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Figure 2. Schemat’c diagram of mutation sites on (&) cardiac ryanodine receptor (RYAZ), (&) calsequestin 2 {CASQZ) and (&)
inward rectifier pot@ssium channel 2 (KCNJ2). Red, mutalion sites identified in the present study; purple, those previously re-
porled. FKBP, 12.6: {calstabin) binding domain; TMD, transmermbrane domain.
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Figwre 3. Pedigrees in-2 catechol-
aminergic’ polymorphic ‘ventricular
tachycardia (CPVT) families with com-
pound heterozygous matations, {&)
Family 19 and {8} family 29, Gircle,
female; square, male. Solid symbol,
compound heterozygote; hali-filled,
heterozygote; open, genetically neg-
ative; P with afow, symplomatic pro-
band in each family.

‘bands (incidence: 56.0%2): exon3 deletion, p.R169Q, p.R407S,
p.R420Q, p.NISSIS, pM2192L, p.S2246L, p.A2387V,
p.G2400T, p.R2474G., p.G2628E, p.D3638A, p.Q3861H,
p.D3876E, p.G3946S. pM4002I, p.K4392R, p.L4105F,
p.S4124R, pNAI78S, pl4387V, p.Y4725C, p.K4TS0Q,

Genetic Background in CPVT

V7T,

p.VATT1L, p.L4B65Y and p.LA9IOS (Fable I; Figure 2a). All
patients were heterozygous and 18 of the mutations were novel.
‘Tabie £ lists genetic and clinical data of all the individuals
who carried genetic mutations, including the family members.
We examined 46 relatives of 28 probands with RYR2 muta-
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8(17.0)

NS

No mediesation 2(4.2) 0{0) 2 (10.0) NS
Data given 1 (%). CPVT, ic ventricular Other asin Table 1

(Figare 1) was documesnted in 17 cases (36.2%), pVT in 31
(66.0%) and VF in 16 (34.0%) on ECG in the absence of
medication. Atrial fibrilLation was noted in 1 proband (2.1%),
atrial flutter in 1 (2.1% ), atrial tachycardia in 2 (4.3%) and
supraventricular tachyczzrdia in 2 (4.3%). All types of arthyth-
mias were paroxysmal :znd induced by exercise.

Clinical Charagteristice of RYRZ Mutation-Positive vs.
-Negative CPVT

In order to characterize e clinical features of CPVT patients,
we divided them into 2 geroups (Fatie 2); RYR2 mutation pos-
itive (n=27) and negati*+e (n=20). Among 27 RYR2 mutation
carriers, there were onl 11 male carriers (40.7%). The num-
ber of probands whose £amily members were clinically diag-
nosed as having CPVT was significantly larger in the RYR2
mutation-positive group (P=0.018). Exercise-induced bVT
(P=0.043) and sinus braciycardia (P=0.021) were significantly
more frequent in the RY 2R2 mutation-positive patients. In con-
trast, atrial arthythmias wvere detected at a similar frequency in
both groups (P=0.261).

Exercise Stress Test

Thirty-one probands of %7 underwent exercise stress tests. The
remaining 16 subjects w ere not examined because of cerebral
palsy, hypox)c bnun darznage at the first attack or dmﬂnosls on
other sucky as Holter i G T!urry
probands of 31 develope<i various arrhythmias durmg exercise
stress test and were judszed as positive probands; 19 of them
were found to carry R} R2 mutations (¥abie 1). The preva-
lence of positive stress T.est was not statistically different be-
tween the mutation-posi €ive and -negative groups (Fable 2).

Treatment
‘There were 47 symptom¢atic probands, and 45 of them received

iifator (I - Bet: 1

) i treatment was
significantly more prevalent (P=0.027) in the RYR2 mutation-
positive probands (Fable 3), and there was a tendency for
more of them to receive combination therapy with B-blockers
and verzpamil or flecainide or ICD. ICD was used in 5 RYR2-
positive and 3 mutation-negative probands, and all received
B-blockers simultancously, which appeared to partially protect
against subsequent ICD shock delivery (mean follow-up pe-
riod, 63 months). Two of them (1 s 23-p; Table 1) received

propriate ICD therapy. Flecainide was ibed in 6 RYR2
mutation-positive patients, which was frequently more pre-
scribed in the RYR2 mutation-positive than negative group and
inall cases it or
extrasystoles on exercise test.

