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crystals in gouty tophi." Histological findings did not
reveal inflammatory cellular infiltration.

Gouty tophus should be included in the differen-
tial diagnosis of the patient considered to have a bone
tumor in the hand.

Yukinori Yaegashi, MD

Jun Nishida, MD

Department of Orthopaedic Surgery
Iwate Medical University

Morioka, Japan

Letter Regarding “Perilunate
Dislocations and Fracture Dislocations”

To che Editor:

We read with great interest the article by Jones
and Kakar.! It nicely covers the whole spectrum of
perilunate dislocations and fracture dislocations. The
author did not mention the treatment for dislocations
in patients who present late. The treatment men-
tioned is about the salvage procedure directly. It is
mentioned in the literature that open reduction inter-
nal fixation in a single stage” as well as in a 2-staged
procedure” is a satisfactory procedure if executed
properly in patients who present late. The results of
these procedures have been satisfactory.* Proximal
row carpectomy or wrist arthodesis might not be
acceptable to young patients. Because this injury
pattern is mainly seen in young individuals, the op-
tion of 2-stage reduction should be given to patients.
If this method fails, only then should we proceed to
a salvage procedure.
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In Reply:

We thank the reader for the insightful comments
and for highlighting several papers'™ (2 of which
were published after our manuscript was submitted)
addressing the particularly challenging subset of
perilunate injuries presenting to the hand surgeon
late. Massoud and Naam also recently reported their
experience with open reduction internal fixation of
perilunate dislocations and fracture dislocations that
were treated 13 to 35 weeks from the time of injury,
with good to excellent results in 11 of 19 patients.”
Although these studies represent relatively small se-
ries, they do demonstrate that successful outcomes
can be achieved with single-stage or double-stage
open reduction internal fixation procedures in the
treatment of chronic perilunate injuries. However,
the carpus should be easily reducible at the time of
surgery, or any form of ligamentous repair can be
prone to failure with time. Although these series have
not demonstrated loss of intercarpal reduction over
time, repair of the intercarpal ligaments can prove
challenging secondary to their attenuation and con-
tracture related to the chronicity of the injury. In addi-
tion, the articular cartilage must be evaluated at the time
of surgery. Kailu et al noted, “With no exception, cases
with excellent or good results in this study had satis-
factory cartilage condition of the midcarpal joints when
evaluated during the operation,” and 2 patients with
poor outcomes had been noted to have severe scaphoid
and lunate cartilage contusion at the time of open re-
duction.’ Therefore, in the setting of severe chondral
injury, arthritis, or avascular necrosis associated with a
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Colorectal Carcinomas With CpG Island Methylator Phenotype 1
Frequently Contain Mutations in Chromatin Regulators
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BACKGROUND & AIMS: Subgroups of colorectal carcinomas
(CRCs) characterized by DNA methylation anomalies are
termed CpG island methylator phenotype (CIMP)1, CIMP2, or
CIMP-negative. The pathogenesis of CIMP1 colorectal carci-
nomas, and their effects on patients’ prognoses and responses
to treatment, differ from those of other CRCs. We sought to
identify genetic somatic alterations associated with CIMP1
CRCs. METHODS: We examined genomic DNA samples from
100 primary CRCs, 10 adenomas, and adjacent normal-
appearing mucosae from patients undergoing surgery or colo-
noscopy at 3 tertiary medical centers. We performed exome
sequencing of 16 colorectal tumors and their adjacent normal
tissues. Extensive comparison with known somatic alterations
in CRCs allowed segregation of CIMP1-exclusive alterations.
The prevalence of mutations in selected genes was determined
from an independent cohort. RESULTS: We found that genes that
regulate chromatin were mutated in CIMP1 CRCs; the highestrates
of mutation were observed in CHD7 and CHD8, which encode
members of the chromodomain helicase/adenosine triphospha-
te—dependent chromatin remodeling family. Somatic mutations in
these 2 genes were detected in 5 of 9 CIMP1 CRCs. A prevalence
screen showed that nonsilencing mutations in CHD7 and CHD8
occurred significantly more frequently in CIMP1 tumors (18 of 42
[43%)]) than in CIMP2 (3 of 34 [9%]; P < .01} or CIMP-negative
tumors (2 of 34 [6%]; P < .001). CIMP1 markers had increased
binding by CHD7, compared with all genes. Genes altered in pa-
tients with CHARGE syndrome (congenital malformations
involving the central nervous system, eye, ear, nose, and medias-
tinal organs) who had CHD7 mutations were also altered in CRCs
with mutations in CHD7. CONCLUSIONS: Aberrations in chro-
matin remodeling could contribute to the development of CIMP1
CRCs. A better understanding of the biological determinants of
CRCs can be achieved when these tumors are categorized
according to their epigenetic status.

Keywords: Colon Cancer;
Instability; Gene Silencing.

