ONLINE METHODS

Subject population. Bone marrow aspirates or blood samples were collected
from 727 individuals with various myeloid malignancies seen at the Cleveland
Clinic, the University of Tokyo, the University of California, Los Angeles,
the Sidney Kimmel Comprehensive Cancer Center at Johns Hopkins, Chang
Gung University and Showa University (Supplementary Table 6). Informed
consent for sample collection was obtained according to protocols approved
by the institutional review board at each participating institute and in accord-
ance with the Declaration of Helsinki. Diagnosis was confirmed and assigned
according to World Health Organization (WHO) classification criteria34.
Prognostic risk assessment was assigned according to the International Scoring
Criteria for individuals with MDS and chronic myelomonocytic leukemia
with a white cell count of <12,000 cells/p130. For the purpose of this study,
low-risk MDS was defined as having <5% myeloblasts. Individuals with 25%
myeloblasts constituted those with higher risk disease. Serial samples were
obtained for 12 individuals with SETBPI mutations. As a source of germline
controls, immunoselected CD3* T lymphocytes were used in an additional
nine cases. Cytogenetic analysis was performed according to standard band-
ing techniques on the basis of 20 metaphases, if available. Clinical parameters
studied included age, sex, overall survival, bone marrow blast counts and
metaphase cytogenetics.

Cytogenetics and SNP arrays. Technical details regarding sample processing
for SNP array assays were previously described3>-36. The Gene Chip Mapping
250K Assay kit and the Genome-Wide Human SNP Array 6.0 (Affymetrix)
were used. A stringent algorithm was applied for the identification of lesions
using SNP arrays. Individuals with lesions identified by SNP array concord-
ant with those identified in metaphase cytogenetics or typical lesions known
to be recurrent required no further analysis. Changes reported in our inter-
nal or publicly available (Database of Genomic Variants; see URLs) copy
number variation (CNV) databases were considered non-somatic and were
excluded. Results were analyzed using CNAG (v3.0)*” or Genotyping Console
(Affymetrix). All other lesions were confirmed as somatic or germline by
analysis of CD3-sorted cells3.

Whole-exome sequencing. Whole-exome sequencing was performed as pre-
viously reported!®. Briefly, tumor DNA was extracted from bone marrow or
peripheral blood mononuclear cells from affected individuals. For germline
controls, DNA was obtained from paired CD3* T cells. Whole-exome capture
was accomplished using liquid-phase hybridization of sonicated genomic DNA
with mean length of 150-200 bp to the bait cRNA library synthesized on
magnetic beads (SureSelect, Agilent Technologies) according to the manu-
facturer’s protocol. The SureSelect Human All Exon 50Mb kit was used for
20 cases (Supplementary Table 1). Captured targets were subjected to mas-
sive sequencing using the Illumina HiSeq 2000 platform with the paired-end
75- to 108-bp read option, according to the manufacturer’s instructions.
Raw sequence data generated from HiSeq 2000 sequencers were processed
through the in-house pipeline constructed for the whole-exome analysis of
paired cancer genomes at the Human Genome Center, Institute of Medical
Science, University of Tokyo, which is summarized in a previous report!®.
Data processing is divided into two steps: (i) generation of a BAM file (using
SAMtools) for paired normal and tumor samples for each case and (ii) detec-
tion of somatic SN'Vs and indels by comparing normal and tumor BAM files.
Alignment of sequencing reads on the hg19 reference genome was visualized
using Integrative Genomics Viewer (IGV) software®.

For all candidate somatic mutations, the accuracy of the prediction of
these SNVs and indels by whole-exome sequencing was tested by validation
of 65 genes (80 events) by Sanger sequencing and targeted deep sequencing.
Prediction had a true positive rate of 47% (39% for missense mutation, 75% for
nonsense mutations and 75% for indels). It is of note that prediction of known
somatic mutations (for example, in TET2 (n=9), CBL (n=2), SETBPI (n=2)
and ASXLI (n = 2)) showed accuracy of 100% (Supplementary Tables 2-4).

Targeted deep sequencing. To detect allelic frequencies for mutations or SNPs,
we applied deep sequencing to targeted exons as previously described!>. Briefly,
we screened for possible mutations of SETBPI and other genes that were con-
comitantly mutated in the cases with SETBPI mutation (U2AFI, DNMT3A,

NRAS, ASXL1, SRSF2, CBL, IDH1,IDH2, SRSE2, TET2, PTPN11 and RUNX1I).
Each targeted exon was amplified with NotI linker attached to each primer
as previously described!®. After digestion with Notl, amplicons were ligated
with T4 DNA ligase and sonicated into fragments that were on average up to
200 bp in size using Covaris. Sequencing libraries were generated according to
an [llumina paired-end library protocol and were subjected to deep sequencing
on the Illumina Genome Analyzer IIx or HiSeq 2000 sequencers according to
the standard protocol.