Among RYR2-positive probands first treated with -blockers
alone, 5 (19%) were refractory to f-blockers with recurrent
syncope (mean follow-up, 48 months), and additional fiecainide
therapy was then introduced, which was successful in all cases.
The detailed clinical outcome is reported elsewhere.*

fizcussion

In the present study, we first screened for gene mutations in a
considerable number of Japanese CPVT patients and sum-
marized the clinical data, The major findings are as follows:
(1) in 50 clinically diagnosed CPVT probands, we identified
26 different RYR2 mutations in 28 probands (CPVTI; inci-
dence, 56.0%); (2) we identified probands with compound
heterozygous RYR2 mutations, compound heterozygous CASQ2
mutations and heterozygous missense KCNJ2 mutation in |
family each, respectively; (3) the number of probands whose
family members were clinically diagnosed as having CPVT
was significantly larger in the RYR2 mutation-positive group,
and exercise-induced bVT was significantly more prevalent in
the RYR2 mutation-positive patients; and (4) B-blocker treat-

medical treatment (Yables 1) Two probands who were not gen»
otyped had no medicatic.on. B: were

43 patients (91.5%); 27 of them (57.4%) were treated wuh
B-blockers alone, and thez- other 16 probands took them in com-
bination with other medi cation and/or implantable cardiovert-

on douini Vel 77,

ment was si tmore prevalent (P=0.027) in RYR2 mu-
tation-positive probands, and there was a tendency for more
of them to receive combination therapy with S-blockers and
verapamil or flecainide or ICD.
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Total (n=47)

Ventricular arrythmia
VT
VT
VF

RYR2-posit
AYRZpostive P-value

i
RYA2-negative
0)

13 (48.1)
19 (70.4)
8 (2

4(20.0)
12 (60.0)

Data given as mean=SD or n (%). Mean age at onset, mean age at which patients experienced the first symptomatic
arhythmic attack or were recorded as having physicat stress-induced ventricular tachycardia. Exercise stress test
was considered positive for bigeminal PVCs, PVC couplels, VT, pVT, or VF. PSVT, paroxysmal supraventricular

tachycardia. Other abbreviations as in Table 1.

tions and identified 14 mutation carriers (29.2%). Two of the
family members with RYR2 mutations experienced exercise-
induced syncope (5-f,23-f; Table 1). To confinn whether the
RYR2 mutations were inherited from the parents or not, we
conducted genetic screening of the parents in 14 probands
with RYR2 mutations, and found that 8 probands were consid-
ered to carry de novo RYR2 mutations (57.1%). In 1 patient
(19-p, Tabie §; arrow, Figure 34), we identified compound
heterozygous RYR2 mutations: p.M40021 and p.K4392R. This
patient was a 3-y 1d boy who lost while
taking a bath. His parents and siblings were all i

old woman who had exercise-induced syncope since the age
of 6. Her ECG at rest showed considerably frequent premature
ventricular contractions (PVCs), which hindered the accurate
measurement of U-wave. Exercise tolerance test induced bVT
(Fignre £). She and her family members had neither periodic
paralysis nor dysmorphic features. This patient then under-
went catheter ablation therapy for PVCs and received bisopro-
lol fumarate (5 mg/day). The drug was not effective and was
replaced with verapamil (240mg/day). After treatment the
PVCs were :uppressed and ECG showed prolonged QU in-

and his father and sister were negative on genetic analysis. In
contrast, the boy’s mother (19-f1) and brother (19-f2) carried
pK4392R. Concerning p.K4392R, we identified this variant
in 1 control sample from 200 normal controls. Therefore,
p.M4002] was considered to be a de novo mutation and the
cause of CPVT in this patient.

CASQG2 (CPVT2)} In one of 50 probands, we identified
the compound heterozygous CASQ2 mutations p.K87X and
PW361X (Figure 2R). Both were nonsense mutations. The
index patient (29-p; Table 1; Figure 3%) was a d-year-old boy
(arrow, Figure 38) who lost ‘consciousness at his nursery
school while playing with other children and was found to
have pulseless pVT in the emergency room. His parents (29-f
1 and 29-f 2) and elder brother (29-f 3) were all asymptom-
atic although they carried either of these 2 CASQ2 mutations
in a heterozygous trait (Figure 382).