Hypermethylation; Microsatellite

pproximately 75% of all colorectal cancers (CRCs)
are sporadic and characterized by genetic lesions,

most commonly mutations of the TP53, KRAS, or APC
gene.*” In addition, epigenetic alterations in CRCs are also
widely reported, mainly gene promoter DNA methylation.
Classification of CRCs according to DNA methylation status
has identified a subset of tumors with extensive epigenetic
instability, characterized by concordant promoter hyper-
methylation.* The existence of a CpG island methylator
phenotype (CIMP) and its correlation with clinicopathologic
features have been confirmed extensively by use of high-
throughput techniques.*® Typical high-level CIMP (CIMP-
high, CIMP1) CRCs are associated with microsatellite
instability through epigenetic silencing of mismatch repair
gene MLH1, often have BRAF mutation, and occur predom-
inantly in the proximal colon, and low-level CIMP (CIMP-
low, CIMP2) has been characterized by DNA methylation of
a limited group of genes and mutation of KRAS.® Recent
pathologic studies have shown that sessile serrated ade-
nomas, mainly observed in the proximal colon, are associ-
ated with frequent BRAF mutation and CIMP,” suggesting
that CIMP-positive CRCs arise from a different precursor
than CIMP-negative tumors. Importantly, CIMP- posmve
CRCs are usually associated with better prognosis,”

although patients with CIMP-positive CRC do not benefit
from  5-fluorouracil-based adjuvant chemotherapy
regimens.”

The events that lead to different clinicopathologic man-
ifestations of CIMP1 CRCs are not well described. Although
the increased frequency of DNA methylation can determine
the behavior of these tumors, it is also possible that somatic
mutation of a gene or a group of genes other than BRAF that
co-occur with CIMP1 modulates the genesis and progression

tDeceased.

Abbreviations used in this paper: CIMP, CpG island methylaior phenotype;
CRC, colorectal carcinoma; SNP, single-nucleotide polymorphism; TCGA,
The Cancer Genome Atlas.
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of these tumors. To test this hypothesis, we used next-
generation sequencing technology to analyze the exome of
16 colorectal tumors. We found that CIMP1 CRCs have
frequent mutations in genes encoding proteins that function
in chromatin organization, most frequently CHD7 and CHDS,
members of the chromodomain helicase/adenosine tri-
phosphate—dependent (CHD) chromatin remodeling family.
These results suggest a prevalent role for aberrant chro-
matin remodeling in CIMP1 CRCs.

Materials and Methods

Preparation of Clinical Samples

We examined genomic DNA samples from 100 primary
CRCs, 10 adenomas, and adjacent normal-appearing mucosae
from patients undergoing surgery or colonoscopy at the Johns
Hopkins Hospital, Sapporo Medical University, or Akita Red
Cross Hospital. Specimens were gathered in accordance with
institutional policies and all patients provided written informed
consent. All DNA were obtained from frozen specimens, and
none of the CRCs had been treated with chemotherapy or ra-
diation. Tumors were selected solely on the basis of availability.
Both CRCs and adenomas used in this study were characterized
previously for CIMP; microsatellite instability; and BRAF, KRAS,
and TP53 mutation status.**® For CIMP classification, DNA
methylation of 7 classical markers (p16, MLH1, MINT1, MINT2,
MINT12, MINT17, and MINT31) was evaluated by bisulfite
polymerase chain reaction followed by combined bisulfite re-
striction analysis (COBRA) or pyrosequencing analysis. Speci-
mens were classified as CIMP1 when MLHI and at least 4 of the
6 remaining markers where hypermethylated. CIMP-negative
cases presented methylation of none or 1 of the markers, and
CIMP2 cases were defined as those with hypermethylation of at
least 2 markers but no MLHI hypermethylation. Adenomas
were classified into CIMP groups according to the methylation
profiling of their corresponding carcinoma.

Exome Sequencing

Genomic DNA specimens from 16 colorectal tumors and
their adjacent normal tissues were submitted to Otogenetics
Corporation (Norcross, GA) for exome capture and sequencing.
Briefly, genomic DNA was subjected to agarose gel and optical-
density ratio tests to confirm the purity and concentration
before fragmentation. Fragmented genomic DNAs were tested
for size distribution and concentration using an Agilent Bio-
analyzer 2100 (Agilent Technologies, Santa Clara, CA) and a
Nanodrop spectrophotometer (Thermo Fisher Scientific, Wal-
tham, MA). Ilfumina libraries were made from qualified frag-
mented genomic DNA using Next reagents (New England
Biolabs, Ipswich, MA), and the resulting libraries were sub-
jected to exome enrichment using NimbleGen SeqCap EZ Hu-
man Exome Library v2.0 (Roche NimbleGen, Inc, Madison, WI)
according to manufacturer’s instructions. Libraries were tested
for enrichment by quantitative polymerase chain reaction and
for size distribution and concentration by an Agilent Bio-
analyzer 2100. The samples were then sequenced on an Illu-
mina HiSeq2000 (Illumina, Inc, San Diego, CA), which generated
paired-end reads of 90 or 100 nucleotides. Reads from both
replicates were combined in the final analysis. Data were
analyzed for quality, exome coverage, and exome-wide

Mutation of Chromatin Regulétors in CIMP1 CRCs 531

single-nucleotide polymorphism (SNP)/InDel using the plat-
form provided by DNAnexus (Mountain View, CA).

