI, 20.7–50) compared with IO therapy (9.1 months, 
95% CI, 7.0–NR; HR 0.16 [95% CI, 0.06–0.39], P < 0.001) (Figure 3A). In patients with PBRM1+ tumors, 
TOT differences between angiogenesis inhibitors (22 months, 95% CI, 4.0–NR) and IO therapy (8.0 months, 
95% CI, 4.0–NR) were not statistically significant (HR 0.44 [95% CI, 0.10–2.00], P = 0.297), but these results 
are limited by small numbers, and the trends were similar in both groups (Figure 3B). Overall, the data suggest 
that patients with PM and PBRM1 loss preferentially respond to antiangiogenic therapy.

Patients with both pancreatic and extrapancreatic metastases exhibit more indolent features compared with 
patients without PMs. Next, we focused on the subset of  patients with both pancreatic and extrapancreatic 
metastases. This subset accounted for 77 of  108 (71%) patients. Compared with the non-PM reference 
cohort, patients that had extrapancreatic metastases were also diagnosed with RCC at earlier stages 
(31.7% vs. 14.1%, P = 0.001), had primary tumors of  lower grade (40.0% vs. 22.1%, P = 0.018), and 
were more likely to be in a favorable IMDC risk category (46.0% vs. 21.2%, P < 0.001) (Supplemental 
Table 3). In addition, patients with extrapancreatic metastases also developed metastases significantly 
later than patients without PM (median [IQR]: 2 [0–6] years vs. 0 [0–1] years, P < 0.001), reinforcing 
the association between tropism to the pancreas and metastatic latency (Supplemental Table 3). Even 
among patients with both pancreatic and extrapancreatic metastases, median OS remained significantly 

Table 2. Immunohistochemistry analyses of ccRCC patients with and without PM

IHC expression PM cohort n = 108 Non-PM cohort n = 273 P valueA

PBRM1 status, n (%) <0.001
PBRM1+ 21 (19.6) 80 (45.2)
PBRM1– 86 (80.4) 97 (54.8)

Not knownB 1 (–) 96 (–)
BAP1 status, n (%) <0.001

BAP1+ 103 (96.3) 142 (79.3)
BAP1– 4 (3.7) 37 (20.7)

Not knownB 1 (–) 94 (–)
SETD2 status, n (%) 0.121

SETD2+ 59 (55.7) 98 (65.3)
SETD2– 47 (44.3) 52 (34.7)

Not knownB 2 (–) 123 (–)
ACategorical variables were compared using Fisher’s exact test. Unknown data were excluded from statistical 
comparisons and are indicated by (–). Statistical significance was defined as P < 0.05. BWithin the PM cohort, some 
samples were considered uninterpretable (see Methods); within the non-PM cohort, some patients lacked available 
tissue, had tissue that could not be stained, or had samples that were considered uninterpretable. BAP1+, tumor with 
retained BAP1; BAP1–, BAP1-deficient tumor; SETD2+, tumor with retained SETD2; SETD2–, SETD2-deficient tumor 
(SETD2 status was based on H3K36me3 status); non-PM, nonpancreatic metastasis; PBRM1+, tumor with retained 
PBRM1; PBRM1–, PBRM1-deficient tumor; PM, pancreatic metastasis.
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Table 3. Baseline clinicopathologic characteristics of patients with PM according to PBRM1 status

Demographic factors With PBRM1–  
tumors n = 86

With PBRM1+  
tumors n = 21 P valueA

Age (yr), median (IQR)
RCC diagnosis 58 (51–62) 55 (49–64) 0.991

Metastatic disease  
diagnosis 61 (55–67) 60 (55–69) 0.698

Sex, n (%)
Male 55 (64) 14 (67) >0.999

Female 32 (36) 7 (33)
Race, n (%)

White 80 (93) 19 (90.5) 0.621
Black 1 (1.2) 0 (0)
Asian 2 (2.3) 0 (0)
Other 3 (3.5) 2 (9.5)

Ethnicity, n (%)
Hispanic 7 (8.1) 4 (19) 0.229

Non-Hispanic 79 (91.9) 17 (81)
Stage at  

diagnosis, n (%)
1 16 (22.5) 1 (6.6) 0.226
2 8 (11.3) 4 (26.7)
3 26 (36.6) 4 (26.7)
4 21 (29.6) 6 (40)

Not knownB 15 (–) 6 (–)
Fuhrman grade at  
diagnosis, n (%)

1 4 (5.4) 0 (0) 0.389
2 31 (41.9) 3 (21.5)
3 26 (35.1) 8 (57)
4 13 (17.6) 3 (21.5)

Not known 12 (–) 7 (–)
IMDC risk category,  

n (%)
Favorable 45 (54.2) 6 (31.6) 0.052

Intermediate 33 (39.8) 9 (47.4)
Poor 5 (6) 4 (21)

Not knownB 3 (–) 2 (–)
ECOG at diagnosis,  

n (%)
0 60 (81) 8 (50) 0.025
1 13 (17.6) 7 (43.8)
2 1 (1.4) 1 (6.2)
3 0 (0) 0 (0)

Not knownB 12 (–) 5 (–)
First-line systemic  

therapy, n (%) 0.386

IO 14 (21.9) 5 (33.3)
Angiogenesis inhibitor 43 (67.2) 10 (66.7)

Angiogenesis inhibitor + IO 7 (10.9) 0 (0)
AContinuous variables were compared using the Wilcoxon rank-sum test, and categorical variables were compared 
using Fisher’s exact test or the Fisher-Freeman-Halton exact test, as appropriate. Unknown data were excluded 
from statistical comparisons and are indicated by (–). Statistical significance was defined as P < 0.05. Demographic 
and clinical data were collected using a standardized template with predefined categories (see Methods). 
BClinicopathological information was not always available, as determined at the discretion of each participating 
institution. ECOG, Eastern Cooperative Oncology Group; IMDC, International Metastatic Renal Cell Carcinoma Database 
Consortium; IO, immune-oncology therapy; non-PM, nonpancreatic metastasis; PBRM1+, tumor with retained PBRM1; 
PBRM1–, PBRM1-deficient tumor; PM, pancreatic metastasis.
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longer compared with patients without PM (127 vs. 33 months; HR 0.26 [95% CI, 0.17–0.39]; P < 0.001) 
(Supplemental Figure 4A). Additionally, the presence of  PM continued to be a significant predictor of  
prolonged survival after adjusting for differences in clinicopathological characteristics (Supplemental 
Figure 4B). Even in this population, PBRM1 loss still independently predicted improved OS (NR vs. 64 
months; HR 0.26 [95% CI, 0.18–0.88]; P = 0.022) (Supplemental Figure 5A). PBRM1 loss also correlat-
ed with prolonged TOT with angiogenesis inhibitors compared with immunotherapy in this group of  
patients (Supplemental Figure 5B).

