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Abstract

Amplifications of JAKZ, PD-L1and PD-L2at 9p24.1 lead to constitutive expression of PD-L1.
This, coupled with JAK2-activation dependent upregulation of PD-L1 and adaptive/induced
expression leads to higher tumor PD-L1 expression and immune evasion. Renal tumors were
therefore evaluated for 9p24.1 amplifications.

A combination of next generation sequencing-based copy number analysis, fluorescence in situ
hybridization for JAKZ/INSL6 and PD-L1/PD-L 2 and immunohistochemistry for phospho-STAT3
(downstream target of JAK2), PD-L1, PD-L2 and PD-1 was performed. In this study we
interrogated a “Discovery” cohort of 593 renal tumors, a “Validation” cohort of 398 high-grade
renal tumors, The Cancer Genome Atlas (879 cases) and other public datasets (846 cases).

9p24.1 amplifications were significantly enriched in renal tumors with sarcomatoid transformation
(5.95%, 15/252) when compared to all histologic subtypes in the combined “Discovery”,
“Validation” and public datasets (16/2636, 0.6%, p<0.00001). Specifically, 9p24.1 amplifications
amongst sarcomatoid tumors in public datasets, the “Discovery” and “Validation” cohorts were
7.7% (6/92), 15.1% (5/33) and 3.1% (4/127), respectively. Herein, we describe 13 cases and
amplification status for these was characterized using next generation sequencing (n=9) and/or
fluorescence in situ hybridization (n=10). Correlation with PD-L1 immunohistochemistry (n=10)
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revealed constitutive expression (mean H-score: 222/300, n=10). Analysis of outcomes based on
PD-L1 expression in tumor cells performed on 282 cases (“Validation” cohort) did not reveal a
significant prognostic effect and was likely reflective of advanced disease. A high incidence of
constitutive PD-L1 expression in tumor cells in the “Validation” cohort (H-Score =250/300) was
noted amongst 83 rhabdoid (6%) and 127 sarcomatoid renal tumors (7.1%). This suggests
additional mechanisms of constitutive expression other than amplification events. Importantly, two
patients with 9p24.1-amplified sarcomatoid renal tumors showed significant response to
immunotherapy.

In summary, a subset of renal tumors with sarcomatoid transformation exhibits constitutive PD-L1
overexpression and these patients should be evaluated for enhanced response to immunotherapy.

Janus kinase 2 (JAKZ2) is one of four JAK-domain containing tyrosine kinases, which
promotes downstream oncogenic signaling events through the signal transducer and activator
of transcription (STAT) proteins (1). Diverse mechanisms of JAKZ activation commonly
seen in myeloproliferative neoplasms include activating mutations (JAKZ p.V617F, exon12
mutations) and signaling through mutant thrombopoietin receptors (MPL p.W515L/K) (2).
Another mechanism of JAKZ activation which is being increasingly recognized in both
hematologic malignancies as well as in solid tumors involves genomic amplification events
(3, 4). Amongst hematologic malignancies, these events have been described in classical
Hodgkin lymphoma and mediastinal large B-cell lymphoma, while the expanding list of
solid tumors with such alterations includes EBV-positive gastric adenocarcinoma, oral cavity
squamous cell, lung small cell and breast carcinomas (4-11). A recent pan-cancer study of
118,187 tumors revealed this alteration to be much more ubiquitous, as it was observed in
over 100 different tumor types, with an overall frequency of 0.7% (3). Interestingly, amongst
solid tumor types where greater than 40 cases were evaluated, the highest prevalence of this
alteration was reported in renal cell carcinomas with sarcomatoid change (6.1%, 4 off 66
cases) (3).

9p24.1 amplifications have significant clinical implications for immunotherapy in both
hematologic neoplasms as well as in solid tumors (3, 12-16). Genes present at this genomic
locus include JAKZ, programmed death ligand-1 (PD-L1, also known as CD274/

PDCDIL GI) and programmed death ligand-2 (PD-L2, also known as CD273/PDCD1LG2)
(3, 4). As increased JAKZsignaling has been shown to lead to secondary overexpression of
PD-L1 on the tumor cell surface, this 9p24.1 amplification event has a synergistic effect
leading to constitutive over-expression of PD-L1 (4). In support of this thesis, we identified
a unique biologic phenomenon in a lung adenocarcinoma which harbored a 1.5-fold
germline intragenic gain of exon16 to 25 of JAKZ, which codes for the C-terminus including
the kinase domain (Supplementary Figure 1a). The corresponding biopsy specimen of the
lung adenocarcinoma (Supplementary Figure 1b to e) demonstrated diffuse, strong nuclear
expression of phospho-STAT3, which is a surrogate marker of activated JAKZ-signaling (1).
In addition, strong membranous expression of PD-L1 was noted in over 90% of neoplastic
cells in this biopsy specimen, supporting JAKZ-dependent signaling as having an important
role in PD-L1 upregulation.
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PD-L1/PD-L2 expressed on the tumor cell surface help evade the T-cell mediated immune
response within the tumor microenvironment by binding the programmed death 1 (PD-1)
receptor on these cells (17). Immune checkpoint inhibitors (anti-PD-1 agents: Nivolumab,
Pembrolizumab; anti-CTLA-4 agents: Ipilimumab; anti-PD-L1 agents: Atezolizumab,
Avelumab) restore this immune response and their use is gaining popularity as a therapeutic
modality for renal cell carcinomas (18-23). Based on current National Comprehensive
Cancer Network guidelines (NCCN Clinical Practice Guidelines in Oncology, NCCN
Guidelines®, Kidney Cancer V.2.2018) the use of nivolumab is indicated for the treatment of
patients with advanced renal cell carcinomas who have received prior anti-angiogenic
therapy. Specifically, it is a category 1 recommendation (uniform consensus based on high-
level evidence) for subsequent therapy of advanced clear cell renal cell carcinoma and a
category 2A recommendation (uniform consensus based on lower-level evidence) for
management of advanced non-clear cell renal cell carcinoma patients. Currently at least 9
clinical trials are actively exploring the role of immunotherapy in the management of
advanced renal cell carcinomas (https://clinicaltrials.gov; Nivolumab: NCT01668784;
Nivolumab & Ipilimumab: NCT02231749; Pembrolizumab: NCT02853344, NCT02853331,
NCT02212730, NCT02432963; Atezolizumab: NCT02420821, NCT01984242; Avelumab:
NCT01772004).