A sequence variation in tumor DNA was considered a po-
tential somatic mutation when it was present in 3 or more
distinct tags of at least 10 total tags. We excluded all variants
with a PHRED-encoded probability score <35, those that were
present in the DNA of the corresponding normal samples
(excluding germline events), and those that were not in coding
regions, as well as silent changes and known SNPs (except for
clinically associated SNPs). The ratio of variant tag count/
reference tag count was also calculated, and all variants with a
ratio >0.5 were removed. DNAnexus Genome Browser was
used for visual validation of all potential somatic mutations to
ensure that they were present in forward and reverse strands.

Pyrosequencing and Sanger Sequencing
Mutations in CHD7 and CHDS, and selected additional mu-
tations in 4 genes detected by exome sequencing (ITGA10,
CLSTNZ2, TTN, and KCNMA1I), were validated by pyrosequencing
or Sanger sequencing. The list of primers is provided in
Supplementary Table 4. Pyrosequencing was carried out on a
PSQ96 system with a Pyro-Gold reagent Kit (Qiagen, Valencia,
CA), and the results were analyzed by PyroMark Q96 ID soft-
ware version 1.0 (Qiagen). For evaluation of CHD7 and CHD8
genes, the coding regions from 94 additional colorectal tumors
and matched normal colonic tissues were sequenced using the
primers listed in Supplementary Table 11. The sequence
chromatograms were visually inspected with DNA Dynamo
Sequence Analysis Software (Blue Tractor Software, Llanfair-
fachan, Wales, UK). All mutations were confirmed by indepen-
dent sequencing reactions from both forward and reverse
strands. Known database polymorphisms were excluded.

Immunohistochemistry Analysis

Expression of CHD7 (anti-CHD7 antibody, ab31824; Abcam,
Cambridge, MA) and CHDS8 (anti-CHD8 antibody, ab84527;
Abcam) was studied using the DAKG Envision system (DAKO,
Carpinteria, CA), as described previously.**

Gene Function Analysis

Functional enrichment of mutated genes was determined by
gene ontology analysis using DAVID Bioinformatics Resources
6.7 (http://davidabeonciferf.gov/). P values were corrected for
multiple hypothesis testing using the Benjamini method. Com-
parison of the spectrum of mutations in our cohort to known
mutations in cancer was done using the Catalogue of Somatic
Mutations in Cancer (htip://www.sangeracuk/genetics/CGP/
cosinic/). Gene expression data downloaded from The Cancer
Genome Atlas (TCGA) data portal (htips://tcga-datancinih,
gov/tega/) and published by Lalani et al were subjected to
gene set enrichment analysis.**

Statistics

The statistical significance of the differential frequency of
CHD7 and CHD8 mutations in CIMP groups was determined
using Fisher’s exact test. Two-tailed P values were calculated
using GraphPad Prism (GraphPad Software, Inc, La Jolla, CA).
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Results

Somatic Mutations in 16 Colorectal Tumors
Identified by Exome Sequencing

The clinicopathologic data for the 16 cases subjected to
exome sequencing are presented in Tabkle 1. These 16 cases
consisted of 9 CIMP1 CRCs, 4 CIMP1 adenomas, 1 CIMP2
CRC, and 2 CIMP-negative CRCs. All 9 CIMP1 CRCs pre-
sented with microsatellite instability and MLHI epigenetic
silencing, and 6 of them were known to have mutated BRAF.
A summary of sequencing statistics for all samples can be
found in Supplementary Table 1. On average, approximately
55 million purity-filtered reads were generated for each
sample, and 90% of them were aligned to the genome.
Samples were sequenced with a 48-fold average exon
coverage (ranging from 31- to 68-fold coverage,
Supplementary Table 1). Each sample was individually
compared with the reference genome (hgl9 build 37);
single-nucleotide variants, insertions, and deletions were
identified by using the DNA Nexus Mapper and nucleotide-
level variation tool. Only variations in coding exons were
evaluated, and germline variants were identified by
comparing the tumor with normal exomes. Known varia-
tions reported in the SNP databases were filtered out
(except clinically relevant SNPs), and synonymous muta-
tions were excluded. All somatic mutations found in the 16
tumors are presented in detail in Supplementary Table 2
and are summarized in Table 2.

