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Sequencing of clear cell renal cell carcinomas identified loss-of-function mutations of SETD2, a gene that
encodes a nonredundant methytransferase responsible for histone H3 lysine 36 trimethylation (H3K36me3), and
H3K36me3 is progressively deregulated in metastases. However, few data exist regarding the impact of loss of
H3K36me3 on outcomes. We assessed the association of SETD2 DNA alterations and mRNA expression with
overall survival using The Cancer Genome Atlas clear cell renal carcinoma data (N= 411). Additionally, we
assessed the association of H3K36 loss of methylation with renal cell carcinoma-specific survival and
progression-free survival using an independent cohort at Mayo Clinic (N= 1454). Overall survival, renal cell
carcinoma-specific survival and progression-free survival were estimated using Kaplan–Meier method, and
differences in survival across groups was compared using Cox regression models, adjusted for age and the
Mayo SSIGN (stage, size, grade, and necrosis) score. In The Cancer Genome Atlas cohort, SETD2 DNA
alterations or mRNA expression was not associated with overall survival (P40.05). In the Mayo cohort, patients
with H3K36me3-negative tumors were two times more likely to experience renal cell carcinoma-specific death
than patients with H3K36me3-positive tumors (hazard ratio, 2.23; 95% confidence interval, 1.77–2.81); Po0.0001.
After stratifying for the SSIGN score, H3K36me3-negative tumors in the low-risk SSIGN group had a worse renal
cell carcinoma-specific survival (hazard ratio, 2.18; 95% confidence interval, 1.09–4.36); P=0.03. Although SETD2
DNA and mRNA alterations are not associated with overall survival, we provide evidence that deregulation of the
H3K36me3 axis is associated with a higher risk of renal cell carcinoma-specific death. This association remains
significant after stratifying for the SSIGN score, particularly among those patients with low-risk tumors.
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The molecular pathogenesis of clear cell renal cell
carcinoma is linked to chromosome arm 3p copy
number loss and biallelic inactivation of the von
Hippel-Lindau gene located on chromosome 3p.
More recently, mutations in other tumor suppressors
on chromosome 3p such as PBRM1 (~40%), BAP1
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(~10%), and SETD2 (~12%) have been identified as
common events in clear cell renal cell carcinoma
tumors.1 To date, however, there are no investiga-
tions that have evaluated associations between
loss of SETD2 function and clear cell renal cell
carcinoma outcome.

The SETD2 gene encodes a nonredundant histone
3 lysine 36 trimethyltransferase and is mutated in
other cancers.2 In Setd2-knockout mice, histone 3
lysine 36 trimethylation (H3K36me3) is absent,3 and
in humans, loss-of-function SETD2 mutations are
associated with loss of H3K36me3.4–6 Of note,
sequencing of various human tumors identified
recurrent molecular alterations that phenotypically
converge on deregulation of the H3K36me3 axis, and
H3K36me3 is progressively deregulated in clear cell
renal cell carcinoma metastases.7 Motivated by this
and the aforementioned lack of data on H3K36me3
loss and clear cell renal cell carcinoma outcome, we
employed our own immunohistochemistry-based
assay for H3K36me3 in archival formalin-fixed,
paraffin-embedded tissue sections for which nega-
tive staining correlates with a SETD2 mutant
genotype.6 We hypothesized that disruption of the
histone code at H3K36me3 is associated with an
increased risk of cancer-specific death. Moreover,
we explore the deeper clinical relevance of this
association by evaluating whether loss of H3K36me3
is associated with outcome among the specific
subset of clear cell renal cell carcinoma patients
already determined to have ‘low-risk’ disease based
on the externally validated Mayo Clinic SSIGN
(stage, size, grade, and necrosis) prognostic scoring
system.8,9

Materials and methods

Patient Selection

After Mayo Clinic Institutional Review Board
approval, we identified 1465 patients treated with
radical nephrectomy or nephron-sparing surgery for
clear cell renal cell carcinoma between 1990 and
2009 from the Mayo Clinic Nephrectomy Registry
with representative paraffin-embedded tissue blocks
available for immunohistochemistry staining and
data on renal cell carcinoma-specific death. After
review of the entire case, one representative slide
was selected with the highest Fuhrman grade and
tumor content for immunohistochemistry staining.
A genitourinary pathologist (JC) reviewed all the
tumors, which allowed for standardized clinico-
pathological variables.