Given the growing body of literature documenting favorable response to immunotherapy for
9p24.1 amplified tumors (3, 12-16), in this study we have sought to determine the
prevalence of these events in renal cell carcinomas and to characterize relevant
clinicopathologic features of these tumors.

Materials and Methods

Patient Specimens

This study was approved by the institutional review board and involved analysis of
molecular profiling data for all renal tumors profiled by a next generation sequencing
(NGS)-based assay, Memorial Sloan Kettering Cancer Center Integrated Mutation Profiling
of Actionable Cancer Targets (MSK-IMPACT), as part of an institutional clinical cancer
genomics initiative (24-26). These cases were included in the “Discovery” cohort.
Following institutional review board approval, the Mayo Clinic Nephrectomy Registry was
queried to identify 398 patients treated with radical or partial nephrectomy for sporadic,
unilateral WHO grade 4 RCC between 1980 and 2016. These cases comprised the
“Validation cohort” and 282 of these patients met inclusion criteria for further statistical
analysis related to outcomes and PD-L1 expression status, even though only a small subset
received immunotherapy. See supplementary methods for specific details.

Immunohistochemistry and Fluorescence in Situ Hybridization

Immunohistochemistry was performed for PD1 (clone NAT105, prediluted, CELL
MARQUE, Rocklin, CA), PD-L1, PD-L2, phospho-STAT3 (PD-L1: clone E1L3N, 1:400
dilution, PD-L2: clone D7U8C, 1:20 dilution and phospho-STAT3: clone M9C6, 1:250
dilution; Cell Signaling Technology, Danvers, MA) and TTF1 (clone 8G7G3/1, prediluted,
Ventana, Tucson, Arizona). Immunohistochemistry with the PD-L1 antibody was clinically
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validated internally against the PD-L1 22C3 clone from pharmDx and found to be
comparable. Fluorescence in situ hybridization for JAKZ/ INSL6 and PD-L 1/ PD-L2 genes
was performed as previously described (27, 28). See supplementary methods for additional
details.

Next Generation Sequencing-Based Copy Number Assessment: 9p24.1 Amplifications

Details of the MSK-IMPACT assay have been previously reported (24-26, 29). Based on
previously reported criteria, amplifications were defined as a fold change > 2.0, while copy
number gains/borderline amplifications were defined as a fold change = 1.5 but <2 (29). See
supplementary methods for details.

Literature Review and Data Extraction from The Cancer Genome Atlas Datasets

The publicly available cBioPortal.32e34 platform was used to analyze data from The Cancer
Genome Atlas and other public datasets (30). See supplementary methods for details.

Statistical Analysis

Results

Associations of PD-L1 H-score and patient outcomes were assessed using the Validation
cohort from the Mayo Clinic Nephrectomy Registry (282 cases). Cancer-specific and distant
metastases-free survival were estimated using the Kaplan-Meier method with the duration of
follow-up calculated from the date of nephrectomy to the date of distant metastases, death,
or last follow-up. Associations with time to death from renal cell carcinoma and time to
distant metastases were evaluated using Cox proportional hazards regression models and
summarized with hazard ratios and 95% confidence intervals. All models were adjusted for
year of nephrectomy to account for changes in clinical and pathologic features over time.
Statistical analyses were performed using SAS version 9.4 (SAS Institute, Cary, NC) and R
version 3.4.2 (R Foundation for Statistical Computing, Vienna, Austria). All tests were two-
sided and p-values <0.05 were considered statistically significant. See supplementary
methods for details.

Assessment of 9p24.1 Amplifications

Genes located at the 9p24.1 locus include JAKZ, INSL6, PD-L1and PD-L2 (Figure 1a).
Molecular profiling of copy number alterations using JAKZ, PD-L 1 and PD-L2 exonic
probes successfully identified these alterations. For instance, profiling of an area of
sarcomatoid transformation in a chromophobe renal cell carcinoma revealed a 3.5-fold
genomic amplification at this locus (Figure 1b, Case 1).

These alterations were confirmed by a combination of fluorescence in situ hybridization and
immunohistochemistry. A representative case with a 2.7-fold 9p24.1 amplification detected
by MSK-IMPACT, in an area of sarcomatoid transformation in a clear cell renal cell
carcinoma, was confirmed using fluorescence in situ hybridization for PD-L1/PD-[ 2 (Figure
23, b, Case 4), and immunohistochemistry for PD-L1 (Figure 2c, Case 4) and PD-L2 (not
shown). Similarly, fluorescence in situ hybridization for JAKZ/INSL6 (Figure 2d, e, Case 1)
and corresponding immunohistochemistry for phospho-STAT3 (Figure 2f, Case 1), in an
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area of sarcomatoid transformation in a chromophobe renal cell carcinoma, were supportive
of a 3.5-fold genomic amplification at 9p24.1.

