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Abstract

With the advent of next-generation sequencing (NGS), identifying and better understanding
genetic mutations in cancer pathways has become more feasible. A mutation now commonly
reported in NGS panels is the SETD2 gene (H3K36 trimethyltransferase). However, its
contributions to colorectal cancer (CRC) are not well-described. In this study we describe the
clinicopathologic characteristics of SETD2-mutated CRC, determine common mutation sites on
the SETD2 gene, and correlate these mutations with the loss of H3K36 trimethylation and the
aberrant expression of beta-catenin. By searching pathology reports at our institution which
included the 161-gene NGS panel from 2019-2021, we identify 24 individuals with SETD2-
mutated CRC. All samples were evaluated for microsatellite status, H3K36 trimethylation, and
beta-catenin via immunohistochemistry. In this cohort of 24 SETD2-mutated CRC individuals

{a median age of 62.4 years (IQR: 49.1-73.6)}, Ten (41.7%) patients presented at American
Joint Committee on Cancer (AJCC) tumor stage I, seven (29.2%) at stage I, six (25%) at

stage IV and one (4.2%) at stage |. Most tumors studied were adenocarcinomas with no further
specification (22, 92%) and most tumors were microsatellite stable (18, 82.5%). 33 mutation
locations were represented by 24 patients, with one patient having six mutations in the SETD2
gene and two patients having three mutations. The dominant mutation type is missense mutations
(N =29, 87.9%), and no mutation hotspots were found. Only two samples lost trimethylation

of Histone H3K36, both from individuals with multiple SETD2 mutations and aberrant nuclear
beta-catenin expression. SETD2-mutated CRC is similar in clinical and histologic presentation to
other commonly-reported CRC. SETD2 mutations were missense dominant, showed no hotspots,
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and multiple mutations are likely necessary for loss of H3K36 trimethylation. These results
warrant further study on determining a role of SETD2 -Histone H3K36 pathway in CRC.
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1. Introduction

Colorectal cancer (CRC) is the third most common and second most deadly cancer
worldwide.12 Though previously considered a malignancy primarily affecting high-income
countries, incidence and deaths in low- and middle-income countries are increasing.34

As global life-expectancy increases in the coming decades, global colorectal cancer
incidence, which is positively correlated with age, is expected to continue to rise.> Primary
colorectal cancer is a result of the well-described adenoma to carcinoma sequence, first
reported by Vogelstein and Fearon.® This transformation involves sequential mutations
driving tumorigenesis in colorectal cancer, now serving as a model for other solid

tumor malignancies. Further studies are however still needed to better understand this
tumorigenesis process to ameliorate the global burden of colorectal cancer.

With the advent of Sanger and now next-generation sequencing (NGS), identifying and
better understanding genetic mutations in cancer pathways has become more feasible.” NGS
has become routine practice in academic centers in the U.S., enabling molecular testing

of more colorectal cancer samples. In addition to exploring common mutations and their
potential role in diagnostic and therapeutic approaches,8 rare genes may be studied with
NGS as well to better understand the heterogeneity of the tumor microenvironment.

SETD?2 is a histone methyltransferase that is responsible for the trimethylation of histone
H3K36 and downstream cellular processes such as transcriptional regulation and DNA
damage repair.19-11 As a member of the nuclear receptor SET domain-containing (NSD)
family, SETD2 and its dysregulation have been implicated in the development of solid organ
cancers such as liver, pancreatic, lung, breast, and renal cancer.11-14 In colorectal carcinoma,
SETD2 was shown to modulate the Wnt signaling pathway in a mouse model, with SETD2
loss promoting tumor progression.1> However, SETD2 has only clinically been implicated in
colorectal cancer in case reports. 16-19

Though the role of SETD2 in colorectal cancer has been postulated in previous reports, a
larger case series has not been described. The purpose of this study is to first describe the
clinicopathologic characteristics of SETD2-mutated CRC, determine common mutation sites
on the SETD2 gene, and finally correlate these mutations with the loss of trimethylation of
H3K36 and the aberrant expression of beta-catenin using the first and largest cohort to date.
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2. Methods

2.1 Patient cohort and clinical data

We searched all pathology reports beginning with the adoption of the 161-gene NGS
panel at our institution in 2019 and ending in 2021, and 24 individual cases of colorectal
carcinoma were identified with SETD2 mutations. All these samples had concurrent
mismatch repair (MMR) immunohistochemical staining. Clinical and demographic data
for these 24 individuals was abstracted using chart review from the electronic health
record. This study, and specifically both the database search and chart review of clinical.
And demographic characteristics, was approved by the Institutional Review Board at the
Northwestern University Feinberg School of Medicine.