We found a much higher frequency of somatic mutations
in CIMP1 CRCs than in other CRCs. On average, there were
425 nonsynonymous mutations per tumor, a 5-fold higher
frequency than in tumors previously studied by Sjoblom
et al*® or Bass et al,** which were predominantly micro-
satellite stable tumors with wild-type BRAF. The frequency
of mutation in the remaining cases sequenced (4 CIMP1

Gastroenterology Vol. 146, No. 2

adenomas, 1 CIMPZ CRC, and 2 CIMP-negative CRCs) was
similar to the frequency reported in other CRCs (mean 73
mutations per case) (Supplementary Table 2 and Table 2).
Inversely, the nucleotide contexts of the single base sub-
stitution mutations were similar among all cases, and C to T
and G to A transitions were the most frequent
(Supplementary Table 3). To determine the specificity of
exome sequencing, 4 randomly selected genes (TTN, ITGA10,
CLSTNZ, and KCNMA1) were resequenced using pyrose-
quencing and Sanger sequencing (Supplementary Table 4
and Supplementary Figure 1). BRAF, KRAS, and TP53 had
been previously sequenced in the tumors we used in this
study, and their mutation states were included in this
analysis. All 24 sequence variants detected by exome
sequencing were validated by Sanger or pyrosequencing.
Conversely, 12 of 13 (92%) known mutations in these cases
were detected by exome sequencing. In terms of frequency
of cases with mutations in genes typically associated with
colon cancer, we found no mutations in KRAS and SMAD4, 1
case mutated for each APC and PIK3CA (6%) and 2 cases
mutated for TP53 (12%). These low frequencies were ex-
pected due to the characteristics of our group of samples,
which are mostly CIMP1 (81%) or BRAF mutated (62%).

Frequent Somatic Mutation of Chromatin
Regulators in CIMP1 CRCs

In total, 3169 genes were somatically mutated in at least
1 CIMP1 CRC. Of these, 2615 genes were identified as
mutated in other tumor types using the Catalogue of So-
matic Mutations in Cancer, and 294 genes were described
previously as mutated in tumors from the intestinal tract,
including BRAF, APC, TP53, CTNNBI, and PIK3CA. To filter
out genes unrelated to the CIMP phenotype in CRCs, we
compared our list of mutated genes in CIMP1 CRCs with the

Table 1.Clinical and Molecular Characteristics of 16 Colorectal Tumors Used in the Discovery Screen

BRAF MLH1 Source of Source of
Case Histology CIMP status mutation® methylation MSIstatus Age,y Sex tumor DNA  matched DNA
C709 Cancer CIMP1 Wild type Methylated MSI 60 F Primary tumor  Normal colon
C547  Cancer CIMP1 Wild type Methylated MSI Unknown F Primary tumor ~ Normal colon
C662  Cancer CIMP1 Wild type Methylated MSI 68 F Primary tumor  Normal colon
Co1 Cancer CIMP1 Mutated Methylated MSI 61 M Primary tumor  Normal colon
G658  Cancer CIMP1 Mutated Methylated MSI 83 M Primary tumor  Normal colon
C608 Cancer CIMP1 Mutated Methylated MSI 75 F Primary tumor  Normal colon
C467 Cancer CIMP1 Mutated Methylated MSI 62 M Primary tumor  Normal colon
C113  Cancer CIMP1 Mutated Methylated MSI 78 M Primary tumor  Normal colon
C391  Cancer CIMP1 Mutated Methylated MSI 63 M Primary tumor  Normal colon
Ad1 Adenoma  CIMP1 Mutated Unmethylated MSS 75 M Primary tumor ~ Normal colon
Ad2 Adenoma  CIMP1 Mutated Unmethylated MSS 83 F Primary tumor  Normal colon
Ad3 Adenoma  CIMP1 Mutated Unmethylated MSS 84 F Primary tumor  Normal colon
Ad4 Adenoma  CIMP1 Mutated Unmethylated MSS 77 F Primary tumor  Normal colon
C108 Cancer CiMP2 Wild type Unmethylated MSS 70 M Primary tumor  Normal colon
C141  Cancer CIMP-negative ~ Wild type Unmethylated MSS 60 M Primary tumor  Normal colon
C126  Cancer CIMP-negative  Wild type Methylated MSI 32 M Primary tumor  Normal colon

MSI, microsatellite instability; MSS, microsatellite stable.

2All samples are KRAS wild type. C547, C391, and c141 are TP53 mutated type; all others are TP53 wild type.
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Table 2.Summary of Mutations in 16 Colorectal Tumors®

Total Nonsynonymous Stop codon Poly A tract
Cases mutations mutations mutations  Insertions Deletions SNP MNP 5-CpG-3 5-TpC-3 mutations®
C709 547 526 21 40 102 392 13 123 36 67
C547 308 294 14 1 17 290 0 174 8 13
C662 94 91 3 0 1 92 1 30 8 2
C91 946 892 54 3 38 886 19 470 25 26
C658 436 411 25 3 15 409 9 175 18 13
ce08 525 491 34 13 65 440 7 159 23 55
C467 418 397 21 2 15 394 7 157 21 14
C113 277 264 13 10 49 218 0 66 24 42
C391 278 265 13 0 10 268 0 93 7 9
Ad1 63 61 2 0 0 60 3 22 6 1
Ad2 80 72 8 1 1 74 4 33 5 0
Ad3 82 76 6 0 0 80 2 41 3 0
Ad4 70 65 5 0 1 68 1 32 5 0
c108 24 23 1 1 0 23 0 11 2 1
C141 122 111 11 0 0 118 4 24 4 0
C1i26 67 61 5 0 i 66 0 21 2 2
Total 4337 4100 236 74 315 3878 70 1631 197 245

SNP, single-nucleotide polymorphisms; MNP, multinucleotide polymorphisms.
aCIMP1 CRCs: C709, C547, C662, C91, C658, CB08, C467, C113, and C391; CIMP1 adenomas: Ad1, Ad2, Ad3 and Ad4;

CIMP2 CRC: C108; CIMP-negative CRCs: C141 and C126.