Pattern of PD-L1 Expression by Immunohistochemistry

PD-L1 protein expression has been commonly described to occur in an adaptive and
constitutive pattern (17). Constitutive expression is characterized by diffuse membranous
expression in tumor cells independent of their association with adjacent activated T-
lymphocytic infiltrates within the tumor microenvironment (Supplementary Figure 2a-f) and
this pattern was observed in all renal cell carcinomas that were identified to have 9p24.1
amplifications. The adjacent non-neoplastic renal parenchyma (Supplementary Figure 2a-b),
tumor-infiltrating lymphocytes (Supplementary Figure 2c-d) and stromal elements
(Supplementary Figure 2e-f) lacked PD-L1 expression. On the other hand, adaptive
expression in tumor cells was found to be geographically associated with tumor-infiltrating
lymphocytes (Supplementary Figure 3a-d). This pattern was commonly seen in renal cell
carcinomas that lacked 9p24.1 amplifications. Of note, a few 9p24.1 amplified tumors
demonstrated a combined pattern of PD-L1 protein expression that included an adaptive
pattern of expression adjacent to a cuff of tumor-infiltrating lymphocytes at the tumor front,
in addition to a constitutive pattern of expression seen in the rest of the tumor
(Supplementary Figure 4a-d). Furthermore, in these cases tumor-infiltrating lymphocytes
exhibited a robust expression of PD1 (Supplementary Figure 4e-f).

Prevalence of 9p24.1 Amplifications in Renal Cell Carcinomas

Interrogation of the “Discovery” cohort of 593 renal tumors led to the identification of 5
cases with 9p24.1 amplifications, suggesting a prevalence of 0.8% (Table 1). Amongst 33
cases with sarcomatoid change in this cohort, the prevalence was 15.1% (5 cases). As this
signature was only identified in high-grade renal tumors with sarcomatoid transformation,
these cases were unlikely to have been specifically profiled in datasets looking at common
histologic subtypes of renal cell carcinomas. For instance, analysis of The Cancer Genome
Atlas datasets pertaining to 879 renal tumors, led to the identification of three 9p24.1-
amplified tumors (Table 1) (31-34). All three cases were clear cell renal cell carcinomas,
suggesting a prevalence of 0.6% (3 of 533 cases) in this cohort and two of these three tumors
exhibited sarcomatoid transformation or rhabdoid features (information on the third tumor
was not available). Analysis of publicly available datasets from a study of metastatic
chromophobe renal cell carcinomas led to the identification of two (of 60, 3.3%) additional
cases (Table 1) (35). Of note, both cases exhibited sarcomatoid transformation.

A review of the literature in this regard revealed two additional informative studies. The first
study reported results from molecular profiling of a cohort of sarcomatoid renal tumors and
identified 2 of 26 cases, suggesting a prevalence of 7.7% (Table 1) (36). Specifically, an
amplification of JAKZ2was identified in the sarcomatoid component of two renal tumors, at
least one of which had a lower grade clear cell component where this signature was absent
(36). However, the authors of this study did not interrogate other genes present at the 9p24.1
locus. A second pan-cancer study that analyzed 118,187 tumors for 9p24.1 amplifications,
reported the highest prevalence of this alteration in sarcomatoid renal tumors (4 of 66 cases,
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6.1%, Table 1) amongst solid tumor types where greater than 40 cases had been profiled (3).
However, no clinicopathologic features were reported for these cases (3).

In summary, while sarcomatoid renal tumors profiled as part of the “Discovery” cohort
revealed a prevalence of 15.1% (5 of 33 cases), other published studies that focused
specifically on the same histology revealed a prevalence of 6.1% (4 of 66 cases) to 7.7% (2
of 26 cases) (3, 36). To address the prevalence of this alteration further, tissue microarrays
with representative tumor from 398 high-grade renal tumors were systematically screened
for 9p24.1 amplifications using fluorescence in situ hybridization for JAKZ/INSL6, as part
of the “Validation” cohort. Confirmatory testing of positive cases was performed using the
same technique on whole slides sections. Four cases identified using this approach had
sarcomatoid transformation (of a total of 127 tumors with sarcomatoid features) suggesting a
prevalence of 3.1% (Table 1). After combining the prevalence from “Discovery” and
“Validation” cohorts, along with results from Malouf et al and Goodman et al, the overall
prevalence of 9p24.1 amplifications in sarcomatoid renal tumors is 5.95% (15 of 252 cases)
(3, 36). This is significantly higher compared to all histologic subtypes in the combined
“Discovery”, “Validation”, The Cancer Genome Atlas datasets and results reported by
Goodman et al (16/2636, 0.6%, p<0.00001) (3).

9p24.1-Amplified Renal Cell Carcinoma: Clinicopathologic Features

The clinicopathologic characteristics of 13 renal tumors with 9p24.1 amplifications
(“Discovery” cohort: 5 cases; “Validation” cohort: 4 cases; TCGA: 3 cases; Casuscelli et al:
1 case) are listed in Table 2. The average age at nephrectomy for these patients was 62.8
years (range, 31 to 84 years) and these tumors were predominantly identified in male
patients (9 of 13, 69%). The mean tumor size was 11.3cm (range, 6.3 to 20cm) based on
what was reported for 11 (of 13) cases. Most of the cases were clear cell renal cell
carcinomas (9 of 13, 69%) and 8 of these cases were WHO grade 4 with sarcomatoid or
rhabdoid features. Of the remaining 4 cases, 3 were chromophobe renal cell carcinomas and
two of these tumors exhibited sarcomatoid transformation. The fourth was a metastatic RCC,
not otherwise specified, with extensive sarcomatoid transformation. In all, 11 of 13 (84.6%)
cases exhibited sarcomatoid transformation or rhabdoid features. In addition, 10 (of 12,
83%) primary tumors were stage pT3 or higher.

Eight (of 13, 62%) patients died of disease at a mean follow-up of 11 months (range, 2 to 26
months). Of the 2 patients with organ confined tumors, one patient with pT2aNOMO disease
died of other causes at 181 months of follow up, while a second patient with pTINOMO
disease was alive without disease at 27 months of follow up.