Assessment of H3K36me3, PBRM1, and BAP1 by
Immunohistochemistry Staining

Standard immunohistochemistry staining proce-
dures for H3K36me3, PBRM1, and BAP1 were
performed using the Dako (Carpinteria, USA)

autostainer and Ventana (Tucson, USA) Benchmark
XT automated stainer. After heat-induced epitope
retrieval with Cell Conditioning Solution 1 (Ventana),
sections were incubated with the appropriate
primary antibody: H3K36me3 (Abcam 9050,
Cambridge, USA) at 1:9000 (15min); PBRM1 (Bethyl
Laboratories A301–591A, Montgomery, USA) at
1:250 (32min), BAP1 (Santa Cruz Biotechnology
sc-28383, Dallas, USA) at 1:50 (60min). We previously
validated immunohistochemistry assays to evaluate
H3K36me3, PBRM1, and BAP1 protein expression in
which negative staining correlated with loss-of-
function mutations in SETD2, PBRM1, and BAP1
genes, respectively.6,10 Samples were excluded from
analysis if positive nuclear staining was not observed
in background stromal cells or lymphocytes (internal
control). Positivity (2+ staining intensity) was indi-
cated by diffuse nuclear staining in tumor cells
(≥10%); cytoplasmic staining was not analyzed.
Samples with little-to-no tumor nuclei staining were
classified as negative. Samples with positive nuclei
in the internal control tissue (stroma and/or lym-
phocytes) and faint tumor nuclei staining were
classified as weak positive (1+ staining intensity).
Focal negatives had positive nuclei in the internal
control tissue and had loss of tumor nuclear staining
only in subclonal populations (o10% of total tumor
nuclei). For the purposes of dichotomizing the
H3K36me3 classifications (positive, negative, weak
positive, focal negative), we classified weak positive
as positive and focal negative as negative based on
our immunohistochemistry results in the tumors
with a defined SETD2 genotype. With respect to
H3K36me3 classification, the genitourinary patho-
logists (PK and MLS) were blinded to all clinical
outcomes and SETD2 genotypes.

Statistical Analyses

The Fisher exact or Chi-square tests, as appropriate,
were used to compare categorical variables across
molecular groups. Cox proportional hazards models
and hazard ratio with 95% confidence interval were
used to assess the association of H3K36me3, PBRM1,
and BAP1 expression with outcome after adjusting
for age and/or the Mayo Clinic SSIGN score. Overall
survival was assessed in The Cancer Genome Atlas
data, whereas renal cell carcinoma-specific survival
and progression-free survival were assessed in the
Mayo Clinic data. Renal cell carcinoma-specific
survival analyses tracked time from nephrectomy
to death owing to renal cell carcinoma, whereas
progression-free survival considered either the first
metastasis or renal cell carcinoma-death as an end
point. In both analyses, patients who died from other
causes or were lost to follow-up were censored at
those respective times. We calculated concordance
index values to assess predictive ability. All reported
concordance indices were generated using the
bootstrap methodology and represent optimism-
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corrected estimates of concordance.11 The Kaplan–
Meier method was used to estimate time to renal cell
carcinoma-specific death and progression-free survi-
val. Statistical analyses were performed using R,
version 2.15. For all analyses, a P-value o0.05 was
evidence of statistical significance.

Results

Impact of SETD2 Expression on Overall Survival from
The Cancer Genome Atlas Clear Cell Renal Cell
Carcinoma Data Set