Ppoly A tract was defined as 5 or more repeated sequences of A or T nuclectide.

lists of mutated genes in microsatellite stable, non-BRAF-
mutated CRCs (likely CIMP-negative cases) reported in 2
exome and whole-genome analyses of colorectal tumors that
together evaluated 19 cases (Supplementary Table 5).2%*
As shown in Supplementary Figure 2, the overlap between
our list and 1 or both of the other 2 lists was limited to 374
genes, and the majority of mutated genes were exclusive to
each group.

We then performed gene ontology analysis to determine
whether there was enrichment for specific functional cate-
gories among the mutated genes. This analysis showed that
mutated genes in CIMP1 CRCs frequently encoded chro-
matin regulatory proteins (P = .002 after Benjamini
correction, Supplementary Table 6). Interestingly, this
functional category is not represented among the genes
exclusively mutated in microsatellite stable or CIMP-
negative/wild-type BRAF cases or among the genes
mutated in both tumor categories. In total, 74 of the
mutated genes are included in the chromatin regulation
category, and 18 of these were mutated in at least 2 cases
(Figure 1 and Supplementary Table 7).

We also evaluated whether mutations in chromatin
regulators were enriched in CIMP-positive CRCs in another
recent exome study by the TCGA group.’® We confirmed
that enrichment of mutation in these 74 genes was seen
more often in CIMP-high CRCs in the TCGA dataset than in
CIMP-low and CIMP-negative cases (Figure 1). Among the
mutated chromatin regulatory genes, lysine (K)-specific
demethylase and CHD groups were particularly notable,
with 6 and 5 mutated cases, respectively, in the 9 CIMP1
CRCs. Myeloid/lymphoid or mixed-lineage leukemia and
SWI/SNF-related, matrix-associated, actin-dependent regu-
lator of chromatin subfamily groups were also frequently

mutated in CIMP1 CRCs (4 cases for both groups). Although
the rate of mutations in chromatin-related genes in CIMP1
adenoma cases was much lower, still 3 of 4 CIMP1 ade-
nomas analyzed had at least 1 mutation in a chromatin-
related gene.

CHD7 and CHDS8 Are Frequently Mutated in
CIMP1 CRCs

Among the recurrently mutated chromatin regulatory
genes, the most frequently mutated was CHD7 (mutated in 4
cases), which encodes a member of the CHD gene family.
Another member of this protein family, CHDS, is also pre-
sent in the shortlist of candidate genes and was mutated in
3 cases. Together these 2 genes account for mutations in
>50% of the evaluated CIMP-positive CRCs (5 of 9 cases).

Because we compared the mutation results obtained in
CIMP1 tumors with those previously published in putatively
non-CIMP1 tumors, we performed a prevalence study to
rule out any bias in the discovery part of this study. To
confirm the association of CHD7 and CHD8 mutations with
CIMP1, we performed Sanger sequencing of these genes in
94 additional colorectal tumors and matched normal tissues
(88 CRCs and 6 adenomas: 29 were CIMP1-, 33 CIMP2-, and
32 CIMP-negative; Supplementary Table 8). The 2 cohorts
encompassed 110 colon tumors, including 42 CIMP1-, 34
CIMP2-, and 34 CIMP-negative cases. Representative
sequencing chromatograms are presented in Supplementary
Figure 3. We found 23 cases with CHD7 or CHDS8 nonsilent
mutations. One tumor had 3 mutations, 4 had 2 mutations,
and 18 had a single mutation, for a total of 29 mutations in
these genes {Supplementary Table 9). Of these 29 CHD7 and
CHD8 mutations, 24 could be compared with matched
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Figure 1.The landscape of
mutations in chromatin reg-
ulator genes identified by
exome sequencing. Each
row is a gene and each col-
umn is a different case. Each
of the 74 chromatin regulator
genes in which a mutation
has been identified is listed
on the left (black, mutated;
light gray, wild type). The
prevalence of mutations in
these 74 genes in the TCGA
data is shown at the right
(dark gray, CIMP-high cases;
light gray, non—CIMP-high
cases).
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normal tissues, and the remaining 5 had no matched normal
tissue DNA and were compared with a reference human
sequence database. The 29 nonsilent CHD7/CHD8 mutations
were distributed throughout the coding region, and 20 of
them (69%) were predicted to either truncate the protein
through base substitutions, resulting in a stop codon (3
mutations) or a frame deletion (12 mutations), or to damage
the protein as predicted by SIFT (sorting intolerant from
tolerant) analysis (5 mutations). With the exception of 2
cases with biallelic mutation of CHD?7, all remaining varia-
tions were monoallelic. We found a significant difference in
the somatic mutation rate of CHD7 and CHD8 genes across
the molecular subtypes of colorectal tumors, with a higher
incidence of mutations in the CIMP1 tumors (18 of 42
[42.9%]) than in the CIMP2 (3 of 34 [8.8%]; P < .01) or
CIMP-negative tumors (2 of 34 [5.9%]; P < .001; Figure 2B).
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The cases presenting CHD7 mutations were more likely to
harbor BRAF mutations and cases presenting CHD7 or CHD8
were less likely to harbor KRAS mutations (Figure 2C,
Supplementary Figure 44 and C) or TP53 mutation
(Supplementary Figure 4B). There was also a significant
association between CHD7 and either CHD7 or CHD8 mu-
tations with the presence of microsatellite instability, which
is common in CIMP1 CRCs (Supplementary Figure 4D).
Among adenoma cases, we found one CHD7 mutant in a
CIMP1  adenoma  with  microsatellite  instability
(Supplementary Table 9).

