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The landscape of somatic mutations in Down
syndrome-related myeloid disorders

Kenichi Yoshida'>!7, Tsutomu Toki>!7, Yasuke Okuno®17, Rika Kanezaki3, Yuichi Shiraishi?,

Aiko Sato-Otsubol2, Masashi Sanadal-2, Myoung-ja Park®, Kiminori Terui?, Hiromichi Suzukil:2,

Ayana Kon!2, Yasunobu Nagatal2, Yusuke Sato!2, RuNan Wang?, Norio Shiba®, Kenichi Chiba*, Hiroko Tanaka®,
Asahito Hama’, Hideki Muramatsu’, Daisuke Hasegawa®, Kazuhiro Nakamura®, Hirokazu Kanegane!©,

Keiko Tsukamoto!!, Souichi Adachi'?, Kiyoshi Kawakami!3, Koji Kato!4, Ryosei Nishimura!5, Shai Izraelil6,
Yasuhide Hayashi®, Satoru Miyano*$, Seiji Kojima’, Etsuro Ito>18 & Seishi Ogawal-2-18

Transient abnormal myelopoiesis (TAM) is a myeloid proliferation resembling acute megakaryoblastic leukemia (AMKL), mostly
affecting perinatal infants with Down syndrome. Although self-limiting in a majority of cases, TAM may evolve as non-self-limiting
AMKL after spontaneous remission (DS-AMKL). Pathogenesis of these Down syndrome-related myeloid disorders is poorly
understood, except for GATAT mutations found in most cases. Here we report genomic profiling of 41 TAM, 49 DS-AMKL and

19 non-DS-AMKL samples, including whole-genome and/or whole-exome sequencing of 15 TAM and 14 DS-AMKL samples.

TAM appears to be caused by a single GATAT mutation and constitutive trisomy 21. Subsequent AMKL evolves from a pre-existing
TAM clone through the acquisition of additional mutations, with major mutational targets including multiple cohesin components
(53%), CTCF (20%), and EZH2, KANSLT and other epigenetic regulators (45 %), as well as common signaling pathways, such as
the JAK family kinases, MPL, SH2B3 (LNK) and multiple RAS pathway genes (47 %).

TAM represents a transient proliferation of immature megakary-
oblasts that occurs in 5-10% of perinatal infants with Down syn-
drome!2. Although morphologically indistinguishable from AMKL,
TAM is self-limiting in the majority of cases and usually terminates
spontaneously within 3-4 months of birth!. Hepatic infiltration of
myeloid cells is a common finding and can be severe enough to be
fatal, owing to hepatic failure, with liver fibrosis occurring in 5-16%
of cases>™. Moreover, even when spontaneous remission is achieved,
approximately 20-30% of surviving infants develop DS-AMKL years
after remission, although some DS-AMKL cases have no documented
history of TAM*. In contrast to non-Down syndrome-related AMKL
(non-DS-AMKL), which generally shows poor prognosis, individuals
with DS-AMKL typically have a favorable prognosis. In molecular
pathogenesis of these Down syndrome-related myeloid disorders,
GATAI mutations are detected in virtually all affected infants,
suggesting their central role in Down syndrome-related myeloid
proliferation>S. However, it is still open to question whether a GATA1

mutation is sufficient for the development of TAM in individuals with
Down syndrome, what is the cellular origin of the subsequent AMKL,
whether additional gene mutations are required for progression to
AMKL, and, if so, what are their gene targets, although several genes
have been reported to be mutated in occasional cases with DS-AMKL,
including JAKI, JAK2 and JAK3 (refs. 7-10), TP53 (refs. 10,11), FLT3
(ref. 8) and MPL!2. We reasoned that identifying a comprehensive
registry of gene mutations and tracking them at a clonal level using
massively parallel sequencing would provide vital information for
addressing these questions.