Of note, 2 patients with pT4 clear cell RCCs with sarcomatoid transformation were treated
with immunotherapy. The first patient, Case 4, received pembrolizumab as part of second
line therapy. Pre-treatment imaging for this patient demonstrated widespread metastatic
disease including involvement of the adrenal, muscle, bone as well as thoracic
lymphadenopathy and involvement of both the right inferior pulmonary vein and left
superior gluteal vein. Initial imaging studies showed stable disease, however,
pembrolizumab was eventually discontinued after 16 months due to immune nephritis. This
patient is alive with disease at 27.7 months of follow up. The second patient, Case 5,
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received atezolizumab as part of first line therapy. Imaging studies prior to the initiation of
immunotherapy documented widespread metastatic disease in this case, as well. This
included pulmonary, pleural, hepatic, osseous metastases as well as thoracic adenopathy and
involvement of the nephrectomy bed. Follow up imaging at 3 months showed dramatic
response particularly with decrease in the size and number of pulmonary metastasis,
adenopathy and nephrectomy bed involvement. At the time of discontinuation of
immunotherapy at 14 months, this patient had radiologic evidence of stable disease. This
patient subsequently had disease progression and died of disease at 26 months of follow up.

9p24.1-Amplified Renal Cell Carcinoma: Molecular Profiling

The 5 cases identified using MSK-IMPACT showed a 1.9 to 3.5 fold change of genes at
9p24.1 (Table 3). These amplifications were confirmed using fluorescence in situ
hybridization in all 5 cases as well as in 4 cases in the “Validation” cohort (Table 3).
Interestingly, in a limited number of cases where a lower grade component was present,
amplification was detected only in the higher-grade area with rhabdoid features or
sarcomatoid transformation. A representative case has been illustrated in Figure 3a-f (Case
4). Whole exome sequencing was used for an additional case from the cohort characterized
by Casuscelli et al and the 3 cases identified from The Cancer Genome Atlas datasets,
respectively (Table 3) (35). Of note, a single 9p24.1-amplified tumor in The Cancer Genome
Atlas dataset (Case 6), had documented JAKZ PD-L 1/ PD-L.2 mRNA expression =99t
percentile for the 510-clear cell renal cell carcinomas profiled (Table 3) (34). Furthermore,
this case had structural rearrangements involving both JAKZ2and PD-L1 (DOCK8&-JAKZ,
CD274- KANK1). The functional significance of these structural rearrangements in the
background of an amplification at the 9p24.1 locus is uncertain (37, 38).

Corresponding immunostaining was performed for phospho-STAT3, PD-L1, PD1 and PD-
L2 (Supplementary Figure 5). Immunostaining for PD-L2 (n=10, mean H-score: 26.5) and
phospho-STAT3 (n=6, mean H-score: 86.7) showed a poorer correlation with 9p24.1
amplification status compared to PD-L1 expression (n=10, mean H-score: 222; Table 3).

Nine 9p24.1-amplified cases were profiled for mutational status and 3 of these cases
revealed alterations involving either 7P53/ PTEN RELN genes which have been reported to
be associated with sarcomatoid transformation and poor outcomes (Table 4) (39). Similarly,
SETD2 BAPII PBRM!I alterations have been reported to be associated with different rates of
progression to sarcomatoid transformation. Of the 6-clear cell renal cell carcinomas profiled,
only 1 case each had a mutation involving either SETDZ2, BAP1 or PBRMI (Table 4) (39).
Recent studies have correlated the efficacy of immunotherapy with a high tumor mutation
burden (40). The mean tumor mutation burden for 5 cases profiled by MSK-IMPACT was 4
mutations/Megabase (range, 2—7.9) which was similar to all renal tumors within the
institutional clinical sequencing cohort (3.0 mutations/Megabase), suggesting limited utility
of this metric in these tumors.

PD-L1 Expression Status of High-Grade Renal Cell Carcinomas: Prognostic Significance

Tissue microarrays with representative tumors from 398 high-grade renal tumors were
evaluated for PD-L1 expression in tumor cells using immunohistochemistry (Figure 4a). As
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expected, 9p24.1-amplified tumors showed significantly higher H-scores (median: 242.5;
interquartile range: 190-267.5, n=10) compared to non-9p24.1 amplified renal tumors.
Similar to the results reported by Kawakami et al, sarcomatoid renal cell carcinomas showed
significantly higher H-scores as well, with approximately 27.6% of cases showing an H-
score =50 (Figure 4b) (41).

Immunostaining for PD-L1 revealed significant heterogeneity, particularly when higher
grade rhabdoid or sarcomatoid elements were present in a background of lower-grade renal
cell carcinoma (Supplementary Figure 6a-f). When estimating the H-score for such cases, an
average score was assigned for all neoplastic cells irrespective of heterogeneity. On
stratification of cases based on arbitrary H-score cutoffs (=50, 2100, =150, =200, >250),
6.0% (5 of 83 cases) of renal carcinomas with rhabdoid features and 7.1% (9 of 127 cases)
of sarcomatoid renal tumors had a H-score =250 (Figure 4b). This high level of PD-L1
expression (H-score=250) suggests that many of these tumors might potentially have
constitutive expression secondary to mechanisms other than 9p24.1 amplifications. This is
supported by mRNA expression profiling data from The Cancer Genome Atlas datasets
where 9% (45 of 510) of clear cell, 11% (31 of 274) of papillary and 11% (7 of 65) of
chromophobe renal cell carcinomas show increased mRNA expression of JAKZ, PD-L1and
PD-L2(34).