Genes That Define CIMP Are CHD7 Targets
The consequences of CHD7 or CHD8 mutation are not
well established. To get insight into the functions of these
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genes, we mined diverse databases. CHD7 is the most
studied of the 2 genes, and mutations in CHD7 have been
reported as causative alterations in CHARGE syndrome, a
complex of multiple congenital malformations involving the
central nervous system, eye, ear, nose, and mediastinal or-
gans.’® We first compared distribution of CHD7 mutations in
CHARGE syndrome and CRC. From a total of 703 mutations
in the CHD7 database (www.chd7.0rg), we focused on 429
nonsilent  pathogenic coding sequence mutations
(Supplementary Figure 5, Supplementary Table 10). The
most prevalent types in both CHARGE syndrome (52%) and
CRC (50%) were frameshift deletions or insertions, and
nonsense mutations were more frequent in CHARGE (36%)
than in CRC (14%). By contrast, missense mutations were
more frequent in CRC (36%) than in CHARGE (12%)
(Supplementary Figure 5B). The mutations were distributed
along the entire coding region, being most frequent in exon
2 in both groups, probably because it has the largest
genomic size (Supplementary Figure 54, Supplementary
Table 10). Approximately 21% of the mutations were
found in the regions of CHD7 that encode for the functional
domains, and all variations in CRCs observed in functional
domains were located in the DEAD-like helicase superfamily
(DEXDc) domain. Because the encoded region of these do-
mains is approximately 23% of CHD7, the frequency of
mutations within these domains is almost the same as those
outside if the mutations were distributed equally
(Supplementary Figure 50).

To further assess the relationship between CHD7 and
CIMP, we analyzed publicly available data to see whether
altered genes in CIMP-positive CRCs are regulated by
CHD7.*”"*® We found that frequently methylated genes in
CIMP-positive CRCs had significantly higher enrichment of
CHD7 occupancy in their mouse homologue genes in neural
stem cells (P = .003 compared with all genes;
Supplementary Figure 64) and were enriched among genes
that responded to CHD7 gene knockdown in mouse em-
bryonic stem cells (P < .00001 compared with all genes;
Supplementary Figure 6B). Finally, we asked whether genes
dysregulated in the CHARGE syndrome are also dysregu-
lated in CHD7-mutant CRCs. For this, we downloaded level 3
gene expression data from the CRC series studied by the
TCGA group.15 Using gene set enrichment analysis, we asked
whether genes up-regulated and down-regulated in
CHARGE syndrome'” are enriched among genes that
distinguish CHD7-mutant from wild-type CRCs. We found
that genes up-regulated in CHARGE syndrome are enriched
among genes up-regulated in CHD7-mutant CRCs (false
discovery rate = 0.04) and, in contrast, genes down-
regulated in CHARGE syndrome are enriched among genes
that are down-regulated in CHD7-mutant CRCs (false dis-
covery rate = 0.07; Supplementary Figure 7). Taken
together, these results indicate that the mutations in CHD7
observed in CRCs are in many aspects functionally similar to
those present in CHARGE syndrome, with effects in the
regulation of dozens of genes.

Finally, we attempted to link CHD7/8 mutations to
protein levels in cancer. We identified a group of 13 samples
used in the discovery and validation steps for which
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paraffin-embedded tissues were available and immunohis-
tochemistry was done for the tumors and their normal
counterparts. Eleven of these were CIMP1 according to our
definition, and the 2 remaining samples were CIMP-
negative. Nuclear expression of these proteins was found
in normal colon for all cases, and both CHD7 and CHD8 were
variably expressed in cancers independent of their mutation
status (Supplernentary Figure 8). The monoallelic and single
amino acid change state of the mutations can explain why
changes in protein levels were not detected.

Discussion

We found that CIMP1 CRCs have frequent mutations in
genes encoding proteins that function in chromatin modi-
fication, most frequently CHD7 and CHD8, members of the
lysine-specific demethylases and chromodomain helicase/
adenosine triphosphate—dependent chromatin remodeling
family. Molecular targets of CIMP were enriched among
CHD7-regulated genes, and genes altered in the CHARGE
syndrome with CHD7 mutations were also altered in CHD7-
mutant CRCs. Our data are consistent with a function of
these proteins in the pathology of CIMP1 CRCs.