RESULTS

Genomic landscape of Down syndrome-related myeloid
neoplasms

We performed whole-genome sequencing of 4 trios consisting
of samples from TAM, AMKL and complete remission phases
(Supplementary Figs. 1 and 2 and Supplementary Table 1). In total,
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Figure 1 Representative Circos plots of paired TAM and DS-AMKL cases.
Locations of somatic mutations, including of missense, frameshift,
nonsense and silent mutations (colored circles), are indicated. Total
(black) and allele-specific (red and green for alleles showing relatively
larger and smaller copy numbers, respectively) genomic copy numbers,
as well as somatic structural variants (colored bars), are indicated in the
inner circle. Sample 1Ds are shown within each plot; plots were created
with Circus33.

we confirmed 411 single-nucleotide variants (SNVs) and 17 small
nucleotide insertions and deletions (indels) by Sanger sequencing
and/or deep resequencing (Supplementary Fig. 1 and Supplementary
Table 2). We detected only a few structural variants, including
deletion, amplification and uniparental disomy, in the TAM and
DS-AMKL genomes (Fig. 1 and Supplementary Fig. 3). The mean
number of validated somatic mutations in DS-AMKL samples (71 or
0.023 mutations/Mb) was twice the number observed in TAM sam-
ples (36 or 0.012 mutations/Mb) (Supplementary Fig. 1a). Mutation
numbers in samples from both phases were substantially lower than
in most other cancers (Supplementary Fig. 4), although differences
in mutation rates could partly be affected by different definitions
and algorithms for mutation calling. The spectrum of mutations was
over-represented by C-to-T and G-to-A transitions in both TAM and
DS-AMKL samples, resembling the mutational spectra in gastric and
colorectal cancers!® and in other blood cancers (Supplementary
Fig. 1b)!1415 We unmasked the details of clonal evolution and expan-
sion leading to AMKL through the use of deep sequencing of individual
mutations detected by combined whole-genome and whole-exome
sequencing (Fig. 2 and Supplementary Table 2). Intratumoral hetero-
geneity was evident at initial diagnosis with TAM and in the AMKL
phase in all cases (Supplementary Fig. 5). In UPN001, UPN002 and
UPN004, AMKL evolved from one of the major subclones in the
TAM phase with a shared GATAI mutation, as reported previously
in relapsed acute myeloid leukemia (AML) in adults (Fig. 2a,b,d)'>.
In contrast, UPN003 showed a unique pattern of clonal evolution, in
which AMKL originated from a minor subclone in the TAM phase
that was totally unrelated to the predominant clone in terms of somatic
mutations, with no mutation shared by both phases, and carried an
independent GATAI mutation (Fig. 2c). In both scenarios, progression
to AMKL seemed to be accompanied by many additional mutations,
including common driver mutations that were absent in the original
TAM population, indicating a multistep process of leukemogenesis.

Exome sequencing

We further investigated non-silent mutations by whole-exome sequenc-
ing of additional samples to generate a full registry of driver mutations
that are relevant to the development of TAM and subsequent progres-
sion to AMKL (Supplementary Fig. 6 and Supplementary Table 1). We
detected GATAI mutations in all TAM and DS-AMKL cases, indicating
sufficient sensitivity in our whole-exome analysis. In total, we confirmed
26 and 81 non-silent somatic mutations identified in the exome analy-
sis of 15 TAM and 14 DS-AMKL samples, respectively, with 3 GATAI
mutations common to both phases (Supplementary Table 3). The mean
number of non-silent mutations was significantly higher in DS-AMKL
samples (5.8; range of 1-11) than in TAM samples (1.7; range of 1-5)
(P =0.0002) (Fig. 3a). Of the 107 mutations, 84 were single-nucleotide
substitutions that were mostly within coding sequences, except for 4
splice-site mutations. We also observed predominantly C-to-T and G-
to-A transitions for non-silent substitutions (Supplementary Fig. 7).
The remaining mutations were frameshift (n = 21) or non-frameshift
(n=2) indels, most frequently involving GATAI (n = 13). One individual
with DS-AMKL (UPN004) had no SNVs or indels (Fig. 3a), but copy
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number analysis identified a large deletion at 16q involving the CTCF
locus (Supplementary Fig. 3), suggesting that the alteration of CTCF
could be a driver event in this case. Therefore, at least one additional
genetic lesion other than GATA1 mutation was detected in our whole-
exome sequencing, despite the low frequency of leukemic cells appearing
to show the morphology of immature megakaryoblasts (blast percentage)
in many cases, which is a known characteristic of DS-AMKL samples!617.
Whole-exome sequencing results suggested the presence of intratumoral
heterogeneity in the majority of DS-AMKL cases (Fig. 3b).