Primary tumors from patients with PM differ from those without PM. Next, we performed more detailed 
analyses of  primary tumors and metastases. We focused initially on primary tumors (n = 72), which were 
available for 71 patients (1 patient with tumors in both kidneys). For these experiments, we compared 
primary tumor samples from patients with PM to a cohort of  110 previously characterized primary tumor 
samples from patients with metastasis without PM (9, 23).

First, we focused on tumor architecture. We found that primary tumors from patients with PM were 
significantly enriched in indolent architectural patterns (50.0% vs. 12.7%, P < 0.001) and had a lower 
frequency of  aggressive architectures (18.1% vs. 70.9%, P < 0.001) (Figure 4A). Next, we evaluated how 
driver gene status compared between primary tumors in both cohorts. For this study, BAP1/PBRM1/
SETD2 status were examined together, similar to previous studies (4). Tumors with only PBRM1 loss were 
categorized as “Only PBRM1–”; tumors with only SETD2 loss were categorized as “Only SETD2–”; and 

Figure 2. Kaplan-Meier analyses of patients with pancreatic metastasis according to PBRM1 status. Kaplan-Meier and Cox 
proportional hazards analyses of OS from time of metastases diagnosis for patients with PM according to PBRM1 status. 
OS, overall survival; PBRM1–, PBRM1-deficient tumor; PBRM1+, tumor with retained PBRM1; PM, pancreatic metastasis.
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tumors with loss of  both PBRM1 and SETD2 were categorized as “PBRM1– and SETD2–.” Given that 
loss of  BAP1 is associated with higher aggressiveness, any tumors with BAP1 loss, regardless of  the status 
of  the other genes, was considered “BAP1–.” The remaining tumors with retained BAP1, PBRM1, and 
SETD2 were considered as “All+.” We found that 74.3% of  PM primary tumors had PBRM1 loss (with 
or without SETD2 loss, which cooperates with PBRM1 loss; refs. 15, 24), and PBRM1 loss was observed 
in 50.5% tumors without PM (P = 0.002). Conversely, BAP1 loss frequencies were significantly lower in 
primary tumors from patients with PM (1.4% vs. 27.7%, P < 0.001) (Figure 4B). Thus, primary tumors of  
patients with PM are characterized by indolent architectures and PBRM1 loss.

PMs are characterized by indolent features. Next, we focused our analyses on how metastases related 
to the corresponding primary tumors in patients in the PM cohort. For tissue-level comparisons, tumor 
grade was based on the data assigned after centralized review by an expert pathologist (see Methods). We 
investigated both PM (44 PM samples; 44 patients) as well as metastases at other sites (53 nonpancreatic 

Figure 3. Kaplan-Meier analyses of patients with pancreatic metastasis according to treatment type. Kaplan-Meier and Cox proportional hazards 
analyses of TOT (angiogenesis inhibitor and IO therapy) for patients with PM with (A) PBRM1-deficient tumors and (B) PBRM1-WT. IO, immune-oncology 
therapy; PBRM1–, PBRM1-deficient tumor; PBRM1+, tumor with retained PBRM1; PM, pancreatic metastasis; TOT, time on treatment.
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“other” metastases; 34 patients). Notably, compared with primary tumor samples, PM samples were 
more indolent (75.0% vs. 50.0%, P = 0.021) and of  lower grade (88.6% vs. 52.8%, P < 0.001) (Figure 5). 
In contrast, non-PM metastases had more aggressive patterns compared with primary tumors (46.2% 
vs. 18.1%, P < 0.001) and higher grade (84.6% vs. 47.2%, P < 0.001) (Figure 5, A and B). Thus, while 
metastases to sites other than the pancreas were characterized by aggressiveness, PMs were not. Further-
more, the higher frequency of  indolent architectures and lower grade in PMs compared with primary 
tumors suggest that the pancreas is preferentially seeded by more indolent clones. These morphological 
differences between PMs and other metastases correlated with driver genes (P = 0.023). Whereas PMs 
were enriched for PBRM1 loss (alone or in combination with SETD2 loss), rates were lower in other 
metastases (82.9% vs. 60.4%, P = 0.034; Figure 5C).

Figure 4. Primary tumors from patients with pancreatic metastasis differ from those without. Integrated pie charts of (A) dominant architectural 
patterns and (B) driver gene status (by IHC) of primary tumors from patients with or without PM, compared using the Fisher-Freeman-Halton exact 
test. BAP1/PBRM1/SETD2 status were examined together. Tumors with BAP1 loss, regardless of the status of other IHCs, were considered BAP1–. 
The remaining tumors were categorized as “Only PBRM1–,” “Only SETD2–,” or “PBRM1– and SETD2–” based on PBRM1/SETD2 status. Any remaining 
tumors with retained BAP1, PBRM1, and SETD2 were considered as “All+.” Samples with missing values for PBRM1, BAP1, or SETD2 were excluded. 
PM, pancreatic metastasis.
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Next, we evaluated angiogenesis. For these studies, we leveraged a deep learning digital pathology 
platform, which generates an angioscore (21, 25) (see Methods). Using this tool, we found that PM samples 
had significantly higher angioscores compared with other metastatic sites (P < 0.001), which in turn, had 
lower angioscores than primary tumors (P < 0.001) (Figure 6A).

In addition, we evaluated mTORC1 activity. mTORC1 correlates with higher grade, and mTORC1 acti-
vation can transform lower grade PBRM1-deficient tumors into higher-grade ccRCC in mouse models (26, 
27). As a readout of  mTORC1, we used phospho-S6 ribosomal protein (PS6), which has been extensively 

Figure 5. Pancreatic metastasis samples are characterized by indolent histology and molecular features. Integrated stacked figure of (A) dominant archi-
tectural patterns, (B) tumor grade determined by centralized review (see Methods), and (C) driver gene status in primary tumors and metastatic samples from 
patients with PM. For this study, BAP1/PBRM1/SETD2 status were examined together: Tumors with only PBRM1 loss were categorized as “Only PBRM1–”; 
tumors with only SETD2 loss were categorized as “Only SETD2–”; tumors with loss of both PBRM1 and SETD2 were categorized as “PBRM1– and SETD2–”; any 
tumors with BAP1 loss, regardless of the status of the other genes, were categorized as “BAP1–”; remaining tumors with retained BAP1, PBRM1, and SETD2 
were categorized as “All+.” Samples with missing values for PBRM1, BAP1, or SETD2 were excluded. *P < 0.05, ***P < 0.001, and ****P < 0.0001 by Fisher’s 
exact test or the Fisher-Freeman-Halton exact test, as appropriate.
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used as a surrogate (27, 28). We found that PS6 was significantly lower in PM samples compared with pri-
mary tumors (P = 0.002) and metastases at other sites (P < 0.001) (Figure 6B). The difference in PS6 levels 
was significant even among PBRM1-deficient samples (P < 0.001) (Supplemental Figure 6).