2.2 Immunohistochemistry

First, all tumors were evaluated for microsatellite status and beta-catenin. This was done
via immunohistochemistry (IHC) and is standard for tumors processed at our institution.
The IHC staining method for microsatellite status and beta-catenin is Clinical Laboratory
Improvement Amendments—approved and was completed with an automated immunostainer
(Leica-Bond IlI; Leica Biosystems, Buffalo Grove, IL) and Bond Refine PolymerTM
biotin-free 3,3"-diaminobenzidine detection kit. Antibodies for MLH1 (mouse anti-human
antibody clone ES05, Leica, Buffalo Grove, I1L), MSH2 (mouse anti-human antibody clone
G219-1129, Cell-Marque, Rocklin, CA), MSH6 (mouse anti-human clone 44, Cell-Marque,
Rocklin, CA), and PMS2 (mouse anti-human antibody clone MRQ-28, Cell-Marque,
Rocklin, CA), and Beta-Catenin (mouse anti-human antibody clone 17C2; Leica, Buffalo
Grove, IL) were used to determine nuclear microsatellite expression, which was deemed
positive signal intensity in more than 1% of cells within a tumor sample, and to determine
aberrant nuclear and cytoplasm beta-catenin expression (normally it shows an intensely
membranous staining in the cells). Samples in which there was loss of mismatch repair
protein’s expression were deemed microsatellite unstable, as per clinical protocol.

Histone H3 was stained as follows. Formalin-fixed and paraffin embedded colorectal
carcinoma samples were stained with H3K36me3 PA5-96118 at concentration 1:200 and
incubated at 4°C overnight. Subsequently, biotinylated horse anti-rabbit IgG secondary
antibody was added and incubated in diaminobenzidine tetrahydrochloride for three minutes.
Finally, high-pressure heat-mediated antigen retrieval was performed with citrate buffer pH
6 before commencing with IHC staining protocol. Staining was assessed in a binary fashion
as total loss of methylation or retention of methylation.

2.3 Protein Modeling

Because the crystal structure of the full SETD2 protein is not known, estimation of protein
structure was done using an online, publicly available version of AlphaFold. AlphaFold has
been shown to accurately model protein structures.20.21

2.4 Next-Generation Sequencing

A full description of the NGS method used by our institution is described in our
supplementary methods.
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2.5 Data Analysis

All statistical analysis was completed using Stata, Version 15 (StataCorp, College Station,
TX). Standard summary statistics of clinical and demographic information were reported
with either frequencies and percentages or medians with interquartile ranges. Mutation sites
and co-mutations were reported in frequencies and percentages. Statistical significance was
defined as P < 0.05.

3. Results

3.1 Full Cohort

The cohort comprised of 24 individuals with a median age of 62.4 years (IQR: 49.1-73.6)
with five patients (20.8%) being under age 50. The cohort was majority female (N = 13,
54% female, white (17, 70.8%) and non-Hispanic (21, 87.5%). Tumors were located equally
in the proximal colon (12, 50%) and distal colon (12, 50%). The median tumor size was
5.9cm (4-8) and most tumors were low grade (16, 66.7%). Ten (41.7%) patients presented
at American Joint Committee on Cancer (AJCC) tumor stage I, seven (29.2%) at stage

I11, and one (4.2%) at. Stage 1. Six (25%) individuals presented with metastatic disease at
AJCC stage IV (Full TNM information in Table 1). Almost all of the tumors studied were
adenocarcinomas with no further specification (92%) and most tumors were microsatellite
stable (82.5%) (Table 1).