Spectrum of recurrent mutations in DS-AMKL

Recurrently affected genes are of primary interest in identifying
driver mutations. Whereas GATAI was the only recurrent mutational
target in TAM samples, an additional eight genes were recurrently
mutated in the DS-AMKL samples, including RAD21, STAG2, NRAS,
CTCF, DCAF7,EZH2, KANSLI and TP53 (Table 1). These genes are
expressed in a wide variety of hematopoietic compartments, including
in both myeloid and lymphoid cells, except for EZH2, whose expres-
sion is largely confined to CD34" cells!® (Supplementary Fig. 8).
We also found that these genes were expressed in DS-AMKL cells at
similar levels to common hematopoietic genes'?, although we did not
observe significant difference in their expression levels in DS-AMKL
and non-DS-AMKL cells (Supplementary Fig. 9).

We then performed targeted deep sequencing of these 8 genes in
an extended set of 109 samples (including 29 samples in 25 discovery
cases) consisting of 41 TAM, 49 DS-AMKL and 19 non-DS-AMKL
samples (Supplementary Tables 1 and 4). We also included additional
genes in targeted sequencing that were either functionally related
to the above eight genes or were mutated only in single cases but
had been previously reported to be mutated in DS-AMKL (JAK3) or
other myeloid neoplasms (SH2B3, SUZ12, SRSF2 and WTI), together
with other common mutational targets in adult myeloid malignancies

ADVANCE ONLINE PUBLICATION - NATURE GENETICS
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Figure 2 Clonal evolution of Down syndrome-related myeloid disorders.
(a—d) Observed VAFs of validated mutations listed in Supplementary
Table 2 in both TAM and AMKL phases are shown in diagonal plots (top)
for UPNOO1 (a), UPNOO2 (b), UPNOO3 (¢) and UPNOO4 (d), where
VAFs of genes on the X chromosome in male cases or in regions of
uniparental disomy were halved. Half the value of the blast percentage,
which corresponds to the allele frequency of a heterozygous mutation
distributed in all tumor cells, is‘also shown by a red arrowhead, except
for UPNOO3 AMKL, for which clinical data were not available. Driver
mutations including in GATAI, STAGZ, RADZ21 and NRAS are indicated
by black arrows. Predicted chronological behaviors of different leukemia
subclones are depicted below each diagonal plot. Distinct mutation
clusters are indicated by color. In UPNOO1, UPNOO2 and UPNOO4,
founding clones of TAM shown in blue became dominant in the AMKL
samples, in which some subsequent subclones evolved through the serial
acquisition of SNVs. In contrast, in UPNQO3, a subclone in the TAM
phase (blue) and not the founding clone of TAM (aqua) became dominant
in the AMKL sample. VAFs of some mutations were higher than for
GATA1 but seem to be actually equivalent to it given the error range

of PCR-based deep sequencing.

(Supplementary Fig. 10 and Supplementary Tables 5 and 6).
We also analyzed by RT-PCR two recurrent fusion genes previously
reported in non-DS-AMKL cases, RBM15-MKL1 (OTT-MAL)?0:21
and CBFA2T3-GLIS2 (refs. 22,23).

Mutations of cohesin and associated molecules

Major components of the cohesin complex, including RAD21 and STAG2,
were frequent targets of gene mutations in DS-AMKL (Table 1). Including
an additional mutation in NIPBL, 8 of the 14 discovery DS-AMKL cases
(57%) had a mutated cohesin or associated component (Supplementary
Table 3). Cohesin is a multiprotein complex consisting of 4 core compo-
nents, including the SMC1, SMC3, RAD21 and STAG proteins*?°. In
concert with several functionally associated proteins, such as the NIPBL
and ESCO proteins, cohesin is engaged in the cohesion of newly repli-
cated sister chromatids by forming a ring-like structure?s, preventing
their premature separation before late anaphase. Cohesin has also been
implicated in post-replicative DNA repair and long-range regulation of
gene expression?6-30, Targeted deep sequencing confirmed recurrent
mutatjons and deletions in all core cohesin components (STAG2, RAD21,
SMC3 and SMCIA) and in NIPBL in 26 of 49 DS-AMKL cases (53%) but
in none of the 41 TAM cases, although 2 non-DS-AMKL cases (11%)
had STAG2 mutations (Fig. 4a,b and Supplementary Tables 7 and 8).
Strikingly, all mutations and deletions in different cohesin components
were completely mutually exclusive, suggesting that cohesin function
was the common target of these mutations. All but one STAG2 mutation
(encoding a p.Arg370Gln substitution) was either a nonsense, frameshift
or splice-site change (Fig. 4a,b, Supplementary Figs. 11 and 12a, and
Supplementary Table 7). Similarly, 6 of 9 RAD21 mutations were hetero-
zygous nonsense or frameshift alterations. Four of the five mutations in
NIPBL, SMCIA and SMC3 were also nonsense or splice-site changes
causingabnormal exon skipping (Fig. 4a and Supplementary Table 7).
Thus, most of these mutations were thought to result in premature trun-
cation, leading to loss of cohesin function. The leukemogenic mechanism
of mutated cohesin components is still elusive; some studies have impli-
cated aneuploidy caused by cohesin dysfunction in oncogenic actions?!.
Howewer, DS-AMKL cases have been characterized by a largely normal
karyotype?2. We found no significant difference in the frequency of aneu-
ploidy between cases with mutated and wild-type cohesin in the current
DS-AMKL cohort. Many cases with mutated cohesin had completely
normal karyotypes, except for constitutive trisomy 21, arguing against
the hypothesis that aneuploidy has a major role in the pathogenesis of
cohesin-mutated DS-AMKL (Fig. 5a).
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CTCF mutations