Overall, these data are consistent with the notion that PMs, in contrast to metastases to other 
sites, are characterized by highly vascular indolent architectures and lower-grade tumor cells with low 
mTORC1 scores (Figure 7).

PM samples arise from indolent clones from primary tumors. Overall, these data suggest that PMs, in contrast 
to metastases to other sites, arise from particularly indolent tumor clones in the primary tumor. To explore 
this notion further, we analyzed patients with matched primary tumors and metastases. Specifically, we 
analyzed 26 patients with matched primary tumor and PM samples (26 primary and 26 PM samples) and 
15 patients with matched primary and non-PM tumor samples (15 primary and 22 non-PM samples). Of  
note, 5 patients had samples from primary tumors as well as from both PM and non-PM sites. We started our 
analyses by evaluating tumor architectures. Although the distribution of  architectures in the primary tumors 
in the 2 cohorts (PM and non-PM) was similar (Figure 8, A and B), a significant difference was observed 
in tumor architectures between PM samples and samples from other metastatic sites (Figure 8, A and B). 

Figure 6. Pancreatic metastasis samples are characterized by heightened angiogenesis and lower mTOR pathway 
activation. Box plots of (A) deep-learning–generated angioscore and (B) phospho-S6 ribosomal protein (PS6) H-score for 
samples with remaining available slides. Box plot: the lower, middle, and upper edges correspond to the first (Q1), second 
(Q2; median), and third (Q3) quartiles, respectively. The IQR is defined as Q3−Q1. Whiskers extend to the most extreme 
data points within 1.5 × IQR below Q1 and above Q3. Data points lying beyond these limits are plotted individually and 
considered outliers. **P < 0.01, ***P < 0.001, and ****P < 0.0001 by Wilcoxon rank-sum test.
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Specifically, whereas indolent architectures were observed in 84.6% of  PM samples, they were found in only 
45.4% of  non-PM samples (P = 0.012). Conversely, aggressive architectures were more common in non-PM 
samples (27.3% vs. 3.9%).

Next, we evaluated PBRM1/BAP1/SETD2 status among PM and non-PM samples with matched pri-
mary tumors. Specifically, we asked how metastases related to primary tumors with PBRM1 loss. We found 
that all PMs in patients with primary tumors deficient for PBRM1 were also deficient for PBRM1 (with or 
without concurrent SETD2 loss). In contrast, the concordance rate between primary tumors and non-PMs 
was only 73% (P = 0.040) (Supplemental Figure 7).

While the foregoing analyses focused on representative samples of  primary tumors and metasta-
ses obtained from institutions participating in the consortium, we sought to examine the relationship 
between primary tumors and metastases in greater depth. For these studies, we focused on our University 
of  Texas Southwestern Medical Center (UTSW) cohort of  11 patients with PM and extensive samples 
available from both the primary tumor and at least 1 metastatic site (see Methods). By systematically 

Figure 7. Illustrative images of pancreatic and nonpancreatic metastases. Representative tissue sections of PM 
and non-PM samples evaluated for PBRM1, BAP1, and phospho-S6 (PS6) by IHC as well as H&E-stained slides 
with corresponding DL vascular mask and overlay. PM samples are characterized by frequent PBRM1 loss (loss of 
brown nuclear staining in tumor cells; stromal cells remain positive and serve as a positive control), BAP1+, exhibit 
low mTORC1 (PS6) levels, and high angiogenesis. Scale bars: 100 μm. DL, deep learning; non-PM, nonpancreatic 
metastasis; PM, pancreatic metastasis.
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analyzing multiple slides, we were able to render a more accurate assessment of  the relative frequency 
of  indolent, intermediate, and aggressive architectures in the primary tumor, which were then correlated 
with findings at metastatic sites.

As illustrated in Figure 9 and Figure 10, most primary tumors were dominated by indolent archi-
tectures. However, only 4/11 primary tumors were homogenously indolent. Intermediate patterns were 
found in 7/11 tumors and aggressive patterns in 5/11 tumors. These data suggest that while primary 
tumors that give rise to PMs are dominated by indolent architectures, more aggressive patterns can be 
identified in comprehensive analyses. In contrast, the same analysis of  PMs revealed that the majority of  
PMs were homogenously indolent (5/7). Thus, despite the identification of  intermediate and aggressive 
architectures in the primary tumor (in 1 case, making up to 65%), PMs were generally indolent. This 
concept was further explored through multiregional whole-exome sequencing of  samples from primary 
tumors and metastases from 2 patients, including 1 previously reported (29) (Supplemental Figure 8). 

Figure 8. Subgroup analyses of matched primary and metastatic samples. Integrated pie charts of dominant architectural patterns for (A) primary 
tumors and their matched PM samples and (B) primary tumors and their matched non-PM samples, compared using the Fisher-Freeman-Halton exact 
test. Non-PM, nonpancreatic metastasis; PM, pancreatic metastasis.
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In Case 1, PMs were characterized by early divergence and included an additional PBRM1 mutation. 
Despite being obtained from a surgery 2 years after removal of  the primary tumor, these PM samples 
remained low grade. In contrast, 2 subclones from the primary tumor independently acquired a different 
PBRM1 mutation and chromosome 14q gain, progressing to a higher grade. In the second case (Case 4), 
all primary and PM samples shared 3p loss, as well as VHL and PBRM1 mutations. Overall, the tumor 
was of  low grade, including areas of  grade 1 and 2, but 2 PM samples were both of  grade 1.

Next, we analyzed non-PM in this cohort with comprehensive histological analyses. Among 7 non-PM 
metastases tested, 4 were indolent, and 3 were intermediate or aggressive (Figures 9 and 10). Thus, 5/7 
PMs were indolent (with the remaining 2 PM being made up of  at least 90% indolent features), and only 
4/7 non-PMs were indolent. The rate of  indolent features in the non-PM samples was higher than expect-
ed, but this may reflect the nature of  the cohort (i.e., patients with PM) and a sampling bias (with prefer-
ential resection of  non-PM in patients perceived to have a high likelihood of  improved outcomes, such as 
patients with isolated metastases or long latency periods between the primary tumor and the metastasis).