PD-L1 H-scores for 282 patients in the “Validation” cohort were analyzed for cancer-
specific survival and 176 of these patients who were MO at nephrectomy were analyzed for
distant metastases-free survival. Since nearly half of the tumors studied had PD-L1 H-scores
of 0, this feature was analyzed as continuous and after categorizing as 0 and >0. Cancer-
specific survival rates (95% confidence interval; number still at risk) at 1, 2, and 3 years
following surgery were 66% (60-72; 167), 49% (44-56; 123), and 40% (34-47; 88),
respectively (Figure 3c). The univariable association of PD-L1 H-scores evaluated as
continuous and categorical with cancer-specific survival is illustrated in Figures 3d and
summarized in Supplementary Table 1. Distant metastases-free survival rates (95%
confidence interval; number still at risk) at 1, 2, and 3 years following surgery were 52%
(45-60; 81), 40% (33-48; 60), and 35% (28-43; 45), respectively (Figure 3e). The
univariable association with distant metastases-free survival among patients who were MO at
nephrectomy is illustrated in Figure 3f and summarized in Supplementary Table 1 There
were no statistically significant interactions between the categorized PD-L1 H-scores and
rhabdoid (p=0.45) or sarcomatoid (p=0.62) differentiation for cancer-specific survival or
distant metastasis-free survival (rhabdoid: p=0.27, sarcomatoid: p=0.66).

Discussion

This study was aimed at characterizing renal tumors with constitutive expression of JAKZ/
PD-L1and PD-LZ, secondary to genomic amplification events. Herein we highlight a unique
biologic phenomenon where a lung adenocarcinoma with an isolated germline intragenic
gain of JAKZ (including the entire kinase domain) shows increased phosphorylation of the
JAKZsignaling target: STAT3. This in turn was correlated with overexpression of PD-L1 in
all the neoplastic cells, consistent with activation of this signaling pathway. This supports the
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hypothesis that genomic amplifications at 9p24.1 upregulate PD-L1 expression both through
the amplification of the PD-L 1 gene and secondary to JAK2 activation.

Next generation sequencing based assessment of copy number gains at the 9p24.1 locus do
not account for tumor heterogeneity due to the presence of non-neoplastic elements such as
tumor infiltrating lymphocytes, stromal elements and background renal parenchyma.
Therefore, the intra-tumoral localization of this genomic signature was confirmed using a
combination of fluorescence in situ hybridization and immunohistochemistry which revealed
these alterations to be limited to the tumor cells. RNA sequencing data and
immunohistochemistry confirmed downstream changes at the mMRNA and protein level,
respectively. Interestingly, the strongest correlation between 9p24.1 amplification status and
immunohistochemistry was for PD-L1 expression. As mentioned earlier, this may be
explained by the fact that, in addition to genomic amplification, PD-L1 is also upregulated
secondary to JAK?2 activation. Furthermore, it is not uncommon to see 9p24.1 amplified
tumors exhibit a combined pattern of PD-L1 expression, as several of these tumors exhibited
constitutive expression along with adaptive expression that was geographically associated
with and presumably induced by activated T-cell infiltrates (17). Of note, a recent study
suggested that renal tumors with PBRM1 loss of function alterations exhibit increased
activation of the JAK-STAT signaling pathway (42). A single case showed a PBRM!1 splice
site alteration (c.2567+1G>C, Case 5) and this could represent an additional mechanism of
increased JAK2 signaling induced PD-L1 overexpression.

Our studies suggest that 9p24.1 amplifications are significantly enriched in renal cell
carcinomas with sarcomatoid transformation (5.95% versus 0.6%). An interesting finding
from cases identified in this cohort was the observation that in cases where a lower grade
epithelial component was present, these alterations were only identified in the higher grade
rhabdoid or sarcomatoid component. This observation is consistent with findings from a
prior study where comprehensive molecular profiling was conducted both of a lower grade
epithelial component and of a higher grade sarcomatoid component (36). In 1 of 3 cases
profiled in this manner, a 9p24.1 amplification was detected only in the sarcomatoid
component (36). Future studies are required to confirm this observation.

A review of the literature and our results suggests that 9p24.1 amplifications can occur in
renal tumors with sarcomatoid transformation arising in a background of both clear cell and
chromophobe renal cell carcinoma subtypes (35, 36). This raises the possibility that 9p24.1
amplifications may promote or be associated with sarcomatoid transformation independent
of the underlying tumor type. At least one prior study has suggested that PD-L1 could
directly govern sarcomatoid transformation by inducing epithelial to mesenchymal
transformation in renal cell carcinomas (43, 44).

As prior studies have shown prognostic implications of PD-L1 expression status in renal
tumors, including those with sarcomatoid transformation, we assessed PD-L1 expression in
a cohort of 398 high-grade renal cell carcinomas (21, 23, 41). Our observations indicate that
higher grade elements within a tumor often exhibit higher PD-L1 expression. Considering
this, our approach of scoring PD-L1 expression in tissue microarray specimens was limited
by tumor heterogeneity. However, this approach mirrors actual clinical practice for other
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tumor types. For instance, PD-L1 expression status in limited lung biopsies is often used to
guide therapeutic decision making (45). No significant prognostic effects of PD-L1
expression was noted amongst our cohort of high-grade renal tumors on cancer-specific
survival or distant metastasis-free survival and by the fact that only a minor subset of these
patients received immunotherapy. This likely reflects the advanced disease status of our
patient cohort selected for statistical analysis and is highlighted by the fact that at last
follow-up 229 (of 282) patients had died at a median of 1.3 years following surgery.
Although PD-L1 expression status in this cohort did not have a significant prognostic
impact, it is imperative to identify biomarkers of response to therapy within this group of
patients.

Interestingly, 2 patients with 9p24.1 amplified sarcomatoid renal cell carcinomas in our
study demonstrated promising response to immunotherapy. While this is a very limited
number of patients, these results are encouraging and suggest that 9p24.1 amplifications in
renal tumors may be a biomarker for exceptional response to immunotherapy. This is
consistent with what has been reported for response to immunotherapy for other 9p24.1-
amplified hematologic and solid tumors (3, 12-16). Our results suggest a need for future
studies that correlate response to immunotherapy with constitutive PD-L1 expression in
advanced renal tumors.

Currently, some of the alternate next generation sequencing-based metrics which can
potentially be used to guide immunotherapeutic decision making include an assessment of
tumor mutation burden and our results suggest that this may not be a useful biomarker in
patients with 9p24.1 amplified renal tumors.