3.2 Mutation Types and Sites and Histone H3K36 Trimethylation

Thirty-three mutation locations were represented by 24 patients, with one patient having
six mutations in the SETD2 gene and two patients having three mutations. Patients with
multiple mutations all were microsatellite stable. The dominant mutation type is missense
mutations (N = 29, 87.9%), while nonsense (2, 6.1%) and star site (2, 6.1%) mutations
were less common. There were also no mutation hotspots, with no mutation sites occurring
in more than two (6.1%) patients (Table 2). Only two mutations were in regions of the
SETD?2 protein with known crystal structure, with p.D1616Y appearing to be in the core
of the protein, and p.T2421A appearing to be on the surface of the protein. The rest of the
mutations occurred in regions that have only been modeled 7 silicc?®21 (Figure 1).

Additionally, we stained all samples for Histone H3K36 trimethylation. Two samples lost
H3K36 trimethylation — one sample was from an individual with six SETD2 mutations
and the second was from an individual with three SETD2 mutations (Figure 2A). All other
samples retained H3K36 trimethylation (Figure 2B).

Beta-catenin immunostaining showed 87.5% (21/24) CRC samples had intense cytoplasmic/
nuclear expression of beta-catenin (Fig.2C) and only three CRC retained membranous
staining pattern (Fig.2D). Two samples with the loss of H3K36 trimethylation exhibited
aberrant cytoplasmic/nuclear beta-catenin expression (Fig.2D).

3.3 Co-Occurring Mutations

All 24 SETD2-mutated CRC had at least two other co-occurring mutations and no patients
had only SETD2 mutations. The most common co-occurring mutation was in the TP53 gene
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(N =14, 58.3%), followed by KRAS (12, 50%), ATM (9, 37.5%), BRCAZ2 (8, 33.3%), and
ARIDI1A (8, 33.3%). Only five patients had SETD2 mutations without either a p53 or a
KRAS mutation, and seven patients had all three mutations. Interestingly, all five patients
without either a p53 or a KRAS mutation had aberrant cytoplasmic/nuclear beta-catenin
expression detected immunohistochemically. A total of 89 genes were represented in the
co-occurring mutations. 17 patients had less than ten total mutations, while seven had more
than ten total mutations. Full information can be found in Table 3.

4. Discussion

Although SETD2 mutations within colorectal cancer have been described, they are limited to
case reports. This is the largest study to date to describe the clinicopathologic characteristics
of SETD2 mutated CRC, determine common mutation sites on the SETD2 gene, and
correlate these mutations with the loss of trimethylation of H3K36. We found that, within
our sample, SETD2 mutated CRC presents in the seventh decade of life, affects the proximal
and distal colon with equal frequency, is more likely to be AJCC Stage 11 or IV, and is
likely to be microsatellite stable. Additionally, we found that most mutations are missense
mutations and that there are no “hostpot” mutation sites within the SETD2 gene. Finally,

we demonstrate that multiple mutations within the SETD2 gene may be required to lose
trimethylation of H3K36, although the clinical correlates of this finding are unclear.

There is limited literature regarding the clinical characteristics of SETD2-mutated CRC. The
age of diagnosis in our sample is similar to that reported in the general population, although
the rate of CRC onset under age 50 is increased in our sample. 22:23 Additionally, we report
25% of patients presented with metastatic disease, which is also similar to that reported

in the general population.2223 Although we have a limited sample, we report the largest
cohort to date for SETD2-mutated CRC and hope this study may serve as a foundation

for future research. The increasing adoption of NGS nationally will facilitate larger studies,
which are warranted to fully elucidate the clinical presentation of SETD2-mutated CRC.
Further, as NGS adoption to test all tumor samples is relatively recent, analysis of SETD2
as related to prognosis, treatment efficacy, and survival will be possible and is necessary for
understanding SETD2 mutation as related to clinical outcomes.