Overall, these data suggest that PMs are seeded by clones in the primary tumor that are not the most 
aggressive and are enriched for indolent architectures and low-grade cancer cells.

Discussion
Prolonged survival of  patients with mRCC to the pancreas is well documented in the literature (8, 9, 30). 
Among patients undergoing pancreatic metastasectomy (patients with only PM), 5-year survival rates 
from the time of  metastasectomy exceed 80% (30). Several reports have shed light on how mRCC with PM 
represents a specific clade of  RCC (9, 10, 31). However, previous studies, including our own, have been 

Figure 9. Comprehensive analyses of matched primary and pancreatic metastasis samples. Detailed analyses of intratumoral heterogeneity for UTSW 
cohort with extensive slides available.
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limited by low numbers. In this study, we leveraged an international consortium of  patients with mRCC 
with PM (8) and expanded upon previous studies via an interdisciplinary approach that integrates detailed 
histopathological/digital assessments as well as driver gene/pathway analyses with clinical outcomes. As 
in the original consortium, of  which this subset was representative, we found that patients developing PM 
exhibited distinct clinicopathological features compared with patients without PM. Patients with PM had 
more favorable characteristics at initial RCC diagnosis, including earlier disease stage, lower tumor grade, 
and better IMDC risk scores. Notably, even after controlling for clinicopathological factors, patients with 
PM had prolonged OS. These findings underscore the unique, indolent natural history of  PM.

Further investigation into primary tumors revealed marked differences between PM-associated 
primary RCC and those without PM. Primary tumors of  patients with PM were largely dominated by 
indolent, highly vascular architectures, and tumor cells were typically of  low grade with low mTORC1 
pathway activation scores.

Several studies have suggested that the behavior and aggressiveness of RCC can be traced back to the muta-
tional profile. Prior evidence from our lab and others showed that BAP1 loss promotes tumor aggressiveness, 
whereas PBRM1 loss is linked to more indolent disease (13, 26, 32, 33). Notably, BAP1 and PBRM1 mutations 
anticorrelate in ccRCC, and tracer studies have shown that these mutations occur early during the evolutionary 
process (15, 32, 33). Furthermore, genetic engineering studies in mice show that BAP1 and PBRM1 not only cor-
relate with particular histological features (architecture and grade), but they are indeed drivers of histology and 
tumor grade (26, 34). Our study shows distinct mutational landscapes between PM and non-PM RCC. Consistent 
with our earlier report, we found that PM tumors were rarely BAP1 deficient (9). Extending prior observations, 
we found that PM tumors are frequently PBRM1 deficient. Specifically, PBRM1 loss was observed in 74.3% of  
primary tumors associated with PM. These rates are substantially higher than previously reported rates in mRCC, 
which are around 50% (18, 35, 36). Furthermore, even among patients with PM, there was a significantly higher 
incidence of PBRM1 loss in PM samples compared with metastases at other sites (82.9% vs. 66.4%).

Figure 10. Comprehensive analyses of matched primary and nonpancreatic metastasis samples. Detailed analyses of intratumoral heterogeneity for 
UTSW cohort with extensive slides available.
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Pathological and multiregional whole-exome sequencing analysis provided additional insight into the 
evolutionary trajectories of  PM. PM samples exhibited more indolent histological profiles compared with 
non-PM lesions. Specifically, indolent patterns made up 75% of  PMs but only 25% of  non-PM metastases. 
In addition, 88.6% of  PM were of  low grade, compared with 15.4% of  non-PM metastases. Given that the 
non-PM samples used as a reference were from a select group of  patients with PM, the differences may 
have become even more accentuated if  the non-PM samples had been taken from patients without PM, 
who typically have more aggressive primary tumors. Interestingly, PM samples exhibited indolent features 
despite evidence of  more aggressive clones in the primary site. These data are consistent with the notion 
that the clones that seed the pancreas tend to be particularly indolent. This observation is at odds with the 
concept that metastases generally arise from particularly aggressive clones. Whole-exome sequencing stud-
ies showed that PMs were less evolved than some clones that had not left the primary tumor, which extends 
previous findings from a handful of  patients in the TRACERx consortium (32, 33). Thus, for reasons 
that remain poorly understood, the pancreas appears to preferentially support the growth of  indolent, less 
evolved, ccRCC clones, which despite their unevolved nature, appear able to gain access to the vasculature, 
survive in transit, and metastasize to distant sites. In contrast, the pancreatic environment appears to be less 
supportive of  more aggressive clones.

Consistent with prior studies, we found that PMs occur late during the clinical course, adding to evi-
dence from the literature that links PMs to extended metastatic latency (5, 30). Interestingly, a recent study 
from our group found that at least based on RNA-Seq analyses, latent metastases and PMs tend to clus-
ter together (4), which suggests a shared biology. Thus, a common underlying biology may govern both 
metastatic latency and pancreatic tropism. In this context, it is interesting to speculate whether indolent, 
PBRM1-deficient clones are particularly well endowed to survive for prolonged periods without detection.

Our current study suggests that even among patients with PM, PBRM1 is prognostic. Studies by us and 
others previously showed that PBRM1-deficient RCCs are associated with better outcomes among patients 
with metastatic disease (13, 18, 19, 37). Given the enrichment for PBRM1 loss among patients with PM, 
the more frequent loss of  PBRM1 (compared with patients without PM) could account for the improved 
outcome. However, our data show that even among patients with PM, those with PBRM1-deficient tumors, 
which are the majority, have better survival.

Interestingly, PBRM1 loss may also be predictive of  therapy response. Although the original consortium 
analyses found no difference in survival between patients treated with first line antiangiogenic and IO thera-
py, our data suggest that in patients with PBRM1-deficient tumors, antiangiogenic therapy is associated with 
more prolonged disease control. This correlates with histological analyses, which show that PM tumors are 
characterized not only by frequent PBRM1 loss, but also by heightened angiogenesis. Increased angiogen-
esis likely underlies the high contrast enhancement that characterizes PM radiologically (38). These results 
expand upon extensive literature linking PBRM1 loss to angiogenesis and sensitivity to antiangiogenic drugs 
(20, 21, 39, 40). Analysis of  tumors from patients in the IMmotion150 and IMmotion151 clinical trials 
identified 7 gene expression clusters, and a correlation was found between PBRM1 alterations and clusters 
1 and 2, which were characterized by angiogenesis with enrichment for vascular and VEGF pathway–relat-
ed genes (20, 21). In addition, molecularly, PBRM1 loss is thought to amplify the HIF response, which 
involves angiogenesis (41). Nevertheless, at least one study has proposed that PBRM1 loss is associated with 
better IO response (42). This apparent discrepancy underscores an important observation from our studies, 
which is that not all PBRM1-deficient tumors behave in the same way. PBRM1 deficient tumors may acquire 
additional genetic alterations, which may change their original properties. For example, in mouse models, 
activation of  mTORC1 increases the grade of  PBRM1-deficient tumors (26). Consistent with this notion, 
mTORC1 activation among PBRM1-deficient metastases was significantly lower in PMs compared with 
metastases at other sites. Thus, our data suggest that PMs arise from minimally evolved, low-grade, indolent, 
PBRM1-deficient clones, which likely retain the original identity. This may explain why these tumors are 
particularly sensitive to antiangiogenic therapy.