Sanger sequencing and allele-specific PCR. Exons of selected genes were
amplified and underwent direct genomic sequencing by standard tech-
niques on the ABI 3730x] DNA analyzer (Applied Biosystems) as previously
described?0-42. Coding and sequenced exons are shown in Supplementary
Table 8. All mutations were detected by bidirectional sequencing and were
scored as pathogenic if not present in non-clonal paired DNA from CD3-
selected cells. When a mutant allele with small burden was not confirmed by
Sanger sequencing, cloning and sequencing of individual colonies (TOPO
TA cloning, Invitrogen) was performed for validation. The allelic presence of
p.Asp868Asn and p.Gly870Ser alterations was determined by allele-specific
PCR. Primer sequences for SETBPI sequencing and SETBP] allele-specific
PCR are provided in Supplementary Table 14.

Quantitative RT-PCR using TagMan probes. Total RNA was extracted
from bone marrow mononuclear cells and cell lines. cDNA was synthesized
from 500 ng of total RNA using the iScript cDNA synthesis kit (Bio-Rad).
Quantitative gene expression levels were detected using RT-PCR with the ABI
PRISM 7500 Fast Sequence Detection System and FAM dye-labeled TagMan
MGB probes (Applied Biosystems). TagMan probes for all genes analyzed were
gene expression assay products purchased from Applied Biosystems (SETBPI,
Hs00210209_m1; HOXA9, Hs00365956_m1; HOXAI0, Hs00172012_ml;
GAPDH, Hs99999905_m1). Expression levels of target genes were normal-
ized to GAPDH mRNA levels.

Retrovirus generation. pMYs-Setbp] retrovirus expressing 3x Flag-tagged
wild-type Setbpl protein and green fluorescent protein (GFP) marker was
described previously®!. Point mutations of Setbpl (encoding p.Asp868Asn
and p.I1e871Thr alterations) were generated using the same construct and
the QuickChange II Site-Directed Mutagenesis kit (Agilent Technologies).
Virus was produced by transient transfection of Plat-E cells (Cell Biolabs)
using FuGene 6 (Roche). Viral titers were calculated by infecting NIH3T3
cells with serially diluted viral stock and counting GEP-positive colonies
48 h after infection.

Immortalization of myeloid progenitors. Immortalization of myeloid pro-
genitors was performed as described according to protocols approved by the
Institutional Animal Care and Use Committee of the Uniformed Services
University of the Health Sciences?!. Briefly, whole-bone marrow cells har-
vested from three young C57BL/6 mice were first cultured in StemSpan
medium (Stemcell Technologies) with 10 ng/ml mouse SCE, 20 ng/ml mouse
TPO, 20 ng/ml mouse IGF-2 (all from R&D Systems) and 10 ng/ml human
FGF-1 (Invitrogen) for 6 d to expand primitive stem and progenitor cells.
Myeloid differentiation was subsequently induced by growing the expanded
cells in IMDM supplemented with 20% heat-inactivated horse serum with
100 ng/ml mouse SCF (PeproTech) and 10 ng/ml mouse IL-3 for 4 d. Resulting
cells (5 x 10%) were infected with retrovirus (1 x 10° colony-forming units
(CFUs)) on plates coated with Retronectin (Takara) for 48 h. Infected cells
were then continuously passaged at a 1:10 ratio every 3 d for 4 weeks to test
whether transduction caused immortalization of the myeloid progenitors.
In the absence of immortalization, transduced cultures generally ceased
expanding in 2 weeks.

Methylation analysis. The DNA methylation status of bisulfite-treated
genomic DNA was probed at 27,578 CpG dinucleotides using the Illumina
Infinium HumanMethylation 27k BeadChip assay as previously described®3.
Briefly, methylation status was calculated from the ratio of methylation-
specific and demethylation-specific fluorophores (f value) using the
BeadStudio Methylation Module (Illumina).
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Resistance of SETBP1 protein degradation associated with SETBPI mutation.
Full-length wild-type human SETBPI cDNA encoding 3x HA~tagged pro-
tein was cloned from peripheral blood mononuclear cells. Mutagenesis of
SETBPI (to introduce mutations encoding the p.Asp868Asn and p.I1e871Thr
alterations) was performed using the PrimeSTAR kit (Takara Bio). Wild-type
and mutant cDNA constructs were cloned into the CS-Ubc lentivirus vector
(a kind gift of T. Yamaguchi). Vectors were cotransfected with packaging
vector and with vectors expressing VSV-G and Rev into 293T cells, and lenti-
viral particles were harvested. Protein blotting experiments on whole lysates
from Jurkat cell line stably transduced with viruses expressing wild-type and
mutant SETBP1 were carried out with antibodies for HA at a 1:2,000 dilution
(MMS-101R, Covance) and actin at a 1:1,000 dilution (sc-1616, Santa Cruz
Biotechnology). Both cell lines were obtained from ATCC. For proteasomal
inhibition, cell lines were treated with 0.5 M lactacystin (Peptide Institute)
and 0.25 uM bafilomycin A1 (Wako Junyaku) for 2 h.

