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Abstract

Purpose: Fumarate hydratase-deficient renal cell carcinoma (FH-RCC) is a rare, aggressive form
of RCC associated with hereditary leiomyomatosis and RCC syndrome (HLRCC). Evidence for
systemic therapy efficacy is lacking.

Methods: We studied clinical and genomic characteristics of FH-RCC, including response
(ORR) to systemic therapies and next-generation sequencing (NGS). Patients with metastatic FH-
RCC, defined by presence of pathogenic germline or somatic /A mutation plus
immunohistochemical evidence of FH-loss, were included.

Results: 28/32 included patients (median age 46; range 20-74; M:F, 20:12) underwent germline
testing; 23 (82%) harbored a pathogenic FH germline variant. 5 (16%) were negative for germline
FH mutations; all had biallelic somatic ~H loss. Somatic NGS (31/32 patients) revealed co-

occurring AVF2mutation most frequently (n=5). Compared to clear cell RCC, FH-RCC had lower
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mutation count (median 2 vs 4; p<0.001) but higher fraction of genome altered (18.7 vs 10.3%;
=0.001).

26 patients were evaluable for response to systemic therapy: mTOR/VEGF combination (n=18,
ORR 44%), VEGF monotherapy (n=15, ORR 20%), checkpoint inhibitor therapy (n=8, ORR 0%)
and mTOR monotherapy (n=4, ORR 0%). No complete responses were seen. Median overall and
progression-free survival were 21.9 months (95% CI: 14.3, 33.8) and 8.7 months (95% CI: 4.8,
12.3), respectively.

Conclusion: Although most FH-RCC tumors are due to germline FH alterations, a significant
portion result from biallelic somatic A loss. Both somatic and germline FH-RCC have similar
molecular characteristics, with NF2 mutations, low TMB, and high fraction of genome altered.
Although immunotherapy alone produced no objective responses, combination mTOR/VEGF
therapy showed encouraging results.

Keywords

renal cell carcinoma; fumarate hydratase-deficient renal cell carcinoma; HLRCC; fumarate
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Introduction:

Fumarate hydratase (FH)-deficient renal cell carcinoma (RCC) is a type of RCC associated
with hereditary leiomyomatosis renal cell cancer syndrome (HLRCC), an autosomal
dominant disorder characterized by uterine and cutaneous leiomyomas and increased
predisposition to an aggressive form of RCC.(1) The syndrome is caused by heterozygous
mutations to the ~+ gene, which encodes fumarate hydratase (FH), a critical component of
the Krebs cycle.(2, 3) The lifetime renal cancer risk for £+ mutation carriers is estimated to
be 15%.(4) These RCCs typically occur in younger patients (median age: 39-45 years) and
median survival with advanced/metastatic disease is poor, between 18-24 months in prior
series.(5-7)

Since 2016, the WHO classification of tumors includes HLRCC syndrome—associated RCC
as a distinct entity (8). This term, however, is a misnomer and does not include histologically
indistinguishable tumors that can arise from biallelic somatic loss of FH, with absence of the
germline mutation and without the associated syndromic features of HLRCC. While the
clinical behavior of biallelic somatic #Hloss RCC and HLRCC-associated RCC are
suspected to be similar, the incidence of biallelic somatic-only FH-RCC are unknown.
Collectively, FH-RCC tumors demonstrate a broad range of morphologic features, although
often containing a papillary component and exhibiting prominent nucleoli with perinucleolar
clearing in tumor cells, their distinction from other subtypes of RCC typically relies on
immunohistochemical (IHC) evidence of FH-deficiency.(7-12)

In FH-RCC, there is an accumulation of the Krebs cycle intermediate fumarate, which
functions as an oncometabolite, activating a complex variety of oncogenic cascades and
causing metabolic dysregulation.(13) Among these, fumarate accumulation leads to hypoxia
inducible factor (HIF) stabilization with subsequent effects on HIF targets and disrupted
function of multiple proteins by succination.(13-15) By contrast, the most well-studied
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canonical pathways involved in the pathogenesis of clear cell RCC (ccRCC) include the
VHL tumor suppressor/HIF pathway [including HIF targets, such as vascular endothelial
growth factor (VEGF), platelet derived growth factor (PDGF), epidermal growth factor
(EGF)] and the mammalian target of rapamycin (mTOR) pathways. It is unknown whether
the available “targeted” therapies in RCC, aimed at intervention in the VHL/HIF pathway
involved in ccRCC, are effective for FH-RCC.