Our study includes patients with isolated PMs as well as those with PMs accompanied by metastases 
to additional sites. Many of  the findings in the overall population remained significant in patients with 
metastases that extended beyond the pancreas. We did not have enough primary tumors for comprehensive 
tissue analyses, but we speculate that the PM-only cohort may be characterized by more uniform, indolent, 
primary tumors, and the cohort with both pancreatic and extrapancreatic metastases may be enriched from 
primary tumors with greater heterogeneity and more evolved clones.



1 7

C L I N I C A L  R E S E A R C H  A N D  P U B L I C  H E A L T H

JCI Insight 2026;11(5):e195195  https://doi.org/10.1172/jci.insight.195195

Our study has several limitations, which include its retrospective nature with its related caveats, 
including lack of  standardized patient follow-up and inadequacies of  data abstraction. Despite a large 
international consortium, numbers were relatively small. In addition, while the cohort with samples was 
representative of  the overall cohort, it remains a subset even if  it includes patients from 7 geographically 
distinct institutions (6 in North America and 1 European site). Another limitation arises from analyses 
of  representative tumor slides, which oversimplifies the complexity (as shown by detailed analyses of  our 
UTSW cohort). With respect to therapy, most patients were treated before the widespread adoption of  
immune checkpoint inhibitors and many patients receiving IO received IL2 (8). Finally, disease control 
was inferred from time on therapy, which also has its limitations.

Despite these limitations, these findings support the notion that PMs arise predominantly from indo-
lent clones within primary tumors with distinct molecular and histological features, clinical behavior, and 
treatment responsiveness. This is striking, particularly in the context of  coexisting more aggressive and 
evolved clones. The characteristics of  PM suggest an organ-specific tropism, governed by intrinsic tumor 
biology with potential for differential therapeutic response.

Methods
Sex as a biological variable. Our study examined men and women, and similar findings are reported for both sexes.

Study design and patient population. Tissues were obtained from institutions participating in a previously 
reported multicenter, international, retrospective study of  patients with histologically proven mRCC involv-
ing the pancreas (8). All patients in the PM cohort were diagnosed and treated prior to January 2021. Data 
on patient demographics, tumor characteristics, local and systemic therapy, and outcomes were previously 
collected using a deidentified template with specific definitions to minimize interobserver variation obtained 
from the coordinating center (8). Tissues were obtained from patients treated at 7 academic centers, 6 in 
the United States and 1 in Europe (8). The original study included all histologies, whereas we focused on 
ccRCC. In addition, the original study evaluated 2 mRCC groups: one with oligometastatic disease to the 
pancreas (group 1) and another with more broadly metastatic disease treated with systemic therapy (group 
2), but there was overlap between the groups and they were combined for this study. To assess how the sub-
set of  patients with samples analyzed in this study compared with the originally reported clinical groups, 
standardized differences were calculated between the subset of  patients with tissue and the corresponding 
original larger groups (8). In addition, how findings from the combined cohort applied to patients with extra-
pancreatic metastases (group 2) was also evaluated in this study.

For comparison, we used a previously evaluated cohort of  patients with metastatic RCC without 
PM treated with systemic therapy at UTSW (January 2006 until February 2018) (9). The previous report 
focused on a subset (268 out of  333 patients) for whom IMDC status was available (9), but the full cohort 
was used here. However, the previous report included all patients with metastatic RCC regardless of  his-
tology (9), whereas we focused on those with ccRCC for this study (non-PM reference cohort; n = 273). 
A subset of  these patients was previously evaluated for morphological patterns (n = 110) (23).

Pathological analyses. For all patients, serial unstained slides were requested from a representative clini-
cal block containing the highest graded areas of  the primary tumor (n = 72). In addition, unstained slides 
were requested for both PM (n = 44) and non-PM samples (n = 53). Tissue slides were subjected to H&E 
staining and IHC. Out of  113 patients for whom tissue and full clinical data were obtained, 108 patients 
had histologically confirmed ccRCC based on reports by the original institution and central review by an 
expert genitourinary pathologist, and they are the subject of  this study. H&E sections from each sample 
(primary and/or metastases) were centrally reviewed to assess grade and morphological architecture as 
previously described (23, 31, 43). Nucleolar grade was assigned to the representative slides from all 72 pri-
mary tumors (from 71 patients). The centrally assigned grade was then compared with the grade assigned 
at the original institution (Supplemental Figure 1). Two patients did not have a reported grade on their 
deidentified clinical data sheets and were removed from this analysis. One patient had bilateral kidney 
tumors, and the assigned grade for that patient corresponds to the highest grade observed. Some differ-
ences were found, but they were not statistically significant. Most discrepancies involved grade 2 versus 
grade 3 distinctions, highlighting expected variability in interobserver interpretation and use of  Fuhrman’s 
grading versus contemporary nucleolar grading by centralized review. However, larger variation was noted 
in 5/69 cases, where the centralized review showed a low grade, but clinical data sheets reported grade 4. 
One possible explanation is that the unstained slides provided were not from the highest-grade areas of  the 
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primary tumor. Nevertheless, there were no statistically significant differences in the distribution of  low- 
and high-grade tumors between the centralized review and the externally reported tumor grade (P = 0.233) 
(Supplemental Figure 1). For patient-level comparisons, tumor grade was based on data reported in the 
standardized template provided by each participating institution, as primary tumor samples were not avail-
able for centralized review for all patients; whereas for tissue-level comparisons, tumor grade was based on 
the value assigned after centralized review by an expert pathologist blinded to clinical data.