We are also one of the first studies to attempt to identify hotspot mutation sited within the
SETD2 gene. The majority of mutations in our sample were missense mutations. However,
only two sites were mutated in multiple individuals, with both of these sites being mutated
in two patients each. This suggests there are no mutation hotspots within the SETD2 gene
in SETD2-mutated CRC. It is possible that the mutations we identified may be in specific,
functionally crucial portions of the SETD2 protein. However, the full crystal structure of the
SETD?2 protein has not been fully identified, with only a small region definitively mapped
and the rest only modeled in silico. Additionally, it appears one of the mutations in the
known regions of the protein was in the core, while another was closer to the protein surface.
Research investigating the structure and function of the SETD2 protein is warranted in
order to fully understand how mutations may lead to initial dysplasia with progression to
invasive carcinoma. Additionally, we investigated how different SETD2 mutations affected
histone H3K36 trimethylation — as methylation of histone H3 modulated DNA repair, we
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reasoned that loss of this trimethylation may represent total loss of expression of functional
SETD?2 protein. We found that no individuals with single SETD2 mutations had tumor
samples with loss of H3K36 trimethylation. However, two of the three patients with multiple
mutations did show loss of H3K36 trimethylation. Both of these patients had AJCC Stage

I1 (T3NOMXx) CRC. Interestingly, all patients were microsatellite stable, and so SETD2
mutation status may not be associated with MMR status. Although a small sample, this may
suggest that multiple SETD2 mutations are required for functional protein loss. As our full
cohort is small, and only three patients (12.5%) within our full sample had multiple SETD2
mutations, future, larger studies are warranted to confirm this observation and to correlate
functional loss with clinical presentation.

Another important finding of our study was identifying common co-occurring mutations
with SETD2. First, we demonstrated that no patients had only SETD2 mutations, and all
had other co-mutations, potentially indicating that SETD2 mutations by themselves are

not sufficient for producing neoplasia but may modify existing oncogenic pathways. We
found that TP53 and KRAS were the most commonly co-mutated genes, with only five
patients having mutations in neither gene. As TP53 and KRAS are crucially implicated in
the canonical APC adenoma-carcinoma sequence, this may suggest that SETD2 mutations
modulate oncogenic risk for precancerous lesions in that pathway. In fact, SETD2 is known
to interact with p53 by activating p53-mediated double-strand break DNA repair, regulating
downstream p53 targets such as HDM2, and enhancing p53 stability.24-27 As such, co-
occurring p53 and SETD2 mutation may further derange physiologic DNA repair and
increase oncogenic risk. Additionally, in the ten individuals without p53 co-mutations, there
is a high ATM mutation (7, 70%). SETD?2 is also known to interact with ATM-mediated
DNA repair, with functional ATM kinase and SETD2 regulating double-strand break
repair.2%:28.29 These findings, taken together, suggest that the significance of SETD2 may be
as a key modulator of various DNA damage repair pathways which, in the presence of other
co-mutations involved in DNA repair, may enhance oncogenic potential .30 Alternatively,
SETD2 mutation, and thus defective DNA repair, may facilitate the mutation of other

genes known to more directly cause oncogenesis. Further basic and translational research

is warranted to understand how SETD2 mutations are implicated in these pathways, and
future clinical research is warranted to correlate the presence of SETD2 mutations in these
pathways with clinical outcomes.

One limitation is that no APC gene in the NGS panel utilized at our institution, and so the
true prevalence of SETD2-APC co-mutation can only be inferred but not known directly.
Thus, we analyzed the aberrant beta-catenin expression immunohistochemically. We found
that aberrant cytoplasmic/nuclear beta-catenin expression is the most common alteration in
our cohort patients. Interestingly, all five SETD2 mutant CRC without either a p53 or a
KRAS mutation had aberrant beta-catenin expression, indicating Co-operation with WNT
pathway to driving carcinogenesis is another pathologic feature of SETD2 mutant CRC.

This study has limitations. The first and most significant limitation is our small sample
size. NGS has only recently been adopted and performed on all CRC samples at our
institution. Additionally, SETD2 mutation is fairly uncommon, and these factors combine
to result in a sample size of 24 cases. The small sample size makes it difficult to draw
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conclusions regarding clinical presentation of SETD2-mutated CRC, particularly its stage
at presentation. Larger studies would provide more reliable characterization of clinical
presentation. However, although clinical conclusions may be obscured by the small sample
size, molecular characterization of SETD2 mutations, namely missense dominance, lack of
hotspots and low rates of H3 loss, can be generalized with more reliability. The sample size
does affect our ability to study how functional H3 loss impact clinical outcomes, and this

is a promising area of future investigation. This small sample size limits our analysis of
subgroups of individuals with different patterns of co-mutations, as well. Finally, this study
was done at a tertiary referral center in a large urban area, which may limit generalizability,
especially given the widespread prevalence of CRC in various geographic areas and across
demographics.