Clinically, FH-RCC is particularly difficult to manage because of its highly aggressive
course, therefore information on clinical presentation, response to therapies and potential
molecular drivers of disease are critical. To date, preliminary data from a single phase Il
study evaluating treatment outcomes for HLRCC patients has been reported, showing
promising results with combination bevacizumab and erlotinib, however, other therapeutic
strategies will undoubtedly be required in this population.(6) Due to lack of other
retrospective or prospective data, treatment options are often extrapolated from studies of
ccRCC. In the past decade, several new therapies have been approved for advanced RCC,
including the anti-VEGF and multi-targeted tyrosine kinase inhibitors sunitinib, pazopanib,
cabozantinib and lenvatinib, the immune checkpoint inhibitors ipilimumab, nivolumab and
pembrolizumab, and VEGF/checkpoint blockade combination therapies.(16—20) Although
these agents are often used for any patient with metastatic RCC, their efficacy in FH-RCC
has not been established. In this study, we aimed to retrospectively assess patients with FH-
RCC for clinical characteristics, treatment outcomes, molecular correlates, and differences
between germline and somatic carriers.

Patients and Methods:

Study Population

Patients were retrospectively identified from an institutional database that includes all
pathology reports from 1993 to present, and the MSK integrated mutation profiling of
actionable cancer targets (MSK-IMPACT) database, which started enrolling patients in
2012, with data cutoff of August 2", 2019. Patients with metastatic FH-RCC, genomically
defined by presence of FH germline pathogenic or likely pathogenic variant were included.
Patients with metastatic RCC without a confirmed germline FH mutation but with a somatic
FH mutation and IHC evidence of FH-deficiency [FH loss and/or 2-succino-cysteine (2SC)
positive immunoreactivity], were also eligible and included. Electronic medical records were
then queried for clinical data. All patients were included in the descriptive population
demographics and genomic analyses. Treatment received in other institutions and treatment
received as part of ongoing or unpublished clinical trials were excluded from the outcome
analyses. The study was conducted in accordance with the Declaration of Helsinki and was
approved by the Memorial Sloan Kettering Cancer Center (MSKCC) institutional review
board (IRB), including waiver of consent.

Immunohistochemical Analysis

All samples were reviewed by a genitourinary pathologist (Y.B.C.) to confirm diagnosis.
Immunohistochemistry for FH and 2-succino-cysteine (2SC) [FH loss and/or 2SC gain] was
performed in 5-mm FFPE tissue sections where tissue was available. Immunohistochemistry

Clin Cancer Res. Author manuscript; available in PMC 2021 November 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Gleeson et al.

Page 4

for FH was performed using a mouse monoclonal antibody (clone J-13, Santa Cruz
Biotechnology) as previously described.(21) An absence of FH staining in the neoplastic
cells, in the presence of positive internal control (cytoplasmic, granular staining in non-
neoplastic cells), was interpreted as lost or FH-deficient status. Immunohistochemical
staining for S-(2-succino)-cysteine (2SC) was performed using a polyclonal antibody
described previously.(10, 22) Briefly, 4-um-thick sections from representative formalin-
fixed, paraffin-embedded tissue blocks were processed using the Ventana Discovery XT
system with antigen retrieval (CC1 solution, 60 min), primary antibody (1:2000), and
OptiView DAB IHC detection steps (Ventana). The presence of diffuse, nuclear and
cytoplasmic staining was interpreted as positive.

Genomic Analyses

Germline and somatic ~#H mutations were identified either by matched tumor-normal next-
generation sequencing (NGS) using the MSK-IMPACT platform or via other CLIA-
approved commercial laboratories. The MSK-IMPACT platform sequences paraffin-
embedded tumor and blood from patients and utilizes a capture-based NGS assay to assess
341 cancer-associated genes in the first iteration and 468 in the more recent iteration, as
described previously.(23) After alignment to the reference human genome, somatic
alterations (missense mutations, small insertions and deletions, structural rearrangements)
were identified using a bioinformatics pipeline, as described previously.(23) Tumor purity
and allele specific copy number estimates were obtained using the FACETS algorithm.(24)
FACETS output was integrated with mutation calls to assign mutation clonality and
mutation-specific copy number, including loss-of-heterozygosity (LOH) and amplification.
Tumor mutational burden (TMB) and fraction of the genome altered (FGA) in the FH-
deficient cohort were compared to an institutional cohort of clear cell RCC (ccRCC)
samples. Somatic alterations were annotated using OncoKB (http://oncokb.org), a curated
precision oncology knowledge base describing therapeutic implications of individual gene
alterations in a tumor type—specific manner.(25) Germline analysis of the £+ gene was
performed through MSK-IMPACT (n=25) as previously described or at a CL1A-approved
laboratory (n=3).(26) Only pathogenic or likely pathogenic variants were considered to be
deleterious and are included in this analysis.