In summary, 9p24.1 amplifications are enriched in renal tumors with sarcomatoid
transformation and the prevalence of this alteration is approximately 5.95% of all such cases.
This genomic amplification event shows good concordance with PD-L1
immunohistochemistry and this can be utilized in routine clinical practice to screen for these
events. As immune checkpoint inhibitors continue to gain popularity as a therapeutic
modality for advanced renal cell carcinomas, our study helps identify potential patient
populations who might exhibit enhanced response to these agents (18-23).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Copy Number Assessment (Case 1).
A schematic representation of genes present at the 9p24.1 locus is shown ((a) not to scale).

A copy number plot for a sarcomatoid renal cell carcinoma profiled using MSK-IMPACT
has been depicted (b). Relative (Log2) tumor/normal ratios (y-axis) and corresponding
chromosomes (x-axis) are displayed, with each blue dot representing an individual probe
region. Amplified regions are shown in red and show a 3.5-fold amplification for JAKZ/ PD-
L1and PD-L2at 9p24.1. MSK-IMPACT, Memorial Sloan Kettering Cancer Center
Integrated Mutation Profiling of Actionable Cancer Targets.
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Figure 2: Histopathology, Fluorescence In Situ Hybridization and Immunohistochemistry (Case
1& 4).
Representative H&E-stained images of 9p24.1-amplified sarcomatoid renal cell carcinomas

((a) Case 4, 2.7-fold amplification by MSK-IMPACT, x 400 magnification; (d) Case 1, 3.5-
fold amplification by MSK-IMPACT, x 200 magnification), corresponding fluorescence in
situ hybridization ((b) Red: PD-L1, Green: PD-L2, Aqua: Centromere; (e) Orange: JAKZ,
Green: /NSL6, Red: Centromere) and immunohistochemistry ((c) PD-L1, x 400
magnification; (f) phospho-STAT3, x 200 magnification) have been depicted. MSK-
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IMPACT, Memorial Sloan Kettering Cancer Center Integrated Mutation Profiling of
Actionable Cancer Targets.
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Figure 3: Histopathology and | mmunohistochemistry (Case 4).
Representative H&E stained images of a 9p24.1-amplified clear cell renal cell carcinoma

with sarcomatoid transformation is depicted ((a) adjacent clear cell and sarcomatoid areas, x
40 magnification; (c) representative area with clear cell morphology, x 200 magnification;
(e) representative area with sarcomatoid morphology, x 200 magnification). Corresponding
immunostaining for PD-L1 shows absence of expression in areas with a lower grade clear
cell component ((b) left, x 40 magnification; (d) x 200 magnification) and constitutive
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expression in areas with a higher grade sarcomatoid component ((b) right, x 40
magnification; (f) x 200 magnification).
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Figure 4: PD-L1 Expression Status of High-Grade Renal Cell Carcinomas: Prognostic
Significance.
H-scores for PD-L1 expression based on immunohistochemistry was calculated semi
quantitatively as the product of intensity of staining (graded from 0 to 3) and the percentage
of positive cells showing membranous staining (0 to 100%) for 398 renal cell carcinomas.
The range of distribution of H-Scores show significantly higher expression for 9p24.1
amplified renal tumors compared to cases without this genomic signature (a). The
percentage of indicated sub-categories of renal tumors that have a H-Score =50, =100, =150,
>200 and =250 is shown (b). Univariable associations of categorized (c) and continuous (d)
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PD-L1 H-scores with cancer-specific survival are depicted. In addition, univariable
associations of categorized (e) and continuous (f) PD-L1 H-scores with distant metastasis-
free survival are depicted. S RCC: sarcomatoid renal cell carcinoma; Rh RCC: renal cell
carcinoma with rhabdoid features; Amp RCC: 9p24.1 amplified renal cell carcinoma.
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Table 1.

Prevalence of 9p24.1 Amplifications in Renal Cell Carcinomas.

Page 20

Genome Atlas

cell carcinoma [Total Cohort: 3/879
(0.3%) renal cell carcinoma]

Study Testing Platform 9p24.1 Amplification Other Alterations
3/533 (0.6%) clear cell renal cell
31-34The carcinoma 0/66 chromophobe renal
Cancer Whole exome next generation sequencing assay | cell carcinoma 0/280 papillary renal See Table 2 (cases 6, 11 and

12) for details

36Malouf

255 gene hybrid capture-based next generation
sequencing assay

2/26 (7.7%) renal cell carcinoma
with sarcomatoid transformation

Casel: Sarcomatoid renal cell
carcinoma (LRPIB
.10638G>C, TP53

¢.395A>T, PTEN
¢.209+1G>C, JAKZ2/CD274
amplification, VAHL deletion)

Case2: Unclassified renal cell

carcinoma (CCND1/ MDM4/

RPTOR/JAKZ amplification)

35Casuscelli et
al

MSK-IMPACT next generation sequencing
assay; (341-410 gene hybrid capture-based
assay)

2/60 (3.3%) chromophobe renal cell
carcinoma

Casel: Included in Discovery
Cohort (See case3 in Table 2)
Case2: See casel3 in Table 2

3 Goodman et
al

Foundation One next generation sequencing
assay (315-405 gene hybrid capture-based
assay)

4/66 (6.1%) renal cell carcinoma
with sarcomatoid transformation
[Total Cohort: 4/766 (0.5%) renal
cell carcinoma, not otherwise
specified]

Not reported

Present Study
Discovery
Cohort

MSK-IMPACT next generation sequencing
assay (341-468 gene hybrid capture-based
assay);

Fluorescence in situ hybridization (whole slide
section) JAKZ/INSL6 (n=26), PD-L1/PD-L2
(n=2);
Immunohistochemistry: PD-L1/PD-L2/PD1/
pSTAT3 (n=6)

5/33 (15.1%) renal cell carcinoma
with sarcomatoid transformation (13
cases profiled by MSK-IMPACT, 20

cases screened by JAKZ/INSL6
fluorescence in situ hybridization)
[Total cohort: 5/593 (0.8%) renal cell
carcinoma]