Statistical analysis. The Kaplan-Meier method was used to analyze survival
outcomes (overall survival) by the log-rank test. Pairwise comparisons were
performed by Wilcoxon test for continuous variables and by two-sided Fisher’s
exact test for categorical variables. Paired data were analyzed by Wilcoxon
signed-rank test. For multivariate analyses, a Cox proportional hazards model
was conducted for overall survival. Variables considered for model inclu-
sion were IPSS risk group, age, sex and gene mutation status. Variables with
P < 0.05 in univariate analyses were included in the model. Statistical analy-
ses were performed with JMP9 software (SAS). Significance was determined

at a two-sided o level of 0.05, except for P values in multiple comparisons,
in which Bonferroni correction was applied.
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Recurrent mutations in multiple components of the
cohesin complex in myeloid neoplasms

Ayana Kon!, Lee-Yung Shih?, Masashi Minamino3, Masashi Sanadal*4, Yuichi Shiraishi®, Yasunobu Nagatal,
Kenichi Yoshidal, Yusuke Okunol, Masashige Bando3, Ryuichiro Nakato3, Shumpei Ishikawa%7,

Aiko Sato-Otsubol, Genta Nagae®, Aiko Nishimoto®, Claudia Haferlach®, Daniel Nowak!9, Yusuke Satol,
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Ryo Yamamoto!?, Tomoyuki Yamaguchi'*!4, Makoto Otsu!>, Naoshi Obara!®, Mamiko Sakata-Yanagimoto!9,
Tsuyoshi Nakamaki!”, Ken Ishiyamal8, Florian Noltel%, Wolf-Karsten Hofmann!, Shuichi Miyawaki!8,
Shigeru Chibal, Hiraku Mori!”, Hiromitsu Nakauchi!314, H Phillip Koeffler'®20, Hiroyuki Aburatani8,
Torsten Haferlach®, Katsuhiko Shirahige?, Satoru Miyano™!? & Seishi Ogawal>*

Cohesin is a multimeric protein complex that is involved

in the cohesion of sister chromatids, post-replicative DNA
repair and transcriptional regulation. Here we report
recurrent mutations and deletions involving multiple
components of the cohesin complex, including STAG2,
RAD21, SMC1A and SMC3, in different myeloid neoplasms.
These mutations and deletions were mostly mutually
exclusive and occurred in 12.1% (19/157) of acute myeloid
leukemia, 8.0% (18/224) of myelodysplastic syndromes,
10.2% (9/88) of chronic myelomonocytic leukemia, 6.3%
(4/64) of chronic myelogenous leukemia and 1.3% (1/77)

of classical myeloproliferative neoplasms. Cohesin-mutated
leukemic cells showed reduced amounts of chromatin-bound
cohesin components, suggesting a substantial loss of cohesin
binding sites on chromatin. The growth of leukemic cell lines
harboring a mutation in RAD27 (Kasumi-1 cells) or

having severely reduced expression of RAD21 and STAG2
(MOLM-13 cells) was suppressed by forced expression of
wild-type RAD21 and wild-type RAD21 and STAG2,
respectively. These findings suggest a role for compromised
cohesin functions in myeloid leukemogenesis.

Recent genetic studies have led to the discovery of a number of new
mutational targets in myeloid malignancies, unmasking unexpected
roles for deregulated histone modification and DNA methylation in
both acute and chronic myeloid neoplasms!-2. However, knowledge of
the spectrum of gene mutations in myeloid neoplasms remains incom-
plete. We previously reported a whole-exome sequencing study of 29
paired tumor and normal samples of myeloid neoplasms with myelo-
dysplastic features®. Although our major discovery was that frequent
spliceosome mutations are uniquely associated with myelodysplasia
phenotypes, we also identified hundreds of previously unreported
gene mutations®. Most of those mutations affected single individuals
only and are probably passenger changes. Therefore, their importance
in leukemogenesis remains undetermined. However, through closer
inspection of an updated list of mutations, including newly validated
single-nucleotide variants, we identified additional recurrent muta-
tions involving STAG2, a core component of the cohesin complex
(Online Methods and Supplementary Table 1). In addition, we found
that two other functionally related cohesin components, STAGI and
PDS5B, were mutated in single specimens (Supplementary Fig. 1).
Cohesin is a multimeric protein complex that is conserved across
species and is composed of four core subunits, SMC1, SMC3, RAD21
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Figure 1 Genetic alterations of the cohesin a
complex in myeloid neoplasms. (a) Cohesin

holds chromatin strands within a ring-like =_§smMct
structure that is composed of four core &
components STAG, RAD21, SMC1 and SMC3.
(b) Mutations in the core components of the
cohesin complex found in myeloid malignancies
(black arrowheads) and myeloid leukemia-
derived cell lines (blue arrowheads). The amino c
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and STAG proteins, together with a number of regulatory molecules
such as PDS5, NIPBL and ESCO proteins (Fig. 1a)4°. Forming a ring-
like structure, cohesin is thought to be engaged in the cohesion of
sister chromatids during cell division®, post-replicative DNA repair®’
and the regulation of global gene expression through long-range cis
interactions®~12. Germline mutations in cohesin components lead
to the congenital multisystem malformation syndromes known as
Cornelia de Lange syndrome and Roberts syndrome!3-15,