Response to Therapy and Clinical Outcomes

Information on systemic therapy treatment was collected from electronic health records
(EHR), including type of therapy, line of therapy and dates of administered doses. Patients
treated on clinical studies had response assessments according to Response Evaluation
Criteria in Solid Tumors (RECIST) 1.1 guidelines as per the study protocol.(27) All other
imaging studies were performed per standard of care at MSKCC, with RECIST 1.1 criteria
assessed for all patients by a single genitourinary radiologist (I.N.), blinded to treatment
type. Patients were considered to have progression of disease if there was either progression
according to RECIST criteria or if they discontinued therapy because of worsening
symptoms or decline in performance status (clinical progression).

The primary outcome measure was best objective response rate (ORR). Key secondary
outcome measure was disease control rate (DCR), defined as complete response (CR) +
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partial response (PR) + stable disease (SD) by RECIST v1.1. Other secondary outcome
measures included overall survival (OS), progression free survival (PFS), duration of
treatment, identification of patterns of metastatic spread and an exploratory analysis on
secondary mutations that might confer prognostic or predictive value.

Statistical Analysis

Results:

Baseline characteristics and treatment received were summarized descriptively. OS and PFS
were calculated using Kaplan Meier estimates from diagnosis of metastatic disease until
death or date of progression, respectively. Only patients who received first-line treatment at
our institution were included in the PFS analysis. Duration of treatment was calculated using
Kaplan Meier estimates from treatment start date to last administered dose of treatment.
Patients who were still alive or continuing treatment at the data cutoff (August 2", 2019)
were censored at that timepoint. Patients enrolled in ongoing clinical trials which have not
reported results were excluded from response and survival analyses. Exploratory analyses
were performed to assess for factors associated with OS and PFS including treatment type,
secondary A/FZ2mutation status and germline vs. somatic biallelic /+ mutation status. TMB
and FGA were compared to an institutional cohort of >500 ccRCC samples using a
Wilcoxon rank sum test to compare the two groups. Statistical analysis was performed using
SAS v9.4 (Cary, NC).

Patient Characteristics

32 patients (median age 46; range 20-74; M:F, 20:12) with metastatic FH-RCC were
identified, with first diagnosis in 2005 (median year of diagnosis, 2014). Patient and tumor
characteristics are summarized in Table 1. Within the cohort, 23 patients had a confirmed FH
germline mutation while 9 patients had a confirmed ~H somatic mutation and FH-deficiency
by IHC. Most patients (63%) presented with de novo metastatic disease. For patients who
presented with localized disease, median time from nephrectomy to diagnosis of metastatic
disease was 9.0 months. 10/12 (83%) of women had a personal history of uterine fibroids.
Of the two female patients without fibroids, one had an £+ germline mutation, but was 20
years of age at time of analysis, while the other did not have a germline FH mutation. Only 1
patient (germline ~H positive) had documented cutaneous leiomyomas prior to RCC
diagnosis. 5/23 (22%) of germline FH positive patients had a family history of RCC, 8/23
(35%) had a family history of uterine leiomyomas and 2 (9%) had a family history of skin
leiomyomas.

Twenty-six patients (81%) underwent nephrectomy, with a slight majority (54%) carried out
in the metastatic disease/cytoreduction setting, see Supplementary Table S1 for additional
surgical details. Involvement of abdominal lymph nodes was the most common site of
metastasis at the time of diagnosis of metastatic disease (81%), followed by lung (50%) and
thoracic lymph nodes (38%). Liver, bone and adrenal metastases were each seen at diagnosis
of metastatic disease in 31% of cases. High rates of intraabdominal spread with peritoneal/
omental seeding was seen, with radiographic evidence of disease seen in 69% at last follow
up. Similarly, at last follow-up, abdominal lymph node (88%), lung (72%), thoracic lymph
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node (66%), liver (59%) and bone (53%) were all commonly involved, but no patient had
been diagnosed with brain metastasis, Supplementary Table S2.