See Table 2 (cases 1 to 5) for
details

Present Study
Validation
Cohort

Fluorescence in situ hybridization (tissue
microarray) JAKZ/INSL6 (n=398)
Fluorescence in situ hybridization (whole slide
section) JAKZ/INSL6 (n=5) PD-L1/PD-L2

(n=2)
Immunohistochemistry: PD-L1/PD-L2 (n=5)

4/127 (3.1%) renal cell carcinoma
with sarcomatoid transformation
0/271 non-sarcomatoid renal cell
carcinoma
[Total cohort: 4/398 (1.0%) renal cell
carcinoma

See Table 2 (cases 7-10) for
details

MSK-IMPACT: Memorial Sloan Kettering-Integrated Mutation Profiling of Actionable Cancer Targets.
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9p24.1 Amplified Renal Cell Carcinomas: Clinicopathologic Features

Table 2.

Page 21

Renal Cell Sarcomatoid/
Case Carcinoma Rhabdoid WHO | Size Follow
Identifier Age | Gender Subtype Features Grade | (cm) pT N M Up Immunother apy
Casel disease
(Discovery 58 Male Chromophobe Sarcomatoid NA 155 | pT3a | N1 | Mx 6 None
Cohort) months)
(Metastasis to )
(D?S?;J?/ér 71 Male bramc)eﬁenal Sarcomatoid - - - - | ML cvlil;/he None
Cohor t)y carcinoma, disease
not otherwise (2
specified
Case3 Alive
(Discovery with
Cohort & 58 Male Chromophobe Sarcomatoid NA 10.5 pT4 | Nx | M1 | disease None
Casuscelli 5
et al) months)
First line therapy
with lenvatinib
. (discontinued for
* Cvlilzlhe persistence of
Cased 48 Male Clear Cell Sarcomatoid 4 10.1 pT4 | N1 | MO | disease disease) &
(Discovery : @77 pembrolizumab
Cohort) months) | (discontinued for
immune
nephritis), for 16
months
c 5* Dead of First Ilal(iet;]herapy
ase )
(Discovery 61 Male Clear Cell Sarcomatoid 4 15 pT4 | N1 | M1 d'?ggse bevacizumab and
Cohort atezolizumab, for
) months) 14 months
Alive
Case 6 without
(TCGA- 67 Female Clear Cell Rhabdoid 4 6.3 pT3a | Nx | MO | disease None
BP-4983) (116.5
months)
None Case Dead of
7 . disease
(validation 54 Female Clear Cell Sarcomatoid 4 20 pT3b | NO | M1 ® None
Cohort) months)
Cases . Gopase
(Validation 71 Male Clear Cell Sarcomatoid 4 9 pT3b | NO | M1 (16 None
Cohort months)
Case9 . Giease
(Validation 77 Female Clear Cell Sarcomatoid 4 10 pT3a | N1 | MO @ None
Cohort) months)
Dead of
Case 10 other
(Validation 70 Male Clear Cell Sarcomatoid 4 10 pT2a | NO | MO causes None
Cohort) (181
months)
Dead of
Case 11 . disease Data not
(TCGA- 84 Male Clear Cell Sarcomatoid 4 8.3 pT3b | Nx | M1 A ilabl
C7-5468 ( available
months)
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Renal Cell Sarcomatoid/
Case Carcinoma Rhabdoid WHO | Size Follow
Identifier Age | Gender Subtype Features Grade | (cm) pT N M Up Immunother apy
Dead of
Case 12 disease Data not
(TCGA- 66 Female Clear Cell None 3 10 pT3a | NO | M1 23 ilabl
B8-4143 ( avariable
months)
Alive
Case 13 without Data not
(Casuscelli 31 Male Chromophobe None - - pT1 | NO | MO | disease ¢
available
etal (27
months)

*
Cases treated with immunotherapy

TCGA: The Cancer Genome Atlas; WHO: World Health Organization
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Table 3.

9p24.1 Amplified Renal Cell Carcinomas: 9p24.1 Amplification Status

Page 23

DNA Assay: 9p24.1 DR 2y Protein Protein Fraein | protein
. Amplification (Next pad.l RNA Assay: : y: y: Assay:
Case I dentifier Generation Amplification (RNASeq (p-STAT3 (PD-L1 (PD-L2 (PD1
- (fluorescencein IHC, H- IHC, H- IHC, H-
Sequencing) IHC
9 situ hybridization) Scores Scores Scores
JAKZ. 3.5-fold change
Casel PD-L 1: 3.5-fold . . .
(Discovery change JAKZ/INSLG: + ; p'SZTl%TE" P'g;t'al- Pg’b'az' PD1: +++
Cohort) PD-L2: 3.5-fold
change
Case?2 JAKZ. 3.3-fold change
(Discovery P D’éﬁ'aﬁéle'fo'd JAKZ/INSLG. + ; P | Pot | PoLzio | eons
Cohort) PD-L2. not tested
Case3 JAKZ: 3.1-fold change
(Discovery PD-L 1: 3.1-fold ) p-STAT3: PD-L1: Y .
Cohort & change JAKZ/INSLE. + 0 220 PD-L2: 40 PD1: +
Casuscelli et al) PD-L 2 not tested
JAKZ. 2.7-fold change
Case 4 PD-L1: 2.7-fold . .
(Discovery change Pjgﬁ/jgﬁi - p'slém' P'g;'(‘)l' PD-L2: 10 PD1: +
Cohort) PD-L2. 2.7-fold ’
change
Case5 JAKZ: 1.9-fold change
iscover -EL 1.9 : + - ) : Pt -L2: :
(Di y PD éﬁ arllg% fold JAKZ/INSL6: P SlTO/BTS Pgelél PD-L2: 10 PD1: 0
Cohort) PD-L2 not tested
JAKZ/PD-
. th
Case6(TCGA- | JAKzPD-L1PD-L2 |  saKziNSLG: + L0 | pstata | poLa | oo o0 | eprs
BP-4983) amplified PD-L1/PD-L.2 + PPD_ /7 ogh 30 290 : :
percentile
Case7
c JAKZ/INSLG6. + PD-L1:
(Validation - . . - - PD-L2:0 -
Cohort) PD-L1/PD-L2. + 290
Case8 PD-L1:
(Validation - JAKZ/INSLG6: + - - 245 ’ PD-L2:5 -
Cohort)
Case9 PD-LL:
(Validation - JAKZ/INSLG6. + - - 140 ) PD-L2:0 -
Cohort)
Case 10
(Validation - JAKZ/INSLG6. + - - PD-L1: 85 PD-L2: 0 -
Cohort)
JAKZ/PD-
Case 1l L1 73778t
(TCGA- MKZ:;’}D;%JE/(/’D D-L2 - percentile - - - -
CZ-5468) P PD-1.2 941"
percentile
Case 12 d
(TCGA- JAKZamplified - JAK2. 72" ; ; ; ;
B8-4143) percentile
Case 13
(Casuscelli et PD-L 1 amplified - - - - - -
al)