For samples with multiple different architectural patterns, the most aggressive architecture was used to 
categorize the sample into 1 of  3 categories: indolent (small/large nest, tubular, microcystic), intermediate 
(trabecular, alveolar, pseudo/papillary), or aggressive (solid, rhabdoid, sarcomatoid). For the UTSW subset 
of  patients in the PM cohort with matched primary and metastasis samples (n = 11 patients), more exten-
sive analyses were performed of  the primary tumors involving all available tumor-containing H&E-stained 
slides from different tumor blocks (3–10 slides per primary tumor). For the 11 UTSW patients, each slide 
was reviewed and assigned a relative frequency of  indolent, intermediate, or aggressive patterns. The results 
were then averaged across all slides available for each tumor. Of  note, the most representative pattern was 
previously reported for 9 of  the 11 primary tumors (9), whereas our current review focuses on the most 
aggressive pattern and the relative frequency of  clones in each histological pattern category. Further, we 
also extended these analyses to include metastatic tumors, which mostly involved a single slide given the 
smaller tumor volume of  metastases.

IHC staining was performed on a representative slide for BAP1, PBRM1, H3K36me3 (a surrogate 
for SETD2), and PS6 (an indicator of  mTORC1 activity) using an Autostainer Link 48 (Dako), as pre-
viously described (14, 24, 44). Primary antibodies were obtained from Bethyl Laboratories (PBRM1, 
1:4,000 dilution, A301-591A), Santa Cruz Biotechnology (BAP1, 1:700 dilution, sc-28383), Active 
Motif  (H3K36me3, 1:4,500 dilution, 61021), and Cell Signaling Technology (PS6, 1:300 dilution, 
5364S). Appropriate positive and negative controls were incorporated in each IHC run. All stains were 
scored without knowledge of  the associated clinical information. For BAP1, PBRM1, and H3K36me3, 
tumors were characterized as negative (loss of  the protein/marker) when they lacked nuclear staining in 
the presence of  positive staining in intratumoral lymphocytes and stromal cells that served as an internal 
positive control. Cases lacking staining of  intratumoral lymphocytes and stromal cells were considered 
uninterpretable and were removed from analyses. Samples with heterogeneous/focal loss were catego-
rized as being overall negative for that tumor suppressor protein. For patients with different staining 
patterns across samples (primary tumor vs. metastasis), the patient was categorized to have loss if  any 
sample showed unequivocal protein loss. PS6 staining was quantified using an H-score (45). Briefly, PS6 
staining intensity was scored as 0 (negative), 1 (weak), 2 (moderate), or 3 (strong) and was multiplied by 
the percentage of  tumor cells positive for the stain.

Digital pathology. For digital pathology analyses, we applied the following pipeline. Tumor regions 
were identified on H&E slides using a deep learning region classification model (25). These regions 
were manually reviewed for correctness and if  needed, further refined through manual annotation. 
Within the identified tumor regions, an image-based angioscore was predicted using a deep learning 
model designed to emulate an RNA-based angioscore (25). When derived from RNA, the angiogenesis 
score is quantitated based on the expression of  6 angiogenesis marker genes (VEGFA, KDR, ESM1, 
PECAM1, ANGPTL4, and CD34) (21). In contrast, the deep learning–derived vascular mask was used to 
quantify the proportion of  pixels corresponding to vasculature. The computed vascular proportion was 
designated as the angioscore for the slide.

Construction of  genetic phylogenic trees. Multiregional whole-exome sequencing was performed on 
FFPE tissue samples from 2 UTSW patients with ccRCC with PM. Sample collection, somatic vari-
ant and indel calling, copy number analysis, and phylogenetic tree construction were carried out as 
described previously (29). In brief, tumors and metastases were sampled using punch biopsies to cap-
ture tumor heterogeneity. High-confidence somatic single nucleotide variants and indels were identi-
fied using a consensus of  MuTect2 (46), FreeBayes (47), and Strelka2 (48). Copy number alterations 
were inferred using FACETS and FACETS-suite (49). Phylogenetic trees were constructed based on 
mutation and arm-level copy number data using Hamming distance matrices and nearest-neighbor 
algorithms optimized by maximum parsimony, rooted to a corresponding normal sample. COSMIC 
Cancer Gene Census (50) and TRACERx Renal signature copy number variations (33) were used as a 
reference for the annotation.
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Clinical endpoints. Clinical outcomes were obtained from the coordinating center using a deidentified 
data collection template based on the original report with a cutoff  date of  January 16, 2021 (8). Median 
OS was analyzed from the time of  initial metastasis diagnosis until death or last documented follow-up. 
TOT with first-line therapy was defined as time from initiation of  systemic therapy to discontinuation 
for any reason (i.e., progressive disease, toxicity, patient or practitioner preference, or death). Histori-
cally, the discontinuation rate for angiogenesis inhibitors due to adverse events ranges from 4% to 24% 
(51–54) and is similar to the 8%–22% observed with IO agents (54–56). With the assumption that most 
patients discontinued therapy due to disease progression (or death), TOT was used to approximate pro-
gression-free survival, as in the original report (9).

Statistics. Baseline clinicopathological characteristics were tabulated across both the PM and ref-
erence cohorts and compared. Categorical variables were compared using a Fisher’s exact test for 2×2 
tables and the Fisher-Freeman-Halton exact test for larger contingency tables. Continuous variables 
were compared using the Wilcoxon rank-sum test. For OS, the survival probability was calculated by 
the Kaplan-Meier method starting from time of  initial metastasis. TOT also deployed the Kaplan-Mei-
er method. Time-to-event results are reported with HR, 95% CI for the HR, and P value from Cox 
regression analyses. Statistical analyses were conducted using SPSS version 25.0 (IBM) and RStudio, 
version 2024.12.1+563 to 2026.01.0+392. P values are 2-sided, with statistical significance defined as 
P less than 0.05.

Study approval. IRB approval (or exemption) was obtained at each institution, including UTSW; 
University of  Colorado, Aurora, Colorado, USA; Moores Cancer Center, UCSD; University of  Utah; 
The Ohio State University; Medical Oncology & Therapeutics Research, City of  Hope; and University 
Hospitals Leuven, KU Leuven. IRB approvals were obtained that waived the need for informed consent 
because of  minimal risk, based on retrospective review of  existing data.

Data availability. Values for all data points in graphs are reported in the Supporting Data Values file. 
Whole-exome sequencing results for Case 1/KC01888 were previously published and can be accessed at 
European Genome-Phenome Archive (EGA) with the EGA ID EGAS50000001064 (29). The patient in 
Case 4 did not explicitly consent to the release of  genomic data.