To investigate a possible role of cohesin mutations in myeloid
leukemogenesis, we examined an additional 581 primary speci-
mens of various myeloid neoplasms for mutations in nine cohesin
or cohesin-related genes that have been implicated in mitosis® using
high-throughput sequencing (Supplementary Table 2). We also
investigated copy-number alterations in cohesin loci in 453 samples
using SNP arrays (Supplementary Table 3). After excluding known
and putative polymorphisms that are registered in the dbSNP or the
1000 Genomes project databases or that were predicted from multi-
ple computational imputations, we identified a total of 60 nonsyn-
onymous mutations involving nine genes in a total of 610 primary
samples, which we validated by Sanger sequencing (Fig. 1b and
Supplementary Table 4). After conservative evaluation of the prob-
ability of random mutational events across these genes, only four
genes remained significantly mutated: STAG2, RAD21, SMCIA and
SMC3 (P < 0.001) (Supplementary Table 5 and Online Methods).
In addition, we detected five deletions in STAG2 (n = 4) and RAD21
(n =1) (Supplementary Fig. 2a,b and Supplementary Table 6). We
also found mutations in these four genes in four of the 34 myeloid
leukemia cell lines studied (12%) (Supplementary Table 7).

We found mutations and deletions of these four genes in a mostly
mutually exclusive manner in a variety of myeloid neoplasms,
including acute myeloid leukemia (AML) (19/157), chronic myelo-
monocytic leukemia (CMML) (9/88), myelodysplastic syndromes
(MDS) (18/224) and chronic myelogenous leukemia (CML) (4/64).
Mutations were rate in classical myeloproliferative neoplasms
(MPN) (1/77) (Fig. 1c, Table 1 and Supplementary Table 8).
In MDS, mutations were more frequent in refractory cytopenia with
multilineage dysplasia and refractory anemia with excess blasts
(11.4%) but were rare in refractory anemia, refractory anemia with
ring sideroblasts, refractory cytopenia with multilineage dysplasia and
ring sideroblasts and MDS with isolated del(5q) (4.2%) (P=0.044). We
also evaluated promoter methylation in 33 cases either with (n = 12)
or without (n = 21) cohesin mutations or deletions for which sufficient
nonamplified DNA was available using the HumanMethylation450

BeadChip; however, we found no aberrant methylations in cohesin
loci, with the exception of hemimethylation of the SMC1A promoter
that we found in two female cases (Supplementary Fig. 3).

We confirmed somatic origins for 17 mutations detected in 16
cases for which matched normal DNA was available (Supplementary
Table 4). The somatic origins of an additional 23 mutations in STAG2
or SMCI1A found in 20 male cases were supported by the presence
of reproducible wild-type signals or reads in Sanger and/or deep
sequencing of the tumor samples, which were considered to originate
from the X chromosome of the residual normal cells (Supplementary
Fig. 4). In addition, for 20 mutations, the observed allele frequen-
cies determined by pyrosequencing, deep sequencing or digital PCR
showed significant deviations from the expected value for poly-
morphisms in the absence of apparent chromosomal alterations in
a SNP array analysis (P < 0.01) (Supplementary Figs. 5 and 6 and
Supplementary Tables 9-12), suggesting their somatic origins. In
addition, 32 of the 33 STAG2 mutations and all of the nine RAD21
mutations were either nonsense (n = 18), frameshift (n = 14) or
splice-site (n = 9) changes, which were predicted to cause premature
truncation of the protein or abnormal exon skipping (Fig. 1b and
Supplementary Figs. 7 and 8). Thus, we considered the majority of
the mutations to represent functionally relevant changes, probably of
somatic origins (Supplementary Table 13).

Most of the cohesin mutations and deletions were heterozygous,
except for the STAG2 and SMCIA mutations on the single X chromo-
some in male cases (n = 23). In female samples, the STAGZ2 promoter

Table 1 Frequencies of mutations and deletions of cohesin
components in 610 myeloid neoplasms

Disease type n  STAGZ RADZ21 SMCIA SMC3 Total Percentage
MDS 224 13 2 0 3 18 8.0
CMML 88 92 0 0 0 9 10.2
AML 157 10 7 2 1 19 12.1

de novo AML 120 82 6 2 1 16 13.3

AML/MRC 37 22 12 0 0 3 8.1
CML 64 2b 1 2b 0 4 6.3
MPN 77 1 0 0 0 1 1.3
Total 610 350 10 4b 4 52 8.5

Diseases are classified according to the World Health Organization 2008 classification.
AML/MRC, AML with myelodysplasia-related changes.

aTwo of the nine cases with STAGZ alterations in CMML, one of the eight cases with STAG2
alterations in de novo AML, one of the two cases with STAGZ alterations in AML/MRC cases
and one case with RAD21 alteration in AML/MRC case involved genetic deletions. POne CML
case having mutations in both STAGZ and SMCIA was counted as a single case. A more
detailed list is available in Supplementary Table 8.
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Figure 2 Relationship between cohesin a
mutations and other common mutations in

myeloid malignancies. (a) Mutations in the

cohesin complex and other common targets in

Cohesin

Spliceosome

310 cases with different myeloid neoplasms. IDH1/2
The corresponding disease types are shown in DNMT3A
the bottom lane. IDH1/2, either IDH1 or IDHZ2. ASXLT
AML/MRC, AML with myelodysplasia-related
changes. (b) Allele frequencies of mutations EZH2
in cohesin components and other coexisting RUNX1
mutations in 20 myeloid neoplasms determined RAS
by deep sequencing. cBL
TP53
was hemimethylated through X inactivation FLT3
regardless of mutation status (Supplementary NPM1