The impact of SETD2 DNA copy number loss or
mRNA expression on overall survival is unknown.
3p loss of heterozygosity occurs in 490% of clear
cell renal cell carcinoma cases, and a loss-of-function
SETD2 mutation in the remaining allele would lead
to biallelic inactivation of SETD2. We assessed the
impact of SETD2 copy number loss alone, concur-
rent SETD2 copy number loss and SETD2 mutation
and no SETD2 copy number loss or mutations on
overall survival (Figure 1a, Supplementary Figure
S1). We did not observe an association (overall
log-rank test P=0.25) between overall survival and
SETD2 copy number alterations (hazard ratio = 0.66,
95% confidence interval = 0.37–1.18) or concurrent
copy number loss with SETD2 mutation (hazard
ratio = 0.9, 95% confidence interval = 0.44–1.82). To
determine whether overall survival was associated
with SETD2 mRNA expression, we dichotomized
mRNA (high or low) expression at the median
RNA-Sequencing by Expectation Maximization value
(Figure 1b). As with SETD2 copy number alterations,
we did not observe an association between high
SETD2 mRNA expression and overall survival (low
SETD2 expression hazard ratio (95% confidence
interval), 1.28 (0.91–1.80) (P=0.16, log-rank test)).

Correlation of Mutant SETD2 Genotype with Loss of
H3K36me3 Phenotype

Setd2-knockout mice lack global H3K36me3,3
and in humans, loss-of-function SETD2 mutations
in various tumors are associated with loss of
H3K36me3.3,5,6 To evaluate H3K36me3 expression
as a dichotomized variable using an immunohisto-
chemistry assay in which loss of H3K36me3 corre-
lates with SETD2 mutations, we generated targeted
SETD2 deletions in the 786-O renal cell carcinoma
cell line using zinc-finger nucleases. In a clone,
786-O SETD2 zinc finger nuclease, a four-base
deletion in SETD2 was confirmed by Sanger sequenc-
ing (Supplementary Figure S2). Consistent with our
prior study in an independent SETD2 zinc-finger
nuclease clone, SETD2 deletion disrupts the
expression of H3K36me3 by western blotting and
immunohistochemistry assays (Figures 2a and b).7
To validate H3K36me3 expression as a dichotomized
variable, H3K36me3 was scored by two pathologists

(PK and MLS), blinded to the SETD2 genotype. Of
the 26 SETD2-genotyped tumors, 21 (81%) were
classified as H3K36me3 positive or negative, 4 as
focal negative, and 1 as weak positive (Supple-
mentary Table S1, Figures 2c–f). Of the 15 tumors
with a SETD2 wild-type genotype, 12 were classified
as positive, 2 as focal negative, and 1 as weak
positive. Of the 11 tumors with a SETD2 mutant
genotype, 9 were classified as negative and 2 as focal
negative. Overall, 81% of the tumors using immuno-
histochemistry classifications of negative or positive
correlated with the known SETD2 genotype; the
SETD2 genotype–H3K36me3 phenotype concor-
dance improves to 100% after exclusion of the five
heterogeneous staining tumors classified as weak
positive or focal negative.

Figure 1 Kaplan–Meier survival plots for SETD2 DNA and RNA
in The Cancer Genome Atlas kidney renal clear cell carcinoma
data set. (a) Analysis of SETD2 copy number and mutations.
(b) Analysis of SETD2 mRNA dichotomized as high or low
expression based on median RNA-Sequencing by Expectation-
Maximization value. Two samples were missing for overall
survival.
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Association of H3K36me3 with Pathological
Characteristics, Renal Cell Carcinoma-Specific Death,
and Progression-Free Survival

Of the initial 1465 slides, 1454 (99.2%) had
successful immunohistochemistry staining for

H3K36me3. The 1454 slides were stratified into
two categories of H3K36me3 results: positive (1066;
73.3%) or negative (388; 26.7%) (Supplementary
Figure S3). Tumors classified as H3K36me3 negative
were associated with larger tumor size, higher grade,

Figure 2 Analysis of H3K36me3 in isogenic SETD2 renal cell carcinoma cell lines and The Mayo Clinic Nephrectomy Registry. The
SETD2 wild-type 786-O cell line was transfected with zinc finger pairs that generate a SETD2 deletion. Single cell-derived clones were
analyzed by fragment length analysis to identify clone SETD2 zinc finger nuclease. SETD2 was sequenced and confirmed to have a four-
base deletion. (a) Western blotting confirming depletion of H3K36me3 with histone H3 and actin as controls. (b) Immunohistochemical
staining of H3K36me3 comparing isogenic SETD2 cell lines. Representative images for H3K36me3 immunohistochemical staining
classifications: (c) positive, (d) negative, (e) weak positive, and (f) focal negative in nephrectomy samples. Scale bar 50 μm (original
magnification 400×; inset 1000×). Kaplan–Meier estimate of (g) renal cell carcinoma-specific death and (h) progression-free survival in
patients with H3K36me3-negative and -positive tumors. H3K36me3 indicates histone 3 lysine 36 trimethylation.
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and increased tumor necrosis (Table 1). Our mean
duration of follow-up is 8.1 years (median, 8.3 years;
range, 0–23.5 years; with 6 patients missing
follow-up).