KCNJ2 (CPVT3)  We also identified a heterozygous mis-
sense KCNJ2 mutation, p.G144D (Figure 2C) in one of the
present probands. The proband (30-p; Table 1) was a 31-year-
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tervals with p U-waves in the right precordial leads,
suggesting pheno!yplc similarity with Andersen-Tawil syn-
drome.

Proband Clinical Characteristics

Of 50 probands consecutively referred for genetic tests under
the clinical diagnosis of CPVT, we excluded an asymptom-
atic 2-year-old proband (13-p; Table £) and 2 with CASQ2
and KCAJ2 mutations. All the remaining probands were symp-
tomatic and complained of syncope or palpitation on exercise
(ahble 2). Their mean age at symptom onset was 10.217.3
years (range, 0—39 years). Seventeen of them expcnenccd hfe-

ias that required

and 37 experienced repetitive exercise-induced syncope. Base-
line ECG showed a normal sinus thythm with normal QTe
interval (except for 15-p in Takte 1; mean QTc, 424 ms). Pro-
band 15 had a relatively longer QTc (479 ms). We excluded
this proband from the analysis of QTc interval because we
suspected an additional gene mutation to cause LQTS although
we failed to identify it. Regarding the dysrhythmias, bVT
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In the beginning of 2000, genetic testing of the RYR2 gene
was performed only in some of the 105 exons of the RYR2
gene S Yano et al summarized more than 30 RYR2 muta-
tions between 2001 to 2005 and showed that most mutations
were clustered in 3 main regions (3 hotspot regions: N-termi-
nal domain; FKBP12.6 binding region of central domain; chan-
nel region).?* Therefore, we first started the analysis on the
34 RYR2 exons in the reported hotspots and then changed the
protacol to examine all the exons of the RYR2 gene. We could
identify 6 additional RYR2 mutations outside of the hotspots.
The positive rate for RYR2 mutations was increased from
41.6% 10 56.0%. Similar to a previous report,’* we found most
of the RYR2 mutations in the 3 main regions (70%).

The RYR2 mutation site appeared not to be associated with

probably bx f the relatively small
aumber of genotyped patients. Van der Werf et al, however,
extensively examined family members of RYR2-positive CPVT
probands and found that those carrying mutations in the chan-
nel pore-forming domain had a higher prevalence of non-sus-
tained VT than !hose carrying mutations in the N-terminus or
central domain:

In the present cohort, we identified a proband with com-
pound heterozygous CASQZ mutations. To our knowledge,
this is the second report of a compound heterozygous subject
in the world.® Thus, CASQ2 mutations can be causative of
CPVT even under non-consanguineous conditions. In the first
report, family members who carried either of 2 different CASQ2
mutations also remained asymptomatic (Fignre 38).% More
recently, van der Werf et al reported that the phenotype of
homozygous CASQ2 mutation carriers tends to be more ma-
lignant than those of RYR2 mutation carriers.* By analogy to
Jervell and Lange-Nielsen syndrome,™ homozygous or com-
pound heterozygous CASQ2 mutations may cause very severe
functional damage in cellular Ca-handling and thereby fatal
phenotypes in probands, but not in their heterozygous rela~
tives.

The percentage of the probands whose family members
were clinically diagnosed as having CPVT was significantly
larger in the RYR2 mutation-positive group (Tablz 2; 33.3%
vs. 5%). Van der Werf et al reported that 50% of relatives car-
rying an RYR2 mutation with no CPVT phenotype at the initial
cardiac evaluation developed the phenotype later during fol-
low-up.? When RYR2 mutations are identified in CPVT pro-
bands, the presence of RYR2 mutation in the family members
should be investigated, especially if young, even if there is an
absence of clinical phenotype.

Because LQTS type 1 patients may also have exercise-re-
lated syncope,* and some have borderline or normal QT in-
tervals, the clinical presentation resembles that of CPVT.?
Medeiros-Domingo et al found that the presence of bVT or
pVT was of critical importance for differential diagnosis be-
tween CPVT and LQTS.® In the present study, exercise-in-
duced bVT was significantly more prevalent in the RYR2 mu-
tation-positive patients compared to the mutation-negative
patients, indicating that the exercise tolerance test would be a
useful differential diagnostic tool.