Histologic and Genomic Results

Median tumor size was 8.0cm (Range, 2.5 — 18.7) with the majority of tumors showing
lymphovascular invasion (68%) and renal vein invasion (52%), see Supplementary Table S1.
Tumors exhibited high grade nuclear features and frequently a mixture of papillary,
tubulocystic, tubulopapillary, cribriform, cystic, and solid growth patterns (Supplementary
Figure S1). Twenty-eight patients had FH loss by IHC, 2 patients had either focal or
heterogenous FH loss, and 2 patients had retained FH but positive 2SC staining by IHC,
Figure 1. In total, 28/32 patients had testing for 2SC, with all 28 of these patients showing
positive 2SC staining.

30/32 patients had somatic next generation sequencing (NGS) (Figure 1). Of 28 patients
who underwent germline FH analysis, 22 (79%) had a germline pathogenic ~H mutation,
and 1 patient had a variant of unknown significance (VUS) but with a suspicious family
history of cutaneous leiomyomas. LOH/somatic mutation of second allele was confirmed for
17/22 patients with germline /4 mutations and the patient with germline VUS. All patients
(5/5) who had no germline FH mutations had confirmed somatic /4 mutation and LOH in
the second allele. The majority of germline and somatic #+ mutations (87%) were in the
lyase domain (Figure 2a).

The most common co-occurring alteration was NVFZ, seen in 5/30 (17%) cases; no VHL
mutations were seen (Figure 1). Using OncoKB actionable biomarker definitions, 4 patients
had level of evidence 4 oncogenic mutations (PTEN, MTOR, KRAS p.G12D, CDKNZA).
No oncogenic mutations with a higher level of evidence were identified. Three patients had
more than one tumor or metastatic site sequenced; second FH somatic alteration were early
events, and AVF2alterations had a higher variant allele frequency in metastatic sites
compared to primary (Supplementary Figure S2). One patient had FANCA and BRCAZ2
pathogenic germline alterations in addition to their #H germline alteration. No other patients
had other actionable or pathogenic germline alterations identified.

21/32 patients were evaluable for microsatellite instability (MSI), tumor mutation burden
(TMB) and fraction of the genome altered (FGA). All patients were microsatellite stable
(MSS), with a median MSI score of 0.33 (Range: 0-1.56). Compared to an institutional
cohort of >500 patients with clear cell RCC, FH-deficient tumors had a lower mutation
count (median 2 vs 4, p=0.0005) but a higher fraction of the genome altered (18.7 vs 10.1%;
p=0.001), Figure 3. Broad copy number alterations were reviewed with copy number loss
seen in Chromosome 1, where FH is located, but also in in chromosomes 4 and 13, while
copy number gain was seen in chromosomes 2, 7, 8, 16, and 17 (Figure 2b), similar to what
has previously been reported elsewhere.(12)

Treatment Response

46 treatment lines from 26 patients were evaluable for response by RECIST v1.1, Table 2.
Patients received a median of 2 treatment lines (Range: 1-5), Supplementary Tables S3 &
S4. Combined ORR to first (n=26), second (n=14) and third-line (n=6) therapy was 38.5%,
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7% and 17%, respectively, with no complete responses seen. Combined DCR to first, second
and third-line therapy was 65%, 50% and 50%, respectively. Combination therapy targeting
both mTOR and VEGF was the most common treatment (Total, N=18; bevacizumab/
everolimus, N=16; lenvatinib/everolimus, N=2) and showed the highest ORR (44%) and
DCR (77%). VEGF monotherapy (N=15, ORR 20%, DCR 53%), checkpoint inhibitor
monotherapy (N=8, ORR 0%, DCR 38%) and mTOR monotherapy (N=4, ORR 0%, DCR
25%) had lower response rates. Although numbers were small, there were no differences in
DCR by FH status and treatment type, see Supplementary Table S5.

Median duration on treatment was longest for the mTOR/VEGF combination (bevacizumab/
everolimus, N=16; lenvatinib/everolimus, N=2) at 8.4 months, followed by VEGF
monotherapy (5.5 months), mTOR monotherapy (2.3 months) and checkpoint inhibitor
therapy (2.1 months) [Table 2]. One patient receiving mTOR/VEGF combination therapy in
the first-line setting was continuing mTOR monotherapy with a PR at the time of study cut
off (35.1 months); the VEGF inhibitor was discontinued due to proteinuria. One patient was
evaluable for VEGF/IO combination therapy (lenvatinib/pembrolizumab) in the first-line
setting, achieving a PR and remaining on treatment for a 25-month period.(28)

8 patients who received checkpoint inhibitor therapy were evaluable for treatment response.
2 patients received ipilimumab/nivolumab as first-line treatment, 4 patients received single
agent nivolumab (1 second-line, 3 in third-line setting), and 2 patients received atezolizumab
in combination with an investigational anti-CD27 monoclonal antibody in the second-line
setting as part of a clinical trial (NCT02543645). Median duration of therapy for checkpoint
inhibitors (N=8) was 2.1 months. 3 patients (37.5%) had stable disease and 5 (62.5%) had
progressive disease; no responses were seen.