Fig. 3), and a heterozygous mutation of the
unmethylated STAG2 allele would lead to
biallelic STAG2 inactivation, as has been
previously documented in a female case with b
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ciated with mutations in TET2 (P = 0.027), 2 oz %X R
ASXL1 (P = 0.045) and EZH2 (P = 0.011) - =
(Fig. 2a). We performed deep sequencing of RS X
the mutant alleles in 20 available samples with o1 % ‘Q—é—‘
cohesin mutations, which allowed for accu- A
rate determination of their allele frequencies. 0
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genesis. In the remaining five samples, we
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subpopulation, indicating that the mutations A EZHz AIDH1/2  ATET2 A DNMT3A A ASXLY NRAS
were relatively late events (Fig. 2b). Two male RUNXT  [IcCBL FLT3 4 NPMT -+ ETVE

cases (MDS-176 and AML-158) harbored two

independent subclones with different STAG2 mutations, indicating
that STAG2 mutation could confer a strong advantage to pre-existing
leukemic cells during clonal evolution (Supplementary Fig. 10). The
number of mutations determined by whole-exome sequencing? was
significantly higher in four cases with cohesin mutation or deletion
compared to cases with no mutation or deletion of cohesin (P = 0.049)
(Supplementary Fig. 11).

Next we investigated the possible impact of mutations on cohesin
function. We examined the expression of STAGI, STAG2, RAD21,
SMC3, SMC1A and NIPBL in 17 myeloid leukemia cell lines with (r = 4)
or without (n = 13) known cohesin mutations, as well as in the chromatin-
bound fractions of 13 cell lines (Fig. 3a-d and Supplementary
Table 14)1417-19_ Although we observed an evaluable reduction in
RAD?21 expression in Kasumi-1 cells that harbored a frameshift alter-
ation in RAD21 (p.Lys330ProfsX6) (Fig. 3a), alterations in P31FU]J
(RAD21 p.His208Arg), CMY (RAD21 p.Tyr3X) and MOLM-7 (SMC3
p.Arg661Pro) cells were not accompanied by measurable decreases
in the corresponding mutated proteins compared to wild-type cell
lines. In contrast, we observed severely reduced expression of one
or more cohesin components in KG-1 (STAG2)!6 and MOLM-13
(STAG1, STAG2, RAD21 and NIPBL) cells without any accompany-
ing mutations in the relevant genes (Fig. 3a). We found no signifi-
cant differences in protein expression of the cohesin components in

cohesin-mutated and non-mutated cell lines in whole-cell extracts
(Fig. 3b). However, expression of one or more cohesin components,
including SMC1, SMC3, RAD21 and STAG2, was significantly
reduced in the chromatin-bound fractions of cell lines with mutated
or reduced expression of cohesin components, including Kasumi-1,
KG-1, P31FUJ, MOLM-7 and MOLM-13 cells, compared with the cell
lines with no known cohesin mutations or abnormal cohesin expres-
sion (P < 0.05), suggesting a substantial loss of cohesin-bound sites
on chromatin (Fig. 3¢,d and Supplementary Table 14)!4.

We next examined the effect of forced expression of wild-type
cohesin components on the proliferation of a cohesin-mutated cell
line (Kasumi-1) or a cell line with reduced expression of cohesin
components (MOLM-13). Forced expression of wild-type RAD21
and/or STAG2, but not of a truncated RAD21 allele, induced signifi-
cant growth suppression of the Kasumi-1 (with mutated RAD21) and
MOLM-13 (with severe reduction of RAD21 and STAG2 expression)
celllines but not the K562 and TF1 (with wild-type RAD21) cell lines,
supporting a leukemogenic role for compromised cohesin functions
(Fig. 4a—c and Supplementary Fig. 12a-g). To explore the effect of
forced expression of RAD21 on global gene expression, we performed
expression microarray analysis of RAD2I- and mock-transduced
Kasumi-1 cells. In agreement with previous experiments with other
cohesin and cohesin-related components, the magnitudes of the
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Figure 4 Impact of cohesin mutations on cell proliferation and karyotypes. e cMS Kasumi-1 MOLM-13

(a) Proliferation of the Kasumi-1 cell line stably transduced with either
wild-type RAD21, a truncated allele of RAD21 (RAD21 p.Lys558X or
p.Glu419X) or a mock construct measured by MTT assays (n =5 wells

per group). The data are shown as the means % s.d. of the absorbance at
450 nm relative to the value at day O. Representative results of three
independent experiments are shown. (b) Protein blot analysis showing
expression of the transduced wild-type and mutant RAD21 alleles.