Beta-blocker treatment was more prevalent
(P=0.027) in RYR2 mutation-positive probands, and there was
a tendency for more of them to receive combination therapy
with B-blockers and verapamil or fiecainide or ICD. More re-
cently, Watanabe et al found that flecainide, a potent sodium
channel blocker, prevented cardiac events in CPVT by directly
inhibiting RYR2 receptor channels.®>* Chan et al found that
multiple pharmacological appmaches targeting the Na*/Ca’
exchanger (INaCa) may be useful as

N

therapy © B- adrenerglc blockers in suppressmg CPVT-related

Although therapy with
oral flecainide and /,Lblocker appeared to be most effective in
preventing symptomatic arrhythmia events.

Cenclusion

‘We identified 28 RYR2 mutation carriers, 1 compound hetero-
zygous CASQ2 and 1 novel KCNJ2 mutation carriers in 50
CPVT probands. This is the first report in Japan to analyze 3
different types of CPVT gene and the clinical characteristics
of the genotyped CPVT patients, The penetrance of the CPVT
phenotype was significantly higher in RYR2 mutation carriers,
thus RYR2 gene screening in CPVT patients would be indis-
pensable to prevent unexpected cardiac sudden death of young
family members.
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BACKGROUND & AIMS: Subgroups of colorectal

(CRCs)- characterized by. DNA . methylation anomalies are
termed CpG island methylamr phenotype {CIMP)1, CIMP2, or
CiMP-negative. The of CIMP1 carci-

st 1 of the TP53, KRAS, or APC
gene.** In addition; epigenetic alterations in CRCs are also
WIdely reported, mainly gene promoter DNA methylation.
P :

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 highest rates
of mutation were observed in CHD7 and CHDS‘ whnch encode
members of the i heh:as -
te—d d 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 CHD?, 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; Hypermethylation; Microsatellite
Instability; Gene Silencing.

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

532 Tahara et al

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 Tabie 1, These 16 cases
consisted of 9 CIMP1 CRCs, 4 CIMP1 ad 1 CIMP2

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.S 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-positive
CRCs are usually associated with better prognosis,”
although patients with CIMP-positive CRC do not benefit
from 5 ﬂuorouracll 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

Deceased.

Abbreviations used in this paper: CIMP, CpG island methylator phenotype;
CRC, colorectal carci SNP, t ism; TCGA,

The Cancer Genome Atlas.
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adenomas, 1 CIMP2 CRC, and 2 CIMP-negative CRCs) was
similar to the frequency reported in other CRCs (mean 73

i per case) (Suppi 2 and 'f:
Inversely, the nucleotide contexts of the single base sub-
stitution mutations were similar among all cases, and Cto T
and G to A transitions were the most frequent
(Supgpl ary Tawle %), To determine the specificity of

CRC, and 2 CIMP-negative CRCs. All 9 CIMP1 CRCs pre-
sented with microsatellite instability and MLH1 epigenetic
silencing, and 6 of them were known to have mutated BRAF.
A summary of sequencing statistics for all samples can be

exome sequencing, 4 randomly selected genes (TTN, ITGA10,
CLSTN2, and KCNMAI) were resequenced using pyrose-
quencing and Sanger sequencing (Supplementary Table 4
and Supplementary r 1). BRAF, KRAS, and TP53 had

found in Supsiementary Table 1. On average, appr
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,
Supplementasy 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 Sug 1
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

been previously d in the tumors we used in this
study, and thenr 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 Jeast
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, CTNNB1, 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

Source of Source of
MSIstatus  Age,y Sex tumor DNA  matched DNA

BRAF MLH1
Case Histology CIMP status mutation” methylation
G709 Cancer CIMP1 Wild type  Methylated
C547  Cancer CIMP1 Wild typs  Methylated
C662  Cancer CIMP1 Wild type  Methylated
(o] Cancer CIMP1 Mutated Methylated
C658  Cancer CIMP1 Mutated Methylated
C608  Cancer CimMP1 Mutated Methylated
C467  Cancer CIMP1 Mutated Methylated
C113  Cancer CiMP1 Mutated Methylated
€391 Cancer CIMP1 Mutated  Methylated
Adl  Adenoma  CIMP1 Mutated  Unmethylated
Ad2  Adenoma  CIMP1 Mutated  Unmethylated
Ad3  Adenoma  CIMP1 Mutated  Unmethylated
Add Adenoma  CIMP1 Mutated Unmethylated
C108  Cancer CimpP2 Wild type  Unmethylated
C141  Gancer CIMP-negative  Wild type  Unmethylated