Survival Outcomes

27 patients (84%) were evaluable for progression free survival (PFS) in the first-line setting;
24 progressed or died and 3 were censored at last follow-up. Median PFS was 8.7 months
(95% ClI: 4.8, 12.3) from time of diagnosis of metastasis (Figure 4). Six and 12-month
progression-free survival rates are 65.8% (44.5, 80.6) and 34.4% (17.1, 52.5). Median PFS
for the mMTOR/VEGF combination (10.7 months) was longer than VEGF monotherapy (7.8
months), mMTOR monotherapy (6.4 months) or checkpoint inhibition with ipilimumab/
nivolumab (4.5 months).

28 patients (88%) were included in the overall survival (OS) analysis, 22 died and 6 were
censored at last follow-up. Median OS, from diagnosis of metastatic disease, for the entire
cohort was 21.9 months (95% CI: 14.3, 33.8) [Figure 4]. Twelve and 24-month survival rates
are 76.6% (95% Cl: 55.1, 88.8) and 48.4% (95% CI: 28.1, 66.0). Median follow-up time for
survivors is 21.1 months (range: 2.3, 59.2). 1 patient remained on first-line therapy at the
time of data cut off.

Median OS for evaluable patients with a confirmed germline ~/H mutation (N=21) was 28.1

months. Median OS for evaluable patients with confirmed biallelic somatic /4 mutation, i.e.
germline tested but no germline A4 mutation identified, (N=3) was 13.6 months. Median OS
for patients with a co-occurring A/F2 mutation (N=4; Median OS: 23.9mo; 95% CI: 6.7-Not
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Estimable) was numerically shorter than for those without an A/F2 mutation (N=19; Median
0S: 28.1mo; 95% CI: 13.6-40.3) however this was not statistically significant. Median OS
by first line treatment class was longest with the mTOR/VEGF combination (N=13; Median
OS: 33.0mo; 95% CI: 14.3-46.5), which was longer than checkpoint inhibitors (N=2;
Median OS: 30.0mo), VEGF monotherapy (N=6; Median OS: 13.2mo) and mTOR
monotherapy (N=3; Median OS: 8.2mo).

Discussion:

FH-deficient RCC is an aggressive disease, and to date, a limited number of studies have
described its genomic characteristics, and the response rate to systemic therapies used for
RCC is unknown. Furthermore, almost all studies have described FH-RCC in the context of
known germline HLRCC syndrome, however, the prevalence of non-germline (biallelic
somatic FH loss) FH-deficient RCC, and whether these are genomically or clinically similar
to HLRCC has not been explored.(11, 29, 30) Through comprehensive germline and somatic
next-generation sequencing we show that a significant portion of FH-RCC is due to somatic
“double hits” without germline mutations. In each of these cases, a somatic /4 mutation and
loss of heterozygosity in the second allele was identified, further strengthening the evidence
for the two-hit hypothesis in these patients. Overall, tumors across each genomic subgroup
were indistinguishable histologically based on morphology and IHC, while patients across
each genomic subgroup showed broadly similar baseline characteristics, sites and patterns of
metastatic disease, and response to therapy. This information is essential given its potential
relevance for clinical and therapeutic consideration and its importance for genetic
counselling.

HLRCC is thought to be rare, however several recent studies suggest it may be more
prevalent than previously thought. Using genomic population databases, Shuch et al.
estimated incidence of 1 in 1000 individuals.(31) Of those with HLRCC who develop RCC,
our group and others have shown that when broad IHC or genomic testing is used, many
cases of previously unsuspected non-clear cell RCC are found to have germline FH
mutations.(11, 32)