(c) Expression of endogenous and exogenous RADZ21 transcripts in Kasumi-1 , i e
cells transduced with indicated constructs measured using RNA sequencing — " —_—
by enumerating the corresponding reads. (d) The numbers of cases with numerical cytogenetic abnormalities were compared between two groups, those
with and those without cohesin mutations or deletions (P = 0.968, y2). The numbers of numerical chromosome abnormalities are shown at the top.

(e) Representative metaphases of cell lines with intact (CMS) or abnormal (Kasumi-1 and MOLM-13) cohesin components showing almost normal sister
chromatid cohesion. Scale bars, 10 pm.
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Mutations in the cohesin complex have recently been reported in a
cohort of de novo AML and MDS in which four major cohesin com-
ponents were mutated in 6.0-13.0% of cases?!~2. Less frequent muta-
tions of cohesin components have been described in other cancers,
including STAG2 mutations in glioblastoma (4/68), melanoma (1/48)
and Ewing’s sarcoma (1/24)16. In primary colon cancer samples, in
which impaired cohesion and consequent aneuploidy have been
implicated in oncogenesis, mutations in SMCIA (4/132), NIPBL
(4/132), STAG3 (1/130) and SMC3 (1/130) have been reported?S. In
contrast, in our cohort of myeloid neoplasms, we found no significant
differences in the number of numerical chromosome abnormalities
between cohesin-mutated and non-mutated cases, and the 43 cases
with cohesin mutations or deletions showed diploid or near-diploid
karyotypes, including 23 cases with completely normal karyotypes
(Fig. 4d). Therefore, in these euploid cases, cohesin-mutated cells
were not clonally selected as a result of aneuploidy. Supporting this
finding is the observation that expression of scc1p,a RAD21 homolog,
at only 13% of its normal level was sufficient for normal cohesion in
yeast?’. Furthermore, Kasumi-1 and MOLM-13 cells showed almost
normal cohesion of sister chromatids, even though Kasumi-1 cells
have a truncated RAD21I allele and MOLM-13 cells have substantially
reduced expression of multiple cohesin components (Fig. 4e).

A growing body of evidence has suggested that cohesin mediates
long-range chromosomal cis interactions?® and regulates global gene
expression!12, For example, two cohesin subunits, Rad21 and Smc3,
have been implicated in the transcriptional regulation of the hemato-
poietic transcription factor Runx1 in zebrafish!0. Furthermore, an up
to 80% downregulation of Nipped-B, a NIPBL homolog in Drosophila,
does not affect chromosomal segregation but does cause impaired
regulation of gene expression®’. We also previously demonstrated that
only mild loss (17-28%) of cohesin binding sites within the genome
results in deregulated global gene expression!41819, These observa-
tions suggest the possibility that cohesin mutations participate in
leukemogenesis through the deregulated expression of genes that are
involved in myeloid development and differentiation.

In conclusion, we report frequent mutations in cohesin compo-
nents that involve a wide variety of myeloid neoplasms. Genetic evi-
dence suggests that aneuploidy may not be the only leukemogenic
mechanism, at least in vivo, and that deregulated gene expression
and/or other mechanisms, such as DNA hypermutability, might also
operate in leukemogenesis. Given the integral functions of cohesin
for cell viability, genetic defects in cohesin might be potential targets
in myeloid neoplasms!42°.

URLs. dbSNP, http://www.ncbi.nlm.nih.gov/projects/SNP/; the 1000
Genomes Project, http://www.1000genomes.org/; the UCSC Genome
Browser; http://genome.ucsc.edu/cgi-bin/hgGateway/; hgl9, http://
hgdownload.cse.ucsc.edu/goldenPath/hgl9/database/; RefSeq genes,
http://www.ncbi.nlm.nih.gov/RefSeq/; CNAG/AsCNAR, http://www.
genome.umin.jp/; dChip, http://www.dchip.org/; the Integrative
Genomics Viewer, http://www.broadinstitute.org/igv/; SIFT, http://
sift.jcviorg/; PolyPhen-2, http://genetics.bwh.harvard.edu/pph2/;
Mutation Taster, http://www.mutationtaster.org/.

METHODS
Methods and any associated references are available in the online
version of the paper.

Accession codes. Whole-exome sequence data have been deposited
in the DNA Data Bank of Japan (DDBJ) repository under accession
number DRA000433. RNA sequencing data have been deposited in the

DDB]J repository under accession number DRA001013. Microarray
data have been deposited in the Gene Expression Omnibus under
accession number GSE47684.

Note: Any Supplementary Information and Source Data files are available in the
online version of the paper.
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ONLINE METHODS

Patients and samples. Twenty-nine cases analyzed by whole-exome sequenc-
ing were described previously®. Anonymized genomic DNA from an addi-
tional 581 patients with different myeloid neoplasms were collected from
collaborating institutes and used for the analyses described below. All the
analyses were performed after written informed consent was obtained. This
study was approved by the ethics boards of the University of Tokyo, University
Hospital Mannheim, University of Tsukuba, the Munich Leukemia Laboratory,
Showa University, Tokyo Metropolitan Ohtsuka Hospital and Chang Gung
Memorial Hospital.