TCGA: The Cancer Genome Atlas; IHC: immunohistochemistry.

Mod Pathol. Author manuscript; available in PMC 2020 September 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Gupta et al.

Table 4.

9p24.1 Amplified Renal Cell Carcinomas: Molecular Profiling

Page 24

ABCA4p.Q2104H, BCHE
p.W550R, CDH7p.L605H

ﬂTumor
i Mutation
Case | dentifier Sg?;t?gfﬁg Burden Mutations Copy Number Changes S\t/ralif;igl
(mutations/
Megabase
(D(i:;f; . Ms(fs‘éMgnAeCT 2.6 (Purity: | PTENp.X212_splice, FOXO1 CEBPA/AKZ/PD-L1/ )
Cohort)y pan%l) 24%) p.F14L, 7P53p.G334W PDL-2 Amplified
CDKNZ2Ap16INK4A/
Case2 MSK-IMPACT s CDKN2Ap14 ARF/
(Discovery (410 gene 2.03(;3r)|ty. MYoDI pHRleozslg RASAL CDKNZB Loss -
Cohort) panel) ° P PTPRD/JAKZ2/PD-L1
Amplified
Case3
- MSK-IMPACT .
(Discovery 2.2 (Purity: CRKL/JAK2/PD-L1 )
Cohort & (34;[n%?)ne 38%) TP53p.R196X, PTEN p.Y346C Amplified
Casuscelli et al) P
TRAF7p.R641H, ANKRD11
(D(i:;f)‘f/g Ms(féngr/]*eCT 5.3 (Purity: p.R82Q, MST1Rp.G231D, 3p Loss, JAKZ/PD-L1/ )
Cohor t)y an%l) 45%) PDGFRA p.L686V, PARKZ PDL-2 Amplified
P p.R334C, RACI p.N111T
TP53p.C135Y, AXIN1
p.A552P,
Case5 MSK-IMPACT 7.9 (Purity: DNMT3A p.A8AT, NTRK1
Discovery gene : : p. \ p. , - mplifie -
i (410 27%) Y A612T, NTRK1 p.G643D JAKZ/PD-L1 Amplified
Cohort) panel) ° VHL p.L169*, PBRM!I splice
variant ¢.2567+1G>C, SPEN
splice variant c.1043A>T
Fusions with
SETDZp. P2288Ifs*22, ASXL1 %‘g‘gsc%?%fé
p.E997*, SPEN p.V11291, & CD274-
Case6(TCGA- | Whole exome ) p@f‘ﬁ pﬁ%ﬁ% RN JAKZ/PD-L1/PDL-2 KANK) in the
BP-4983) sequencing CACNAIE p.G310W, CHAD Amplified sitrlTr:gl icgc%?i%?{l
p.A94V CYLCIp.L110F, (ir?cluding
CYP2B6p.T303I AKZPDLY
PDL-2)
Case7
(Validation None - - - -
Cohort)
Case8
(Validation None - - - -
Cohort)
Case9
(Validation None - - - -
Cohort)
Case 10
(Validation None - - - -
Cohort)
APCp.A1884S, INPP4A
p.L202W, MUTYH
Case 1l p.T490Pfs*67, AGOZp.P4B4A,
(TCGA- e . AGO2p.MA83|, CDK12 ey sacit i
CZ-5468) p.L649R, ABCA4p.R152%,
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p.A2620T, SOCS1p.Q210H

ﬂTumor
i Mutation
Caeranier | S0 | ol Cony Number Changes | Sguera
(mutations/
Megabase
BAPIp.Y627*, DICER1
p.E731*, BRAFp.N49I, SMO
Case 12 p.A235T, SOX9p.D444E,
(TCGA- V\s"’a‘c’ffesz%me - AMPDI p.K375*, RCBTB2 JAK2 Amplification -
B8-4143) d 4 p.Y299F, CHRMS5p.W271*,
GALCp.K628T, GNATZ2
p.D103G
Case 13 BARDI p.L.359_P365del, BLM
(Casuscelli et Whole exome ) p.R15C, NOTCH3p.G2081V, TBX3Loss, MYC/NBN/ )
al) sequencing NTRKZ2p.P204H, KMT2D SPOP/ PD-L 1 Amplified

TCGA: The Cancer Genome Atlas; MSK-IMPACT: Memorial Sloan Kettering-Integrated Mutation Profiling of Actionable Cancer Targets.

”Average TMB for RCCs in the MSK Clinical Sequencing Cohort=3.0mt/MB. Tumor purity predictions based on FACETS. FACETS: Algorithm

involving allele-specific copy number analysis from next generation sequencing data, Nucleic Acids Res. 2016 Sep 19;44(16):e131.
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