This is, to our knowledge, the first study to assess response to therapy in FH-deficient RCC,
regardless of germline or somatic nature of the /H4 mutation. In our cohort, the most
commonly used treatment was combination mTOR/VEGF, with the majority of patients
treated with bevacizumab and everolimus (n=16/18). This combination showed a promising
ORR of 44% and PFS of 8.4 months. Ten of these patients were treated on a previously
reported clinical trial, in which an ORR of 35% overall (unclassified RCC with papillary
features, ORR 43%; papillary RCC, ORR 23%), was seen.(33, 34) Our results are consistent
with these previously reported ORR results for unclassified RCC with papillary features. In
a separate preliminary report of a single institution phase I1 clinical trial, involving 43
HLRCC patients, the combination of bevacizumab and the EGFR inhibitor erlotinib showed
a ORR of 72.1% and a median PFS of 21.1 months.(6) While this study was in a highly
selected population and most patients were treated in the first-line setting, the results are
very promising. The mechanism by which FH-deficient RCC responds to bevacizumab and
MTOR/EGFR targeted therapy still needs further elucidation. FH deficiency leads to
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fumarate accumulation and stabilization of the HIF-1alpha complex, as well as disruption of
the TCA cycle with a shift to glycolysis. It may be that FH loss results in changes to
angiogenesis and metabolism pathways that are targeted by bevacizumab and everolimus/
erlotinib, respectively.(11, 15) In conglomerate, these two trials suggest a potential role for
bevacizumab in combination with mTOR or EGFR targeted therapy as showing antitumor
activity in this patient population, and the NCCN guidelines recommend both regimens for
use in certain circumstances in non-clear cell RCC.

While participation in clinical trials is the preferred approach for patients with nccRCC,
including FH-deficient RCC, clinical trials are not available for many patients and
determining the efficacy of standard RCC therapies in FH-RCC is vital to provide timely
therapeutic approaches for patients. In our cohort, VEGF monotherapy (N=15) had clinical
activity with an ORR 20% and DCR 53%, however this analysis is limited given that these
patients were treated with a range of agents with differing targets, including sunitinib,
pazopanib, cabozantinib, and axitinib, and most patients received VEGF therapy in the
second or later line setting. More importantly, there were no responses seen to checkpoint
inhibitor therapy (N=8, ORR 0%, DCR 38%) and the PD rate was 62.5%. mTOR
monotherapy (N=4, ORR 0%, DCR 25%, PD rate 75%) did not show benefit in our cohort.
The small sample size and treatment in later lines of therapy (predominantly second and
third line, see Supplementary Table S3) may have contributed to these findings, however the
results are not promising. Response to VEGF/IO combination therapy was evaluable in only
1 patient; they achieved a partial response, remaining on treatment for a 25-month period.
Similarly, 2 patients received lenvatinib+everolimus, with 1 with partial response and 1 with
stable disease. Although very small numbers, given that both VEGF/mTOR inhibitors and
VEGF/IO combinations are now FDA-approved in RCC and available to patients, these
combinations merit consideration and study in FH-deficient RCC

To identify potential somatic alterations which would serve as biomarkers of response to
therapies, we used OncoKB, a database which assigns levels of evidence on therapeutic
actionability to individual genes. We only found a handful of cases with alterations of Level
4, the lowest level, indicating compelling biological evidence, but no alterations with clinical
or standard care evidence. One promising potential line of therapy includes poly(ADP)-
ribose polymerase (PARP) inhibitors, given evidence that fumarate suppresses the
homologous recombination (HR) DNA-repair pathway.(35, 36) Clinical trials with PARP-
inhibitors in this disease are ongoing [NCT04068831]. No patients had elevated
microsatellite instability or tumor mutation burden to predict for checkpoint inhibitor
response.(37) Tumor mutation burden was lower than an institutional cohort of >500 ccRCC
patients (median 2 vs 4, p=0.0005) however, interestingly we noted a higher fraction of the
genome altered (18.7 vs 10.1%; p=0.001), Figure 3. Broad copy number alterations were
reviewed with copy humber loss seen in Chromosome 1, where FHis located, but also in in
chromosomes 4, 13, 15, 18 & 22, while copy number gain was seen in chromosomes 2, 7, 8,
16, 17 & 20 (Figure 4b). These are broadly similar patterns to those described for type Il
papillary RCC in the comprehensive molecular characterization of papillary RCC paper
published by the cancer genome atlas (TCGA) group, further strengthening our findings,
although further research is required to determine the impact of these findings.(38)

Clin Cancer Res. Author manuscript; available in PMC 2021 November 15.


https://clinicaltrials.gov/ct2/show/NCT04068831

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Gleeson et al.

Page 10

The most commonly co-occurring mutation was in V2, which in previous studies of
unclassified RCC has been associated with worse prognosis.(29) Here, AV/F2was not
associated with a worse prognosis although numbers were limited. MF2encodes a key
regulator of the Hippo signaling pathway, which controls cell proliferation, and loss of NF2
results in aberrant YAP1 activation.(39) Preclinical studies in NF2-deficient RCC models
have shown that targeting YAP1 results in reduced tumor growth.(40, 41) Given the
prevalence of MF2somatic mutations in our FH-deficient RCC cohort, targeting of the
Hippo pathway could be considered in FH-deficient RCC models.