Celllines. The CMS, CMY, UTP-DSAL-1, MOLM-1, MOLM-7, HEL, §59;22
and TS9;22 cell lines were provided by Y. Hayashi. 293gp and 293gpg cells were
provided by R.C. Mulligan. P31FUJ and CMK-86 cells were purchased from
the Health Science Research Resources Bank (Osaka, Japan). 293T, KG-1, K562
and F-36P cells were obtained from RIKEN BioResource Center Cell Bank
(Tsukuba, Japan), and Kasumi-1, HL-60, MOLM-13 and TF-1 cells were from
the American Type Culture Collection. Chromosome spreads were performed
for the CMS, Kasumi-1 and MOLM-13 cell lines as previously described!4,
except that cells were treated with colcemid (100 pg/ml) and hypotonically
swollen in 75 mM KCl for 20 min.

Whole-exome sequencing. The whole-exome sequencing of the 29 paired
samples of myelodysplasia was previously described?, through which we identi-
fied a total of 497 candidate single-nucleotide variants and insertions/deletions
(indels), of which 268 and 167 were determined by Sanger sequencing as true
positives and negatives, respectively, with 62 mutations unconfirmed. In the
present study, we updated the list of somatic mutations by rigorously validating
the remaining 62 unconfirmed mutations by Sanger sequencing and also by
deep sequencing (Supplementary Table 1).

Mutation analysis of cohesin components. In total, 534 tumor DNA samples
from a variety of myeloid neoplasms were analyzed for possible mutations
in nine components of the cohesin complex, STAGI, STAG2, SMCI1A, SMC3,
RAD21, PDS5B, ESCOI1, ESCO2 and NIPBL, using high-throughput sequenc-
ing of pooled exons amplified from pooled genomic DNA samples. In an
additional 47 samples, mutations in STAG2, RAD21, SMCIA and SMC3 were
examined by deep sequencing after enrichment for these targets using a
SureSelect custom kit (Agilent) designed to capture all of the coding exons
from the target genes, performed as previously described with minor modifica-
tions in the algorithm for mutation call®°.

For pooled-DNA sequencing, all target exons (n = 232) encompassing
89,323 nucleotides were PCR amplified using a set of primers having com-
mon Notl adaptor sequences on their 5" ends, digested with NotI, ligated using
T4 ligase and sonicated to approximately 200-bp fragments using an ultrasoni-
cator (Covaris); these fragments were used for the generation of sequencing
libraries according to a modified pair-end protocol from [llumina. The librar-
ies were then sequenced using HiSeq 2000 (Illumina) with a standard 100-bp
paired end-reads protocol. On average, 99.5% of the target bases were analyzed
at the depth of 12,000 per pool or 1,000 per sample. Data processing and
variant calling were performed as previously described? with minor modifica-
tions. First, each read from a given DNA pool was aligned to the set of target
sequences using BLAT3! with the -fine option. The mapping information in a
.psl format was transformed into a .sam format using the my_psl2sam script,
which was further converted into the .bam format using SAMtools®2. Among
the successfully mapped reads, reads were removed from further analysis that
either mapped to multiple sites, mapped with more than four mismatched
bases or had more than ten clipped bases. Next, the Estimation_ CRME script
was run to eliminate strand-specific errors and exclude PCR-derived errors.
Then, a strand-specific mismatch ratio was calculated for each nucleotide
variation for both strands using the bases corresponding to 11-50 cycles.
By excluding the top five cycles showing the highest mismatch rates, strand-
specific mismatch rates were recalculated, and the smaller value between both
strands was adopted as the nominal mismatch ratio. In addition, the nucleotide
variations that were present across multiple pools were removed based on
permutations across different pools using the Permut_Rm_com script because
it is probable that such variations result from systemic sequencing errors.

Finally, after excluding variations found in the dbSNP database, the database
from the 1000 Genomes project or our in-house SNP database, the variants
whose mismatch rate exceeded 0.009 were adopted as candidate mutations.
Each candidate mutation was validated by Sanger sequencing of the 12 original
individual DNAs from the corresponding DNA pools.

The functional impact of each amino acid substitution was evaluated by
computer prediction using SIFT33, PolyPhen-2 (ref. 34) and Mutation Taster3s.
The significance of nonsilent mutations in each cohesin component was evalu-
ated assuming a uniform distribution of the background mutations within the
coding regions, which was estimated to be ~0.3 Mb~! on the basis of a previous
whole-exome sequencing of myelodysplasia3.

Determination of variant allele frequencies. Variant allele frequencies were
evaluated by deep sequencing of PCR amplicons, pyrosequencing?®37 and/or
digital PCR (Fluidigm CA, US)38-40 of the variants using nonamplified DNA.
For amplicon sequencing, genomic fragments harboring the variants of inter-
est were PCR amplified using Notl-tagged primers. Ninety-two randomly
selected SNP loci that do not contain repetitive sequences were amplified using
normal genomic DNA as a template, which served as the control. Touch-down
PCRs using high-fidelity DNA polymerase KOD-Plus-Neo (TOYOBO, Tokyo)
were performed, and an equimolar mixture of all PCR products was prepared
for deep sequencing using HiSeq2000 or Miseq (Illumina), as described above,
with a 75-bp or 100-bp pair end-read option. To calculate the allele frequency
of each variant, all reads were mapped to the target reference sequence using
BLAT?3!, followed by differential enumeration of the dichotomic variant alleles.
For indels, individual reads were first aligned to each of the wild-type and
altered sequences and then assigned to the one with better alignment in terms
of the number of matched bases.