A confounding factor in any study that arranges tumors
into CIMP groups is the criteria used for classification, as
diverse strategies have been proposed and use as few as 5
to as many as 100 markers for this. Here we adopted the
criterion first introduced by Toyota et al® and further
refined by Shen et al,” in which 3 groups are defined based
on selected markers that include hypermethylation of MLH1
as a distinctive feature: CIMP1, CIMP2, and CIMP-negative.
These groups are mostly equivalent to CIMP-high, CIMP-
low, and CIMP-negative groups later defined by high
throughput methylation analysis.***® In our sequencing
studies, CIMP1 CRCs presented a higher frequency of so-
matic mutations than CIMP1 adenomas, CIMP2 CRCs, or
CIMP-negative CRCs. It is possible that the higher mutation
rate in CIMP1 CRCs is linked to their mismatch repair
deficiency. CIMP1 CRCs presented increased mutation in
polynucleotide tracts. However, most exome mutations in
CIMP1 CRCs were outside polynucleotide tracts, and one
CIMP-negative, microsatellite unstable cancer we sequenced
had relatively few mutations (Table 2). It is also possible
that the higher mutation rate in CIMP1 CRCs is due to other
factors: for example, the DNA repair gene MGMT was
methylated in 5 of the 9 CIMP1 CRCs and in none of the
other cases. The hypermutable tendency of CIMP high tu-
mors has been described recently.*®

Genes coding chromatin-related function have been re-
ported previously as a frequent target in other tumor
types,”*?* but have never been clearly associated with
specific subsets (eg, CIMP1 CRC). This highlights the
importance of considering both genetics and epigenetics in
classifying tumors for improving our understanding of the
genesis and therapy for each individual tumor. Because
CIMP1 CRCs differ from other CRCs in their pathologic
origin, prognosis, and response to treatment,”® the data
suggest that the distinct genetic background reflects unique
characteristics of CIMP1 cases. Unlike gliomas, the tumors
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examined here had mutations in neither IDHI nor members
of its family, indicating that different tumor types have
different genetic/epigenetic interactions. Our prevalence
study in a series of 94 colorectal tumors confirmed that
CHD7/CHD8 mutations occurred more frequently in CIMP1
tumors than in other CIMP groups. CHD7 is widely ex-
pressed in many tissue types*® and plays many roles in cellular
differentiation’”** and chromatin regulation, including a pu-
tative role in protecting chromatin from polycomb-mediated
repression.** Participation of CHD8 in chromatin insulation
has been proposed on the basis of its interaction with the well-
characterized insulator protein CTCF.**® On the basis of their
function, we propose that mutations of CHD7 and CHD8 in
CRCs result in an altered pattern of chromatin modifications
and structure, which causes dysregulation of expression of
dozens to hundreds of genes.

There is evidence that CHD genes participate in cancer.
For example, PVT1—CHD7 gene fusions have been identified
in small-cell lung cancer cell lines, and a subset of gastric
and colorectal cancers with microsatellite instability pre-
sented CHD7/8 frameshift mutations in mononucleotide
repeats that were associated with lower expression of CHD8
protein.””*® In addition, mutations in CHD5 were recently
discovered in human breast cancer and neuroblastoma,®’
and the function of this gene as a tumor suppressor has
been confirmed.”® The 29 nonsilent mutations of CHD7/8
that we identified were distributed throughout the coding
region, and 69% of them (20 of 29) were predicted to
truncate or damage the protein with no hot spots, a pattern
concordant with that observed in tumor suppressor genes.

We also found compelling evidence that there is an
overlap between genes targeted or regulated by CHD7 and
CIMP markers. Frequently methylated genes in CIMP-
positive CRCs have significantly higher enrichment of
CHD7 occupancy in mouse neural stem cells and among
genes regulated by CHD7 in mouse embryonic stem cells.
Evidence of a role for CHD7 in cancer is also still lacking. In
animal models, mice with homozygous CHD7 mutations die
in utero, and heterozygous mice have reduced survival at
weaning.*® No long-term studies could have been conducted
in these models. In both CHARGE syndrome and CRC,
approximately 80% of CHD7 mutations are located outside
of functional domains, suggesting that even mutations
outside of key domains interfere with the gene function. Our
findings and the report that a member of the CHD gene
family has been proved to be a tumor suppressor gene>’
warrant evaluation of CHD7 and CHD8 function in colo-
rectal tumorigenesis.

When comparing CIMP1 CRCs and adenomas, the rate of
mutations in chromatin-related genes was much lower in
CIMP1 adenomas. Still, 3 of the 4 CIMP1 adenomas analyzed
had at least 1 mutation in a chromatin-related gene, and 1
CIMP1 adenoma in the prevalence screen presented a mu-
tation in CHD7 (Figure 1 and Supplementary Tables 7 and
9). In addition, the fact that CHD7 and CHD8 mutations were
observed in subsets of microsatellite stable CRCs in our
study and another study’® indicates that they are not simply
a consequence of defective mismatch repair. Additional
functional analyses are required to better assess the
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function of mutations in chromatin remodeling genes in the
colorectal tumorigenesis process.