CIMP-negative Wildtype ~ Methylated

sl 60 F Primary tumor  Normal coton
Msl Unknown F  Primary tumor Normal colon
MS| 68 F Primary tumor  Normal colon
MS| 61 M Primary tumor  Normal colon
Mst 83 M Primary tumor  Normal colon
MSI 75 F Primary tumor  Normal colon
MSH 62 M Primary tumor  Normal colon
Ms| 78 M Primary tumor  Normal colon
MSI 63 M Primary tumor  Normal colon
MSS 75 M Primary tumor  Normal colon
MSS 83 F Primary tumor  Normal colon
MSS 84 F Primary tumor  Normal colon
MSS 77 F Primary tumor  Normal colon
Mmss 70 M Primary tumor  Normal colon
MSs 60 M Primary tumor  Normal coion
Msi 32 M Primary tumor  Normal colon

MSI, mi ite i ility; MSS, mi ite stable.
All samples are KRAS wild type. C547, C391, and c141 are TP53 mutated type; all others are TP53 wild type.
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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,

I; of the ch d in helicase/ad 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 or ra-
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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 varfant 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 CHDS8, and selected additional mu-
tations in 4 genes detected by exome sequencing (ITGA10,
CLSTNZ, TTN, and KCNMAT), were validated by pyrosequencing
or Sanger sequencing. The list of primers is provided in

Tabie 4. ing was carried out on a

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, MLHI, MINT1, MINT2,
MINT12, MINT17, and MINT31) was evaluated by bisulfite
polymerase chain reaction followed by bined bisulfite re-

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 Suppiemensary Table 11. The sequence
chr were visually inspected with DNA Dynamo

striction analysis (COBRA) or pyrosequencing analysis. Speci-
mens were classified as CIMP1 when MLH1 and at least 4 thhe

Sequence Analysis Software (Blue Tractor Software, Llanfair-
fachan, Wales, UK). All mutations were confirmed by indepen-

6 remaining markers where hyper CIMP-

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). [Humina 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, W1)
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 Hlu-
mina HiSeq2000 (Hllumina, Inc, San Diego, CA), which generated
paired-end reads of 90 or 100 nucleatides. Reads from both
replicates were combined in the final analysis. Data were
analyzed for quality, exome coverage, and exome-wide
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Table 2.Summary of Mutations in 16 Colorectal Tumors®

dent ing reactions from both forward and reverse
strands. Known database polymorphisms were excluded.

Immunohistochemistry Analysis

Expression of CHD7 (anti-CHD? antibody, ab31824; Abcam,
Cambridge, MA) and CHD8 (anti-CHD8 antibody, ab84527;
Abcam) was studied using the DAKO Envlsmn 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 (fittp:/ /david.ab /). 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:/ fwww.sangeracub/geeatics /OGRS

Genome Atlas (TCGA) data portal (htips://tega-datancinih,
gov/taga/) and published by Lalani et al were subjected to
gene set enrichment analysis.'*

Statistics

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

Mutation of Chiromatin Regulators in CIMP1 CRCs 633

Total  Nonsynonymous Stop codon Poly A tract
Cases mutations mutations mutations Insertions Deletions SNP MNP &-CpG-3' 5-TpC-3' mutations®
C708 547 526 21 40 102 392 13 123 36 67
Cs47 308 294 14 1 17 290 [ 174 8 13
ces2 94 9 3 0 1 92 1 30 8 2
Cot 946 892 54 3 38 886 19 470 25 26
658 436 a1 25 3 15 409 9 175 18 13
c608 525 491 34 13 65 40 7 159 23 55
c467 418 397 21 2 15 394 7 157 21 14
CH13 277 264 13 10 49 218 [ 66 24 42
cag1 278 285 13 0 10 268 o 93 7 9
Ad1 63 81 2 0 0 60 3 22 8 1
Ad2 80 72 8 1 1 74 4 a3 5 0
Ad3 82 76 6 0 0 80 2 41 3 0
Add 70 65 5 0 1 68 1 32 5 0
c108 24 23 1 1 0 23 0 1 2 1
ci41 122 mn 11 0 0 18 4 24 4 0
C128 67 81 5 0 1 €6 [ 21 2 2
Total 4337 4100 236 74 315 3878 70 1631 187 245

SNP, single-r

; MNP,
2GIMP1 CRCs: C709, C547, C662, C91, CESB 808, C467, G113, and C391; CIMP1 adenomas: Ad1, Ad2, Ad3 and Ad4;

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

®Poly A tract was defined as 5 or more repeated sequences of A or T nucleotide.