This study has several limitations. Although 39% of treatments were administered in the
context of clinical trials (Supplementary Table S3), the majority of patients received off
protocol care. While this would reflect real-world outcomes, the lack of randomization,
blinding or other prospective assessment might confound our findings, although the RECIST
assessments were all performed by a single radiologist, blinded to treatment type, in order to
limit the potential for any bias as a confounder to our results. Additionally, given the small
numbers, we analyzed all VEGF TKIs together in this study, including novel multi-targeted
kinases such as cabozantinib, even though they may have differing effects.

In conclusion, these findings show that FH-RCC is an aggressive form of RCC, which can
occur as part of the HLRCC syndrome or sporadically. Sporadic cases, with biallelic somatic
FH loss occurred in 16% of our cohort, and exhibited a similar clinical course to those with
germline FH alterations. The entire FH-RCC population has a relatively specific disease
course with distinct patterns of metastasis from ccRCC and high rates of locoregional
spread. Responses to systemic therapy were highest with VEGF/mTOR combination and
VEGF monotherapy while no responses were seen to checkpoint inhibitor therapy. Further
studies are required to help guide treatment selection and uncover potential novel therapies.
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Refer to Web version on PubMed Central for supplementary material.
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Statement of Translational Relevance

Fumarate Hydratase (FH) deficiency predisposes to an aggressive form of RCC, as loss-
of-function mutations of £+ results in a complex pro-oncogenic state resulting from the
accumulation of fumarate and 2-succino-cysteine (2SC). Patients with FH-deficient RCC
develop early onset, aggressive disease and evidence for systemic therapy options is
generally extrapolated from other RCC subtypes. An improved understanding of the
underlying genomics of this unique disease and correlation with systemic therapy
outcomes is essential to advance the therapeutic options in this cohort. Here, we explore
the genomic changes in FH-deficient RCC, we identified 16% of patients with biallelic
somatic loss of FH and show that in our population the best responses were observed
with the VEGF/mTOR combination therapy, while no responses were seen to
immunotherapy.
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Figurel.
Oncoprint figure showing patient and tumor characteristics, immunohistochemical analyses,

germline and somatic ~H alterations, loss of heterozygosity and co-occurring gene
alterations.
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(a) Lollipop plot showing FH somatic and germline alterations and (b) unsupervised

clustering of whole genome copy number alteration.
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(a)  Total Mutation Burden: Clear Cell vs. FH Deficient RCC (p = 5e-04) (b)  Fraction of Genome Altered: Clear Cell vs. FH Deficient RCC (p = 0.001)
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Figure 3.

Boxplots displaying (a) tumor mutational burden and (b) fraction of genome altered
compared to an institutional cohort of ccRCC.
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(a) Kaplan-Meier curve showing overall survival probability and 95% confidence intervals,
(b) Kaplan-Meier curve showing progression free survival probability and 95% confidence

intervals, (c) Swimmers plot showing duration of treatment.
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Table 1.

Patient demographics and tumor characteristics. FH: Fumarate Hydratase, IHC: Immunohistochemistry, LOH:
Loss of Heterozygosity, 2SC: S-(2-succino)-cysteine, IMDC: International Metastatic RCC Database
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Consortium.

All GermlineFH | SomaticFH | Germline not assessed
N (%) N (%) N (%) N (%)

Total Number of Patients 32 (100) 23(72) 5 (16) 4(13)
Ageat Diagnosis, Yrs 46 46 42 51
Median (Range) (20-74) (20-73) (25-57) (30-74)
Sex

Male 20 (63) 14 (61) 3 (60) 3(75)

Female 12 (37) 9 (39) 2 (40) 1(25)
Female Patientswith Uterine Fibroids 10/12 (83) 8/9 (89) 1/2 (50) 1/1 (100)
Pathogenic/likely pathogenic FH variant:

FH variant present 23 (72) 23 (100) 0 -

No germline FH variant present 5(16) 0 5 (100) -

Germline not assessed 4 (13) 0 0 4 (100)
FH Immunohistochemical (IHC) Analysis:

FH IHC assessed 32 (100) 23 (100) 5 (100) 4 (100)

FH loss confirmed by IHC 30 (94) 22 (96) 4 (80) 4 (100)

2SC IHC assessed 28 (88) 20 (87) 4(80) 4 (100)