The inverse relationship between the CHD7/8 mutations
and the TP53 inactivating mutation suggests that CHD7/8 and
TP53 mutations drive different subsets of CRCs. Mutation of
genes encoding chromatin-remodeling enzymes can result in
an alternative pathway of carcinogenesis independent of TP53
that drives cancer progression through epigenetic disturbance.
The discovery of frequent chromatin regulator mutations in
CIMP1 CRCs emphasizes the importance of a better under-
standing of pathway-specific molecular changes in subsets for
targeted therapy and raises the possibility that specific
epigenetic therapy targeting alterations in chromatin-
remodeling proteins can be useful in treating CIMP1 CRCs.

Supplementary Material

Note: To access the supplementary material accompa-
nying this article, visit the online version of Gastroenterology
at www.gastrojournalorg, and at http://dxdolorg/10.
1053/ gastro.2013.10.060.
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Supplementary Figure 1. Representative pyrograms (A and B) and sequencing chromatograms (C) for 3 of 4 randomly
selected genes mutated in the discovery set.
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Supplementary Figure 2.Venn-diagram representing the
number of genes mutated in CIMP1 CRCs, microsatellite
stable/wild-type BRAF CRCs, and non—CIMP-high/unme-
thylated/wild-type BRAF CRCs in our study and 2 other
studies. Nearly 3000 genes were mutated exclusively in the
CIMP1 CRCs.
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Supplementary Figure 3. Representative sequencing chromatograms of CHD7 and CHDS8 genes in validation samples.

s

1 40 cfalareaiai fu mz:srs

BRAF
CHDY
CHbE

. Mutation | Wild Type

Fisher's exact test

b ¢ d
i3
CHEY LHEE CHDF or 8 SHEY SHEE OHE e B o ierg CHBR SHOY or 8
fod] 1t i i smgtation mstation anudiatio
56 &
s 46
g ® 1
- L £y -
%» . g .:.
m £ 3
g e g _
_— 3 = o .
o . i—f - oy o bt T -~ - o WS - .
] 3 - 4 ] & Bon w2

Supplementary Figure 4. Presence of mutations in BRAF, CHD7, and CHD8 in 110 colorectal tumors (A). P values of Fisher's
exact test are shown. BRAF and CHD7 show a strong tendency of co-occurrence in the test samples. Prevalence of CHD7 and
CHDS8 mutations by different TP53 (B) and KRAS mutations (C) and microsatellite stability status (D). Numbers in parentheses
represent the number of mutated cases. MSI, microsatellite instability; MSS, microsatellite stability. *P < .05; **P < .001.
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Supplementary Figure 5. Comparison of CHD7 mutation
specira in CHARGE syndrome and CRC. A fotal of 429
nonsilent pathogenic coding sequence mutations in CHARGE
syndrome (from the database www.chd?.org) were used for
this analysis. (A) Overview of nonsilent pathogenic coding
sequence mutations in CHARGE syndrome (upper) and CRC
(lower). Each plot represents a single mutation, and the x-axis
represents the number of reported cases. (B, C) CHD7
change types (B) and distribution across domains (C) in
CHARGE syndrome (feft) and CRC (right). Numbers in pa-
rentheses represent number of mutations. BRK, BRK domain;
CHR, chromatin organization modifier domain; DEXDc,
DEAD-like helicase superfamily; HELIC, helicase superfamily
C-terminal domain; SANT, “SWI3, ADA2, N-CoR and TFHIB”
DNA-binding domains.
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Supplementary Figure 6. Enrichment of CHD7 occupancy in frequently methylated genes in CIMP-positive CRCs (4) and
greater influence of CHD7 gene knockdown on gene expression change (B). The genes used for comparisons were hyper-
methylated with a g-value difference >0.20 and showed >2-fold decrease in their gene expression levels in CIMP-high tumors,
as reported by Hinoue et al*® (n = 111). Genes bound by Chd7 in mouse neural stem cells (Engelen et al’’) and altered
expression after knockdown of CHD7 in mouse ES cells (Schnetz et al’*®) were considered to be regulated by CHD7. *CIMP
genes, P =.003; ¥*CIMP genes and their family members, P < .00001 compared with all genes. *CIMP genes, P < .00001;
* *CIMP genes and their family members, P < .00001 compared with all genes.
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Supplementary Figure 7. Enrichment of genes up-regulated and down-regulated in CHARGE syndrome among classifiers of
CHD7-mutant CRCs. GSEA, gene set enrichment analysis; MUT, mutant; WT, wild type.
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Supplementary Figure 8. Immunohistochemical (IHC) analysis of CHD7 and CHD8 in normal colon and colorectal tumors with
and without CHD7/8 mutations.
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