Author contributions
HX was responsible for data curation, formal analysis, methodology, project administration, validation, 
writing of  the original draft, and review and editing. PK contributed to the pathologic evaluation, meth-
odology, resources, supervision, validation, and review and editing. AC, AWN, and SR were responsible 
for data curation, formal analysis, and review and editing. OB, CS, and VT were responsible for project 
administration. RE contributed to data curation, project administration, and review and editing. AP, JM, 
CD, AVB, JP, HL, DZ, LM, BB, HZ, and CR were responsible for data curation. KAC performed data 
curation and review and editing. NA, AM, RM, and ETL contributed to supervision and review and 
editing. SP supervised the project. JB was responsible for conceptualization, funding acquisition, method-
ology, resources, supervision, and review and editing. The order of  co–first authorship was determined by 
the time spent coordinating and administering the project.

Funding support
This work is the result of  NIH funding, in whole or in part, and is subject to the NIH Public Access Policy. 
Through acceptance of  this federal funding, the NIH has been given a right to make the work publicly 
available in PubMed Central.
•	 NIH Kidney Cancer SPORE grant (P50CA196516).
•	 The Cancer Prevention and Research Institute of  Texas (RP220294).
•	 Jan and Bob Pickens Distinguished Professorship in Medical Science endowment.
•	 Brock Fund for Medical Science Chair in Pathology.

Acknowledgments
We acknowledge the patients whose samples/data enabled this study, and we are grateful to the Kidney 
Cancer Program and the Clinical Data Warehouse teams for their support and assistance as well as to 
everyone involved who is not specifically listed as an author.



2 0

C L I N I C A L  R E S E A R C H  A N D  P U B L I C  H E A L T H

JCI Insight 2026;11(5):e195195  https://doi.org/10.1172/jci.insight.195195

Address correspondence to: James Brugarolas, Department of  Internal Medicine, Hematology-Oncology 
Division, ND3.504, University of  Texas Southwestern Medical Center, 5323 Harry Hines Blvd., Dallas, 
Texas 75390, USA. Phone: 214.648.4059; Email: james.brugarolas@utsouthwestern.edu.

HX’s present address is: National Cancer Institute, NIH, Bethesda, Maryland, USA. RE’s present address 
is: Department of  Medical Oncology, Johns Hopkins University, Baltimore, Maryland, USA. HL’s present 
address is: Division of  Medical Oncology, University of  Kansas Cancer Center, Westwood, Kansas, USA.

	 1.	Siegel RL, et al. Cancer statistics, 2024. CA Cancer J Clin. 2024;74(1):12–49.
	 2.	Powles T, et al. Nivolumab plus cabozantinib versus sunitinib for first-line treatment of  advanced renal cell carcinoma: extended 

follow-up from the phase III randomised CheckMate 9ER trial. ESMO Open. 2024;9(5):102994.
	 3.	Choueiri TK, et al. Nivolumab plus ipilimumab vs sunitinib for first-line treatment of  advanced renal cell carcinoma: final analysis 

from the phase 3 CheckMate 214 trial. J Clin Oncol. 2025;43(16_suppl):4505.
	 4.	Kapur P, et al. Determinants of  late metastases in renal cell carcinoma. J Natl Cancer Inst. 2025;117(7):1387–1400.
	 5.	Sellner F, et al. Solitary and multiple isolated metastases of  clear cell renal carcinoma to the pancreas: an indication for pancreatic 

surgery. Ann Surg Oncol. 2006;13(1):75–85.
	 6.	Dudani S, et al. Evaluation of  clear cell, papillary, and chromophobe renal cell carcinoma metastasis sites and association with 

survival. JAMA Netw Open. 2021;4(1):e2021869.
	 7.	Shaya JA, et al. Prognostic significance of  pancreatic metastases in patients with advanced renal cell carcinoma treated with 

systemic therapy. Clin Genitourin Cancer. 2021;19(6):e367–e373.
	 8.	Duarte C, et al. Metastatic renal cell carcinoma to the pancreas and other sites-a multicenter retrospective study. EClinicalMedicine. 

2023;60:102018.
	 9.	Singla N, et al. Pancreatic tropism of  metastatic renal cell carcinoma. JCI Insight. 2020;5(7):e134564.
	10.	Gulati S, et al. Molecular analysis of  primary and metastatic sites in patients with renal cell carcinoma. J Clin Invest. 

2024;134(14):e176230.
	11.	Faure JP, et al. Pancreatic metastasis of  renal cell carcinoma: presentation, treatment and survival. J Urol. 2001;165(1):20–22.
	12.	Wente MN, et al. Renal cancer cell metastasis into the pancreas: a single-center experience and overview of  the literature. 

Pancreas. 2005;30(3):218–222.
	13.	Kapur P, et al. Effects on survival of  BAP1 and PBRM1 mutations in sporadic clear-cell renal-cell carcinoma: a retrospective 

analysis with independent validation. Lancet Oncol. 2013;14(2):159–167.
	14.	Pena-Llopis S, et al. BAP1 loss defines a new class of  renal cell carcinoma. Nat Genet. 2012;44(7):751–759.
	15.	Pena-Llopis S, et al. Cooperation and antagonism among cancer genes: the renal cancer paradigm. Cancer Res. 

2013;73(14):4173–4179.
	16.	Tannir NM, et al. Nivolumab plus ipilimumab versus sunitinib for first-line treatment of  advanced renal cell carcinoma: extended 

8-year follow-up results of  efficacy and safety from the phase III CheckMate 214 trial. Ann Oncol. 2024;35(11):1026–1038.
	17.	Motzer RJ, et al. Long-term follow-up of  overall survival for cabozantinib versus everolimus in advanced renal cell carcinoma. 

Br J Cancer. 2018;118(9):1176–1178.
	18.	Voss MH, et al. Genomically annotated risk model for advanced renal-cell carcinoma: a retrospective cohort study. Lancet Oncol. 

2018;19(12):1688–1698.
	19.	Kim JY, et al. The impact of  PBRM1 expression as a prognostic and predictive marker in metastatic renal cell carcinoma. J Urol. 

2015;194(4):1112–1119.
	20.	Motzer RJ, et al. Molecular subsets in renal cancer determine outcome to checkpoint and angiogenesis blockade. Cancer Cell. 

2020;38(6):803–817.
	21.	McDermott DF, et al. Clinical activity and molecular correlates of  response to atezolizumab alone or in combination with 

bevacizumab versus sunitinib in renal cell carcinoma. Nat Med. 2018;24(6):749–757.
	22.	Brugarolas J, et al. The evolution of  angiogenic and inflamed tumors: the renal cancer paradigm. Cancer Cell. 2020;38(6):771–773.
	23.	Cai Q, et al. Ontological analyses reveal clinically-significant clear cell renal cell carcinoma subtypes with convergent evolutionary 

trajectories into an aggressive type. EBioMedicine. 2020;51:102526.
	24.	Ho TH, et al. Loss of  histone H3 lysine 36 trimethylation is associated with an increased risk of  renal cell carcinoma-specific 

death. Mod Pathol. 2016;29(1):34–42.
	25.	Jasti J, et al. Histopathology based AI model predicts anti-angiogenic therapy response in renal cancer clinical trial. Nat Commun. 