2SC positive confirmed by IHC 28/28 20/20 4/4 4/4
Race/Ethnicity

White 19 (59) 13 (57) 3 (60) 3(75)

African American/Black 7(22) 6 (26) 0 1(25)

Hispanic 3(9) 209 1 (20) 0

Asian 1(3) 0 1(20) 0

Other/Unknown/Declined to Answer 2(6) 209 0 0
Family History of Cancer 20 (63) 13 (57) 4 (80) 3(75)

RCC 8 (25) 5 (22) 2 (40) 1 (25)

Uterine Leiomyomas 12 (38) 8 (35) 2 (40) 2 (50)

Skin Leiomyomas 3(9) 29 0 1(25)

Non-HLRCC-related cancer 19 (59) 12 (52) 4 (80) 3 (75)
Stage at RCC Diagnosis

I 3(9) 1(4) 1 (20) 1(25)

It 1(3) 1(4) 0 0

I 8 (25) 4(17) 2 (40) 2 (50)

v 20 (63) 17 (74) 2 (40) 1(25)
Nephrectomy

Yes 26 (81) 17 (74) 5 (100) 4 (100)

No 6 (19) 6 (26) 0 0
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All GermlineFH | SomaticFH | Germline not assessed
N (%) N (%) N (%) N (%)
Kidney Primary
Left 19 (59) 14 (61) 2 (40) 3(75)
Right 13 (41) 9(39) 3 (60) 1(25)
Kidney Primary Size
<5cm 8 (25) 4(17) 2 (40) 2 (50)
5-10cm 12 (38) 11 (48) 0 1(25)
>10cm 12 (38) 8(35) 3 (60) 1(25)
IMDC Risk Group
Favorable 3(9) 1(4) 1(20) 1(25)
Intermediate 26 (81) 20 (87) 3 (60) 3 (75)
Poor 309 2(9) 1(20) 0
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Table 2.

Best overall response by RECIST 1.1 criteria in evaluable patients (26/32), median duration of treatment and
Disease Control Rate (DCR) by line of therapy. DCR, disease control rate = complete response + partial
response + stable disease; mTOR, mammalian target of rapamyecin inhibitor; VEGF, vascular endothelial
growth factor receptor inhibitor; 10, Checkpoint inhibitor therapy.

Disease Control Rate (DCR) by
Overall Response Lineof therapy
Partial or Duration of ) . .
Stable ! 1% line 2 ing, | 39line
Complete ] Progressive Treatment ’ ’ ’
N Response (N, Dls%ase(N, Disease (N, %) (Median, DCR N/ DCR N/ DCR N/
o %) total total total
%) mo)
Combination
mTORNEGE 18 8 (44%) 6 (33%) 4(22%) 8.4 12/15 12 11
bevacizumab +
everolimus 16 7 (44%) 5 (31%) 4 (25%) 9.3 12/15 o1 -
lenvatinib +
everolimus 2 1 (50%) 1 (50%) 0 (0%) 2.0 - 71 171
VEGF Inhibition 15 3(20%) 5 (33%) 7 (47%) 55 3/5 5/8 0/2
cabozantinib 5 0 (0%) 2 (40%) 3 (60%) 2.2 o1 2/3 o1
sunitinib 4 1 (25%) 2 (50%) 1 (25%) 5.6 - % -
pazopanib 3 1 (33%) 1 (33%) 1 (33%) 8.1 2/3 - -
axitinib 2 0 (0%) 0 (0%) 2 (100%) 2.5 - o1 o1
bevacizumab +
i t‘i’nib'zu 1 1 (100%) 0 (0%) 0 (0%) 6.5 1 - -
Checkpoint
Inhibitor Therapy 8 0 (0%) 3(38%) 5(62%) 21 02 13 13
ptlimumab + 2 0 (0%) 0 (0%) 2 (100%) 35 02 ; ;
atezolizumab +
investigational anti- 2 0 (0%) 1 (50%) 1 (50%) 4.2 - 12 -
CD27 agent
nivolumab 4 0 (0%) 2 (50%) 2 (50%) 1.7 - o1 /3
mTOR
Monotherapy 4 0 (0%) 1(25%) 3(75%) 2.3 3 01 -
everolimus 3 0 (0%) 1 (33%) 2 (67%) 3.8 12 o1 -
temsirolimus 1 0 (0%) 0 (0%) 1 (100%0) 0.3 o1 - -
Combination 10/ 1 1 (100%) 0(0%) 0(0%) %55 171 ; ;
lenvatinib +
pembrolizumab 1 1 (100%) 0 (0%) 0 (0%) 25.5 71 - -
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