Given the high frequency of cohesin mutations, new recurrent CTCF
mutations were of particular interest because the functional interac-
tion of cohesin and CTCF proteins has been of emerging interest in
the long-range regulation of gene expression26:3033.34, CTCF is a zinc-
finger protein implicated in diverse regulatory functions, including
transcriptional activation and/or repression, insulation, formation
of chromatin barrier, imprinting and X-chromosome inactivation®.
CTCEF binds to target sequence elements and blocks the interaction
of enhancers and promoters through DNA loop formation (insulator
activity)®$, and several lines of evidence suggest that cohesin occupies
CTCF-binding sites to contribute to the long-range regulation of gene
expression by participating in the formation and stabilization of a
repressive loop?837. CTCF was mutated or deleted in ten DS-AMKL
cases (20%), one TAM case (2%) and four non-DS-AMKL cases (21%),
with seven mutations representing nonsense, frameshift or splice-site
changes and an additional six alterations representing deletions result-
ing in the loss of protein function (Fig. 4a,b, Supplementary Figs. 11
and 12b, and Supplementary Tables 7 and 8). To our knowledge, this
is the first report of frequent recurrent CTCF mutations in cancer,
although rare mutations (occurring in approximately 2% of cases)
have recently been reported in breast cancer sequencing®.

Mutations in epigenetic regulators

EZH2, which encodes a catalytic subunit of the Polycomb repres-
sive complex 2 (PRC2) that is responsible for di- and trimethylation
of histone H3 lysine 27 (H3K27)%, is another recurrent mutational
target in DS-AMKL (Table 1). Inactivating mutations in EZH2 have

NATURE GENETICS ADVANCE ONLINE PUBLICATION

— 79



]
o
e
o
(7]
o
e
0

2

<

2
S

<

J

£

«
Q

=
[
£

<
e
=
a2
©
=z

o

-

o

N

©

CLES =

Figure 3 Somatic mutations detected by whole-exome sequencing of
Down syndrome-related myeloid disorders. (a) Number of validated
somatic mutations in 25 individuals with TAM and DS-AMKL identified
by whole-exome sequencing. Paired samples are indicated by asterisks.
The mutation rates per phase are given. (b) VAFs of individual mutations
determined by deep sequencing, with VAFs adjusted for genomic

copy numbers. Long indels of >3 bp were excluded from the analysis
because their VAFs were difficult to accurately estimate. The VAF for
each sample estimated on the basis of blast percentage is indicated

by a purple horizontal bar.

been reported in up to 13% of myelodysplastic syndromes and related
chronic myeloid neoplasms®0. Although rarely mutated in adult
AML*, EZH2 represents one of the most frequently mutated and
deleted genes in childhood AMKL, as we identified mutations or dele-
tions in 16 0of 49 DS-AMKL cases (33%) and in 3 of 19 non-DS-AMKL
cases (16%) (Fig. 4a,b, Supplementary Fig. 12c and Supplementary
Tables 7 and 8). No other PRC2 components were mutated, except
for SUZ12, which was mutated in a single DS-AMKL case (Fig. 4a
and Supplementary Table 7). Although frequent mutations in other
epigenetic regulators, including in TET2, IDHI or IDH2, DNMT3A
and ASXLI, are cardinal features of myeloid neoplasms in adults,
we rarely found these mutations in DS-AMKL and non-DS-AMKL
cases, only identifying occasional DNMT3A (n = 1), ASXL1 (n=1)
and BCOR (n = 2) mutations in DS-AMKL (Fig. 4a).