Array-based copy-number and methylation analyses. Genomic DNA
from 453 bone marrow samples with myeloid neoplasms was analyzed using
GeneChip SNP genotyping microarrays as previously described using CNAG/
AsCNAR software?!42, The results of the SNP array karyotyping for 290 of the
453 cases have been previously published®#!-44 The promoter methylation of
each cohesin component gene was analyzed using the HumanMethylation450
BeadChip (Illumina), as previously described®%45, in which methylation
status was evaluated by calculating the ratio of methylation-specific and
demethylation-specific fluorophores (B value) at each CpG site using iScan
software (Illumina).

RT-PCR. Complementary DNA synthesis and quantitative RT-PCR analyses
were performed as previously described3. The primer sequences used are listed
in Supplementary Tables 16 and 17.

Protein expression of cohesin components in whole-cell extracts and
chromatin-enriched fractions. Whole-cell extracts of myeloid cell lines were
separated into soluble supernatant and chromatin-containing pellet fractions
and analyzed by SDS-PAGE and protein blot analysis for the expression of
different cohesin components as previously described!>!4 Antibodies used
for protein blot analysis are described in Supplementary Table 18.

Gene expression and cell proliferation assays. A full-length RAD21 cDNA
(BC050381) was provided by S. Sugano. A full-length STAG2 cDNA was
obtained from total cDNA derived from bone marrow cells and cloned into
pBluescript. The truncated mutant of RAD2I was subcloned by PCR. Flag-
tagged RAD21I or STAG2 cDNAs were constructed into the retrovirus vector
pGCDNsamIRESEGEP (provided by M. Onodera)® or a tetracycline-inducible
lentiviral vector, CS-TRE-Ubc-tTA-IRESPuro. The wild-type RAD21, the
mutant RAD21 and/or a mock-induced retroviral vector were generated as
previously described? and transduced into Kasumi-1, K562 and TF1 cells,
which were sorted by GFP marking using a MoFlo FACS cell sorter (Beckman
Coulter) or a BD FACSAria cell sorter (BD Biosciences) 4896 h after retro-
viral transduction. The wild-type RAD21, the wild-type STAGZ2 and a mock-
induced lentiviral vector were generated as described previously?, transduced
into MOLM-13 cells and selected by 1 pg/ml puromycin. Gene expression
was induced by 1 pg/ml doxcycline. For cell growth assays, the cells were
inoculated into 96-well culture plates in RPMI 1640 medium supplemented
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with 5% FCS (and 5 ng/m]l GM-CSF for TF1 cells), and cell growth was moni-
tored in three independent experiments by MTT assay using the Cell Counting
Kit-8 (Dojindo Co.).

Expression microarray analysis. RNA was extracted from Kasumi-1 cells
that were either mock transduced or transduced with wild-type RAD21
and analyzed in triplicate using the Human Genome U133 Plus 2.0 Array
(Affymetrix) according to the manufacturer’s protocol. For data analysis, raw
array signals were first extracted from .CEL files using dChip Software*®. After
background correction and normalization across the six array data sets, the
standardized signal value was obtained for each probe set in each of triplicate
array experiments, which were compared between mock-transduced and wild-
type RAD2]-transduced cells. Two independent microarray experiments were
performed. To identify transcriptionally altered genes, we used the criteria of
fold change greater than +1.2 and P < 0.05 (two-tailed paired ¢ test) in two
independent experiments.

RNA sequencing. RNA sequencing of RAD2]-transduced Kasumi-1 cells
and subsequent data analyses were performed as previously described® with
minor modifications. For quantifications of expression values from the RNA
sequencing data, we used a slightly modified version of RKPM (reads per kb
of exon per million mapped reads) measures%. After removing the sequencing
reads that were inappropriately aligned or that had low mapping quality, the
number of bases on each exonic region for each RefSeq gene® was counted.
Then the number of bases was normalized per kb of exon and per 100 million
aligned bases. Finally, the expression value of each gene was determined by
taking the maximum values among the RefSeq genes corresponding to the
gene symbol.

We measured RAD21 expression by differentially enumerating endog-
enous and exogenous RAD21 sequence reads, which were discriminated by
the absence and presence of the Flag sequence, respectively. After normaliza-
tion by the number of total reads for each sample, the raw differential read
counts were further calibrated against the read counts containing the stop
codon in RAD2I.

Statistical analyses. The significance of the difference in frequency of
cohesin component mutations between disease subtypes was tested by
one-tailed Fisher’s exact test. The coexistence of mutations was tested by
two-tailed Fisher’s direct method. The significance of the difference in the
total number of somatic mutations between cohesin-mutated or -deleted
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