In conclusion, there is a dearth of literature regarding SETD2-mutated CRC. This study

is one of the first and largest to describe the clinicopathologic characteristics of SETD2-
mutated CRC, identify mutation sites within the SETD2 gene, and correlate SETD2
mutations with total loss of H3K36 trimethylation. We found that the clinical presentation of
SETD2-mutated CRC is similar to that reported for CRC in the general population, although
it may be more common in the proximal colon. SETD2-mutated CRC is also likely to be
found in the context of co-occurring p53 mutations and aberrant beta-catenin expression,
and the two proteins are known to interact to modulate DNA repair. Finally, multiple SETD2
mutations appear to be required for total loss of H3K36 trimethylation, although future
studies are required to confirm this observation. The increasing adoption of utilizing NGS
on all tumor samples and thus the growing detection of SETD2-mutated CRC will facilitate
future study of the significance of SETD2 mutation in CRC.
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Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

. SETD2 tumors have similar characteristics to CRC in the general population,
although may have a predilection for the proximal colon

. SETD2 mutations are missense dominant, show no hotspots, and multiple
mutations are seemingly required for total loss of histone H3K36
trimethylation

. SETD2 mutations do not occur in isolation, and thus their significance may be

further derangement of DNA repair mechanisms that furthers the potential for
carcinogenesis by known oncogenic mutations
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p.T2421A

p.D1616Y

Figure 1: AlphaFold Modeling of the SETD2 Protein
Figure 1 shows the AlphaFold predicted structure of the SETD2 protein. Orange lines

represent unknown areas of the protein and blue/yellow areas represent regions with. A
known crystal structure. Only two mutations, p.D1616Y and p.T2421A are within known
regions of the protein. The former is estimated to be within the core of the protein while the
latter is predicted to be towards. The surface of the protein, based on predicted structure and
folding.
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Figure 2: Trimethylation of H3K36 and aberrant expression of Beta-catenin
Figure 2A shows a loss of H3K36 trimethylation. This was found in 2 individuals with

multiple SETD2 mutations. Figure 2B shows retained H3K36 trimethylation. All individuals
with single mutations retained H3K36 trimethylation and one individual with multiple
mutations. This may suggest that multiple SETD2 mutations are required for full loss

of trimethylation of H3K36. Figure 2C shows aberrant cytoplasmic/nuclear beta-catenin
expression in SETD2-mutated CRC with the loss of H3K36 trimethylation. Figure 2D shows
dominant membranous beta-catenin expression.
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Table 1 —

Clinicopathologic Characteristics of SETD2-Mutated Colorectal Carcinoma

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Total Number 24 100%
Age
Median, IQR 62.4 | [49.1-73.6]
Sex
Male 11 46%
Female 13 54%
Race
White 17 71%
Black 5 21%
Asian 1 4%
Declined 1 4%
Ethnicity
Non-Hispanic 21 88%
Hispanic 1 4%
Declined 1 4%
Tumor Location
Proximal Colon 12 50%
Cecum 3 13%
Ascending 6 25%
Transverse 3 13%
Distal Colon 12 50%
Descending 2 8%
Sigmoid 5 21%
Rectum 5 21%
Tumor Stage
| 1 4%
1 10 42%
1l 7 29%
v 6 25%
Size
Median, IQR 5.9 [4-8]
Tumor Grade
Unknown 2 8%
Low/Mod 16 67%
High 6 25%
Tumor Stage
Unknown 3 13%
pT1 1 4%
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Total Number 24 100%
pT2 3 13%
pT3 1 46%
pT4 6 25%
Lymph Node
pNX 4 17%
pNO 9 38%
pN1 4 17%
pN2 7 29%
Metastases
pPMX 15 63%
pMO 3 13%
pM1 6 25%
Histology Subtypes
Adenocarcinoma, NOS | 22 92%
Mucinous 2 8%
Microsatellite Status
Stable 20 83%
Unstable 4 17%
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Table 2 —
SETD2 Mutation Types and Mutation Sites