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 19 cases (5 v Tabie 5%
As shown in Suppiementary Fi lm.;L 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 Tabie €). 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
(#izove 1 and Suppiemensary T

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 (Figurz 1). Among the
mutated chromatin regulatory genes, lysine (K)-specific
demethylase and CHD groups were particularly notabie,
with 6 and 5 mutated cases, respectively, in the 9 CIMP1
CRCs. Myelmd/lymphmd or mxxed hneage leukem)a and
SWI/SNF-related, matri; acti 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 CHD8 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 (S 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; Suppiementary Tabiz 2). The 2 cohorts
encompassed 110 colon tumors, including 42 CIMP1-, 34
CIMP2-, and 34 CIMP-negative cases. Representative
sequencing chromatograms are presented in Sugplerentacy
Figure 3. We found 23 cases with CHD7 or CHD& 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 Ta ). Of these 29 CHD7 and
CHD8 mutations, 24 could be compared with matched
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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

Figure 1.The landscape of
mutations in chromatin reg-
ulator genes identified by
exome sequencing. Each
row is a gene and each co/-
umn is a different case. Each
of the 74 chromatin regulator
genes in which a mutation
has been identified is listed
on the /eft (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).

Gastraenterology Vel. 146, No. 2

paraffin-embedded tissues were available and immunohis-
tochemistty was done for the tumors and their normal
counterparts, Eleven of these were CIMP1 according to our

complex of multiple | malformations involving the
central hervous system, eye, ear, nose, and mediastinal or-
gans.*" We first compared distribution of CHD7 mutanons in

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

CHARGE syndrome and CRC. From a total of 703
in the CHD7 database (www.chid7.07y), we focused on 429
nonsilent  pathogenic  coding sequence mutations
(Supplementary Figure 3, Supplementary Table i0). 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 e 5B). The mutations were distributed
along the entire coding region, being most frequent in exon
2 in both groups, pmbably because it has the largest

variably expi in cancers independent of their mutation
status (Su; ure £), 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-
Fcation, most frequently CHD7 and CHD8, members of the

genomic size (8 v Figure 54,
Table 1€). Approximately 21% of the mutatmns were
found in the regions of CHD7 that encode for the

p and d heh:ase/
d ine triphosph: di dent chromatin r
family. targets of CIMP were enriched among

CHD7-regulated genes, and genes altered in the CHARGE
d with CHD7 ions were also altered in CHD7-

domains, and all variations in CRCs observed in functional
domains were Jocated 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 mutatmns were distributed  equally
(Supplementary Fi

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
CHD7.7-7® 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;
Suppienentary Figure 84) and were enriched among genes
that responded to CHD7 gene knockdown in mouse em-
bryonic stem cells (P < .00001 compared with all genes;
Supplerc v 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.*” Using gene set enrichment analysis, we asked
whether genes up—regu!ated 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; plementary 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

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-refated 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 thexr patholoch
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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Figure 2.(A) Mutation
spectrum of CHD7 and
CHD8 in 110 colon tumors.
Individual exons are repre-
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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 CHD7, ali remaining varia-
tions were monoallelic. We found a significant difference in
the somatic mutation rate of CHD7 and CHDS8 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; ¢ ZB).
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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 tissuetypes’®and plays many roles in cellular
differentiation’”** and chromatin regulation, including a pu-
tative role in protecting chromatin from pulycomb memated
ion.”* Parti of CHD8 in
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 CHDB in
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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 (Figuwre 2C,
2 Figure A and €} or TP53 mutation
5 igure 4B). There was also a significant
assocxatmn between CHD7 and either CHD7 or CHD8 mu-
tations with the presence of mlcrosate]hte instability, which
is common in CIMP1 CRCs (3u entary Figure 400,
Among adenoma cases, we found one CHD7 mulant m a
CiMP1 d with
(Svpplemeniary T ).

micr

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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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-

CRCs result in an altered pattern of ch
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 fi hift mutations in
repeats that were associated with lower expression of CHD8
protei ¥ In addition, mutations in CHDS 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 medels, 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,
apprcmmately 80% of CHD7 mutations are located outsxde
of 1 domains, suggesting that even

¥ ing proteins can be useful in treating CIMP1 CRCs.
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outside of key domains interfere with the gene function. Our
findings and the report that a member of the CHD gene
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