KANSL1 (encoding KATS regulatory NSL complex subunit 1; also
known as MSL1V1 or NSL1) represents a new recurrent mutational
target in human cancer (Table 1), although haploinsufficiency of
KANSLI through germline deletions or mutations has been implicated
in a congenital disease known as 17q21.31 microdeletion syndrome
(MIM 610443)4%43, We found heterozygous mutations in KANSLI in
three DS-AMKL and three non-DS-AMKL cases, and most of these
mutations were nonsense or frameshifts, leading to loss of protein
function (Fig. 4a and Supplementary Table 7). KANSLI protein is

Table 1 Recurrently mutated genes other than GATAI in DS-AMKL samples in

whole-exome sequencing
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necessary and sufficient for the activity of the KAT8 (MOF) histone
acetyltransferase complex, which is engaged in the acetylation of
histone H4 lysine 16 (H4K16), leading to transcriptional activa-
tion. Loss of acetylation of H4K16 has been reported to be a com-
mon hallmark of human cancer, and other
histone acetyltransferases for H4K16 have
been reported to form recurrent fusion

partners in leukemia, including MOZ and

Amino acid Sample (UPN)
Gene Mutation type RefSeq change Nucleotide change number MORF*, suggesting a role for compromised
CTCF  Splice site NM_006565 p.Gly318_ €.953-2A>G 016 H4K16 acetylation by KANSLI mutations
splice in leukemogenesis. Of interest, KANSL1 is
CTCF  Frameshift NM_006565 p.Asn314fs €.940_941insAC 020 also responsible for the acetylation of the
DCAF7  Missense NM_005828 p.Leu340Phe  ¢.1018C>T 001 TP53 tumor suppressor that is important
DCAF7  Missense NM_005828 p.Leu340Phe  c.1018C>T 003 for TP53-dependent transcriptional activa-
EZH2  Frameshift NM_004456 p.710_716del ¢.2129_2148delATCACAGGA 001 tion®5. KATS also interacts with a histone
. TAGGTATTTTT H3 lysine 4 (H3K4) methyltransferase, MLL,
EZH2 Mlssensg NM_004456 p.Arg25GIn c.74G>A - 002 and the interaction of MLL and KATS com-
KANSL1 Frameshift NM_001193466 p.Arg720fs ¢.2159_2160insCG 020 lexes facilitates the cooperative recruit-
KANSLI Nonsense NM_001193466 p.Agd62*  c.1384C>T 024 P P
NRAS  Missense NM_002524 p.Glyl2Ser  "c.34G>A 001 ment of both complexes to gene promoters
NRAS  Missense NM_002524  pTyi64Cys  c.191A>G 001 and enhances transcription initiation at tar-
NRAS  Missense NM_002524 pGlyl12Ala  c.35GC 003 get genes®. Thus, impaired TP53 function
RAD2I  Nonsense NM_006265 p.Arg139* C.415A5T 001 and/or deregulated expression of MLL gene
RAD21  Frameshift ~ NM_006265 p.374_375del  ¢.1120_1124delTCTTT 002 targets could also contribute to leukemogen-
RAD21  Missense NM_006265 p.leubllArg  ¢.1832T>G 018 esis by KANSLI mutations.
RAD21  Nonsense NM_006265 p.Arg65* ¢.193C>T 024
STAG2  Nonsense NM_001042750 p.Arg604* €.1810C>T 003 Other mutations in DS-AMKL
STAGZ  Nonsense NM_001042750 p.Arg216* €.646C>T 019 RAS pathway mutations are common in
STAG2  Frameshift NM_001042750 p.Asn863fs ¢.2588_2589insT 020 hematopoietic malignancies and other
TP53 Nonsense NM_000546 p.Glu68* ¢.202G>T 002 human cancers but have not to our knowl-
TP53  Non-frameshift NM_000546 p.157_162del c.469_486delGTCCGCGCCA 002 edge been described in DS-AMKL. In the
TGGCCATC current cohort, we identified RAS pathway
a ADVANCE ONLINE PUBLICATION NATURE GENETICS