Mutation Type and Location | N %
Missense Mutations 29 | 87.9%
p.T592K 2 | 61%
p.T928R 2 | 61%
p.A2350T" 1| 3.0%
p.C714R7 1] 50%
p.DlGlSY’t 1| 30%
p.D350N" 1| 30%
p.1635V 1| 30%
p.K1074N 1| 30%
p.L13571" 1] 30%
p.L600V 1| 30%
p.M2369R 1| 30%
p.N2058S 1| 30%
p.P193L 1| 30%
p.Q20307 1| 0%
p.R1879H 1| 30%
p.R402Q 1| 30%
p.s1001c” 1| 30%
p.S1076C 4 1] 30%
p.S1008F” 1] 30%
p.51888l 1| 30%
p.SBOSCT 1] 30%
p.T1033A 1| 30%
p.T1077A 1| 30%
p.T1233A 1| 30%
p.T2421A 1| 30%
p.V2229A 1| 30%
p.Y389H 1| 30%
Nonsense Mutation 2 6.1%
p.ss12+” 1 0%
p.E2215%" 1| 30%
Translation Start Site 2 6.1%

Three patients had multiple mutations. Mutations labeled
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fcame from one patient, those labeled with
’fcame from a second patient, and those labeled with

a
came from a third patient.
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Table 3 -
Mutations Co-Occurring with SETD2

Gene N % Gene N % Gene N %
TP53 14 | 58.3% | PIK3RI 3| 125% | cTWNBI | 1 | 4.2%
KRAS 12 | 50.0% | RBI 3 | 125% | ErRBB2 1] 42%
ATM 9 | 37.5% | RET 3 | 125% | ESR1 1| 42%
BRCA2 8 | 33.3% | SmMAD4 3 | 125% | EzH2 1] 42%
ARIDIA 8 | 33.3% | SMARCBI | 3 | 125% | FANCA 1| 42%
ATR 6 | 25.0% | 7SCI 3 | 125% | FANCDZ | 1 | 42%
BRCA1 5 | 20.8% | 75¢C2 3 | 125% | FGF19 1| 42%
CREBBP 5 | 208% | AR 2 | 83% | FGF3 1] 42%
POLE 5 | 20.8% | BAPI 2| 83% | FGFR2 1| 42%
SMARCA4 | 5 | 20.8% | DDR2 2| 83% | FLT3 1] 42%
CDK12 4 | 16.7% | EGFR 2 | 83% | JAKI 1| 42%
CDKNZB 4 | 16.7% | FANCI 2 | 83% | JAK3 1] 42%
FBXW7 4 | 16.7% | MLHI 2| 83% | KNSTRN | 1 | 4.2%
MSH6E 4 | 16.7% | MREI1A 2| 83% | MAPZKI | 1 | 42%
NF1 4 | 16.7% | MTOR 2| 83% | MAPZK4 | 1 | 4.2%
NOTCH1 4 | 16.7% | NBN 2 | 83% | mpMm2 1] 42%
PMS2 4 | 16.7% | NTRK1 2| 83% | MRE1IA | 1 | 4.2%
PTEN 4 | 16.7% | NTRK3 2 | 83% | MSH2 1] 42%
RADS50 4 | 16.7% | PDGFRA 2| 83% | myc 1| 42%
RNF43 4 | 16.7% | PIK3CB 2 | 83% | mycL 1] 42%
SLX4 4 | 16.7% | PTCHI 2| 83% | MYCN 1| 42%
ATRX 3 | 125% | ROSI 2 | 83% | NP2 1] 42%
BRAF 3 | 125% | STKi1 2 | 83% | PPARG 1| 42%
ERBB3 3 | 125% | AkT2 1| 42% | PPP2RIA | 1 | 4.2%
KIT 3 | 125% | AKT3 1| 42% | RADS5I 1| 42%
NOTCH2 3 | 125% | AxL 1| 42% | RAD51B | 1 | 42%
NOTCH3 3 | 125% | cCcnD3 1| 42% | RAD5IC | 1 | 42%
PALB?2 3 | 125% | cDké 1| 42% | RAD5ID | 1 | 42%
PDGFRB 3 | 125% | CHEK1 1| 42% | RHEB 1| 42%
PIK3CA 3 | 125% | CSFiIR 1| 42%
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