2025;16(1):2610.
	26.	Gu YF, et al. Modeling renal cell carcinoma in mice: Bap1 and Pbrm1 inactivation drive tumor grade. Cancer Discov. 

2017;7(8):900–917.
	27.	Pantuck AJ, et al. Prognostic relevance of  the mTOR pathway in renal cell carcinoma: implications for molecular patient selection 

for targeted therapy. Cancer. 2007;109(11):2257–2267.
	28.	Mamane Y, et al. mTOR, translation initiation and cancer. Oncogene. 2006;25(48):6416–6422.
	29.	Nielsen AW, et al. MorphoITH: a framework for deconvolving intra-tumor heterogeneity using tissue morphology. Genome Med. 

2025;17(1):101.
	30.	Ballarin R, et al. Pancreatic metastases from renal cell carcinoma: the state of  the art. World J Gastroenterol. 2011;17(43):4747–4756.
	31.	Kapur P, et al. What morphology can teach us about renal cell carcinoma clonal evolution. Kidney Cancer J. 2020;18(3):68–76.
	32.	Turajlic S, et al. Tracking cancer evolution reveals constrained routes to metastases: TRACERx Renal. Cell. 

2018;173(3):581–594.
	33.	Turajlic S, et al. Deterministic evolutionary trajectories influence primary tumor growth: TRACERx Renal. Cell. 

2018;173(3):595–610.



2 1

C L I N I C A L  R E S E A R C H  A N D  P U B L I C  H E A L T H

JCI Insight 2026;11(5):e195195  https://doi.org/10.1172/jci.insight.195195

	34.	Wang SS, et al. Bap1 is essential for kidney function and cooperates with Vhl in renal tumorigenesis. Proc Natl Acad Sci U S A. 
2014;111(46):16538–16543.

	35.	Varela I, et al. Exome sequencing identifies frequent mutation of  the SWI/SNF complex gene PBRM1 in renal carcinoma. 
Nature. 2011;469(7331):539–542.

	36.	Gao X, et al. Comprehensive genomic profiling of  metastatic tumors in a phase 2 biomarker study of  everolimus in advanced 
renal cell carcinoma. Clin Genitourin Cancer. 2018;16(5):341–348.

	37.	Carril-Ajuria L, et al. Prognostic and predictive value of  PBRM1 in clear cell renal cell carcinoma. Cancers (Basel). 2019;12(1):16.
	38.	Diaz de Leon A, et al. Current challenges in diagnosis and assessment of  the response of  locally advanced and metastatic renal 

cell carcinoma. Radiographics. 2019;39(4):998–1016.
	39.	Liu XD, et al. PBRM1 loss defines a nonimmunogenic tumor phenotype associated with checkpoint inhibitor resistance in renal 

carcinoma. Nat Commun. 2020;11(1):2135.
	40.	Santos M, et al. PBRM1 and KDM5C cooperate to define high-angiogenesis tumors and increased antiangiogenic response in 

renal cancer. Am J Cancer Res. 2023;13(5):2116–2125.
	41.	Gao W, et al. Inactivation of  the PBRM1 tumor suppressor gene amplifies the HIF-response in VHL–/– clear cell renal carcinoma. 

Proc Natl Acad Sci U S A. 2017;114(5):1027–1032.
	42.	Miao D, et al. Genomic correlates of  response to immune checkpoint therapies in clear cell renal cell carcinoma. Science. 

2018;359(6377):801–806.
	43.	Ohe C, et al. Development and validation of  a vascularity-based architectural classification for clear cell renal cell carcinoma: 

correlation with conventional pathological prognostic factors, gene expression patterns, and clinical outcomes. Mod Pathol. 
2022;35(6):816–824.

	44.	Joseph RW, et al. Clear cell renal cell carcinoma subtypes identified by BAP1 and PBRM1 expression. J Urol. 2016;195(1):180–187.
	45.	Kim SH, et al. The prognostic value of  BAP1, PBRM1, pS6, PTEN, TGase2, PD-L1, CA9, PSMA, and Ki-67 tissue mark-

ers in localized renal cell carcinoma: a retrospective study of  tissue microarrays using immunohistochemistry. PLoS One. 
2017;12(6):e0179610.

	46.	Cibulskis K, et al. Sensitive detection of  somatic point mutations in impure and heterogeneous cancer samples. Nat Biotechnol. 
2013;31(3):213–219.

	47.	Garrison E, Marth G. Haplotype-based variant detection from short-read sequencing [preprint]. https://arxiv.org/
abs/1207.3907. Posted on arXiv July 17, 2012.

	48.	Kim S, et al. Strelka2: fast and accurate calling of  germline and somatic variants. Nat Methods. 2018;15(8):591–594.
	49.	Shen R, Seshan VE. FACETS: allele-specific copy number and clonal heterogeneity analysis tool for high-throughput DNA 

sequencing. Nucleic Acids Res. 2016;44(16):e131.
	50.	Sondka Z, et al. COSMIC: a curated database of  somatic variants and clinical data for cancer. Nucleic Acids Res. 

2024;52(d1):D1210–D1217.
	51.	Escudier B, et al. Sorafenib in advanced clear-cell renal-cell carcinoma. N Engl J Med. 2007;356(2):125–134.
	52.	Motzer RJ, et al. Pazopanib versus sunitinib in metastatic renal-cell carcinoma. N Engl J Med. 2013;369(8):722–731.
	53.	Choueiri TK, et al. Cabozantinib versus everolimus in advanced renal cell carcinoma (METEOR): final results from a 

randomised, open-label, phase 3 trial. Lancet Oncol. 2016;17(7):917–927.
	54.	Motzer RJ, et al. Nivolumab plus ipilimumab versus sunitinib in advanced renal-cell carcinoma. N Engl J Med. 

2018;378(14):1277–1290.
	55.	Klapper JA, et al. High-dose interleukin-2 for the treatment of  metastatic renal cell carcinoma: a retrospective analysis of  

response and survival in patients treated in the surgery branch at the National Cancer Institute between 1986 and 2006. Cancer. 
2008;113(2):293–301.

	56.	Motzer RJ, et al. Nivolumab versus everolimus in advanced renal-cell carcinoma. N Engl J Med. 2015;373(19):1803–1813.