When H3K36me3 was modeled as a dichotomous
variable, we observed evidence of an increase in
risk of renal cell carcinoma-specific death and
progression-free survival with loss of H3K36me3.
In Figures 2g and h after adjusting for age, patients
with H3K36me3-negative tumors were two times
more likely to experience renal cell carcinoma-
specific death and progression than patients with

H3K36me3-positive tumors (hazard ratio (95% confi-
dence interval), 2.23 (1.77–2.81); Po0.0001 and
hazard ratio (95% confidence interval), 2.12 (1.74–
2.60); Po0.0001, respectively). After excluding
those with heterogeneous staining (weak positive,
focal negative), patients with H3K36me3-negative
tumors were approximately three times more likely
to experience renal cell carcinoma-specific death
and progression (Supplementary Table S2). As loss
of H3K36me3 is associated with greater tumor size,
grade, and necrosis, we evaluated the prognostic
value of H3K36me3 expression after adjusting for the

Figure 2 Continued.

Table 1 Clinical and pathological information for patients with H3K36me3 stain

H3K36me3-positive (N=1066) H3K36me3-negative (N=388) Total (N=1454) P-value

Tumor size, cm o0.0001
Mean 5.5 7.4 6.0
Median 4.7 6.8 5.0
Range (0.5–24.0) (1.5–29.0) (0.5–29.0)

TNM stage o0.0001
Missing 2 2 4
1 712 (66.9%) 175 (45.3%) 887 (61.2%)
2 133 (12.5%) 66 (17.1%) 199 (13.7%)
3 214 (20.1%) 140 (36.3%) 354 (24.4%)
4 5 (0.5%) 5 (1.3%) 10 (0.7%)

Grade o0.0001
1 96 (9.0%) 13 (3.4%) 109 (7.5%)
2 536 (50.3%) 119 (30.7%) 655 (45.0%)
3 383 (35.9%) 215 (55.4%) 598 (41.1%)
4 51 (4.8%) 41 (10.6%) 92 (6.3%)

Necrosis o0.0001
No 895 (84.0%) 234 (60.3%) 1129 (77.6%)
Yes 171 (16.0%) 154 (39.7%) 325 (22.4%)

Abbreviation: H3K36me3, histone H3 lysine 36 trimethylation.
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SSIGN score, an externally validated prognostic
scoring system (Supplementary Table S3). Adjust-
ment for the SSIGN score results in attenuation of
the association of H3K36me3 with risk of renal
cell carcinoma-specific death (hazard ratio (95%
confidence interval), 1.26 (0.99–1.60); P=0.06).
Subsequently we stratified the tumors by SSIGN
groups (0–3, 4–7, and 8+) into low-, intermediate-,
and high-risk groups, respectively. In the high-risk
group (SSIGN 8+), we did not observe an associa-
tion between H3K36me3 expression and renal
cell carcinoma-specific survival (Table 2). However,
H3K36me3-negative tumors in the low- and
intermediate-risk SSIGN groups had a worse renal
cell carcinoma-specific survival and progression-free
survival. In Figure 3, we provide the stratified
Kaplan–Meier curves for the low-, intermediate-,
and high-risk SSIGN groups. Exclusion of those with
heterogeneous staining (Table 3) improves upon the
prognostic ability; patients with H3K36me3-negative
tumors in the low- and intermediate-risk SSIGN were
more likely to experience renal cell carcinoma-
specific death (hazard ratio (95% confidence inter-
val), 2.18 (1.09–4.36); P=0.03 and hazard ratio (95%
confidence interval), 1.45 (1.01–2.07); P=0.04. Our
data indicate that loss of H3K36me3 expression is
associated with a higher risk of renal cell carcinoma-
specific death and progression; this association
remains significant after correcting for age and
SSIGN score.

Association of H3K36me3 with Epigenetic Tumor
Suppressors BAP1 and PBRM1

The molecular pathogenesis of clear cell renal cell
carcinoma is linked to chromosome 3p copy number
loss and subsequent biallelic inactivation of the 3p
tumor-suppressors VHL, SETD2, BAP1, and PBRM1.
We previously evaluated the prognostic impact of
BAP1 and PBRM1 to define epigenetic subtypes of
clear cell renal cell carcinoma.12,13 To examine the
association of H3K36me3 with BAP1 and PBRM1
protein expression, we evaluated the expression of
all three markers dichotomized as positive vs

negative in clear cell renal cell carcinoma samples
with available staining (Supplementary Figure S3).
H3K36me3-negative tumors were almost three
times more likely to be PBRM1-negative than
were H3K36me3-positive tumors (odds ratio (95%
confidence interval), 2.98 (2.14–4.17); Po0.0001;
Supplementary Figure S4). We did not observe
an association between H3K36me3 and BAP1
expression (P=0.31).

Discussion

Although recurrent DNA alterations in 3p tumor
suppressors occur in The Cancer Genome Atlas clear
cell renal cell carcinoma cohort, the prognostic
impact of these alterations is limited after adjusting
for the SSIGN score.14 Systematic molecular profil-
ing of tumors such as chondrosarcomas, glioblasto-
mas, and leukemias identified recurrent molecular
alterations that phenotypically converge on func-
tional deregulation of the H3K36me3 axis.4,5,15
Related to this, multi-region sequencing of clear cell
renal cell carcinoma tumors has identified parallel
evolution of distinct SETD2 mutations that pheno-
typically converge on loss of methyltransferase
activity.16 In this study, we evaluated deregulation
of the H3K36me3 axis using an immunohisto-
chemistry assay in which loss of expression corre-
lates with a SETD2-mutant genotype in cell lines
and human clear cell renal cell carcinoma tumors.
Our notable observations include: (1) alterations of
SETD2 DNA and mRNA expression in clear cell
renal cell carcinoma tumors from The Cancer
Genome Atlas clear cell renal cell carcinoma cohort
are not associated with overall survival; (2) loss of
H3K36me3, a posttranslational histone modification,
is associated with worse outcomes (renal cell
carcinoma-specific survival, progression free survi-
val); (3) the association with progression free
survival remained significant after adjusting for age
and SSIGN score; and (4) these associations remain
apparent among the subset of clear cell renal
cell carcinoma patients already determined to be in

Table 2 Association of H3K36me3 with renal cell carcinoma-specific survival or progression-free survival, adjusted for age and stratified
by SSIGN group

H3K36me3 (positive vs
negative) (N=1454a)

RCC-specific survival Progression-free survival

No. of
events

H3K36me3-negative hazard ratio
(95% confidence interval) P-value

No. of
events

H3K36me3-negative hazard ratio
(95% confidence interval) P-value

Adjusted for age
SSIGN 0–3 (N=937) 59 1.54 (0.86–2.77) 0.15 97 1.46 (0.92–2.32) 0.11
SSIGN 4–7 (N=418) 172 1.42 (1.05–1.91) 0.02 226 1.34 (1.03–1.75) 0.03
SSIGN 8+ (N=92) 63 1.04 (0.63–1.70) 0.88 74 1.26 (0.80–2.00) 0.32

Abbreviations: H3K36me3, histone 3 lysine 36 trimethylation; SSIGN, stage, size, grade, and necrosis.
aMissing SSIGN score in seven patients.
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the intermediate-risk group based on the Mayo
SSIGN score.

The association of H3K36me3-negative tumors with
greater size, grade, and necrosis suggests a link
between loss of H3K36me3 and renal cell carcinoma
tumor progression. H3K36me3 regulates DNA repair,
alternative splicing, and chromatin remodeling, and

these functions are linked to chromatin ‘readers’
with proline–tryptophan–tryptophan–proline domains
that interact with methylated lysine residues.17–19
Taken together, evidence supports a model in which
loss of H3K36me3 or SETD2 ‘writer’ function may
alter the cancer phenotype through deregulation of
these chromatin ‘readers’. There are likely other

Figure 3 Kaplan–Meier Estimate of renal cell carcinoma-specific death and progression-free survival in patients with H3K36me3 negative
and positive tumors by low-, intermediate-, or high-risk Mayo SSIGN scores. (a) Renal cell carcinoma-specific survival. (b) Progression-free
survival. H3K36me3 indicates histone 3 lysine 36 trimethylation; SSIGN, stage, size, grade, and necrosis.
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posttranslational mechanisms that downregulate
H3K36me3. In gliomas and chondroblastomas, muta-
tions at lysine 36 in the histone H3.3 variant H3F3A
are also associated with loss of H3K36me3.15,20 We
hypothesize that deregulation of the H3K36me3 axis
may have a role in progression in other tumors.

There are limitations to this investigation that
should be considered when evaluating our observa-
tions regarding loss of H3K36me3 and clear cell
renal cell carcinoma outcome. First, we did not
assess tumor genotype by massive parallel sequenc-
ing of all tumors in our cohort. Instead, we focused
on a mechanistically relevant end point of loss of
H3K36me3 expression after validation in cell line
and tumors with a defined SETD2 genotype.7 DNA
sequencing can detect single-nucleotide variants and
allelic fractions; however, in the absence of germline
or normal controls, germline polymorphisms can
confound mutation calls. Furthermore, it was esti-
mated in a sequencing study of multiple cores from
primary renal cell carcinoma tumors that a minimum
of three distinct cores are required for accurate tumor
genotyping.21 In contrast, immunohistochemistry
may be used to screen for functional loss of SETD2
without concurrent evaluation of germline DNA.
Second, challenges exist in how to interpret the
identification of tumors with heterogeneous staining
(focal negative, weak positive). In our training cohort
after exclusion of five tumors with heterogeneous
staining, there is a 100% concordance between
H3K36me3-positive/negative and SETD2 wild-type/
mutant genotypes. On the basis of our immuno-
histochemistry training cohort of SETD2-genotyped
tumors, two focal-negative tumors were SETD2
wild-type and two were SETD2 mutant; one SETD2
wild-type tumor was weak positive. The inclusion of
heterogeneous staining samples in the training
cohort reduces the concordance to 81% and attenu-
ated the prognostic impact of H3K36me3 immuno-
histochemistry in the Nephrectomy Registry cohort;
however, the association between H3K36me3
immunohistochemistry-negative tumors and worse
outcomes remained significant.

Notwithstanding the above limitations, our work
further extends the emerging molecular classifica-
tion of clear cell renal cell carcinoma. Gerlinger
et al22 have shown that intragenic VHL mutations
and loss of 3p are the only uniformly truncal events
in ccRCC. We have shown that loss of PBRM1 and
BAP1 are mutually exclusive and that loss of PBRM1
is associated with better outcomes than loss of
BAP1.10,13,23 Herein we validate previous results
from a meta-analysis showing that PBRM1 and
SETD2mutations cooperate in ccRCC.24 Specifically,
we find that H3K36me3 loss is 3 times more likely in
PBRM1-negative tumors than in those that express
PBRM1. These data further sub-classifies PBRM1-
negative tumors into those with and without
SETD2 loss.

Conclusions

In this study, we provide the first evidence that loss
of H3K36me3 expression is associated with a higher
risk of renal cell carcinoma-specific death and
progression after nephrectomy for clinically local-
ized clear cell renal cell carcinoma; this association
remains significant after adjusting for age and SSIGN
score. More importantly, the association remains
apparent in the subset of patients with low-risk
disease based on the Mayo SSIGN score, thus
underscoring the potential for this biomarker to
provide clinical utility to urologists. Indeed, if our
results are confirmed in future studies, evaluation
of H3K36me3 expression could be used alone
or in combination with other biomarkers to improve
risk stratification and clinical management of the
growing number of patients presenting with low-risk
clear cell renal cell carcinoma.
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