
骨髄異形成症候群の分子プロファイリング

Illumina Webinar

腫瘍生物学講座
小川誠司



• 代表的な造血器腫瘍(血液のがん)のひとつ。骨髄の異形成を伴っ
た血球減少と急性骨髄性白血病(AML)への移行が特徴。

• 日本国内だけで数万人が罹患、年間5千～1万人以上が新規に発症。
• 高齢者がほとんどを占め(90%以上が60歳以上!)
• 人口の高齢化に伴い近年増加傾向。
• 骨髄移植(60歳以下)以外に根治的治療法がない!!

骨髄異形成症候群(MDS)
MDS sAML



MDSは遺伝子変異によって発症する

MDS

AML

1. どんな遺伝子が変異するのか?
2. それらの遺伝子異常によってなぜMDSになるか?

造血幹細胞 AMLへの進展MDSの発症変異の蓄積



MDSにおける遺伝子変異

Nature 327:430-432, 1987 

Blood 81: 3022-3026, 1993



Nikoloski G, et al., Nat Genet, 2010Sanada M, et al., Nature, 2009

Delhommeau F, NEJM, 2009

EZH2

TET2CBL

ゲノムワイドなコピー数解析による新規変異の同
定
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RUNX1/RUNX1T1
CBFb/MYH11
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Massively parallel sequencing

GAIIx HiSeq 2000

Cluster density 800K 750K~850K

Area 200 2188.8mm2

Read length 100~150 x2 100 x 2

Total reads ~72Gbp >600Gbp ->～ 1Tbp



全ゲノムシーケンスによるがんゲノム解析

Point mutation Indel Homozygous
deletion

Hemizygous
deletion

Gain Translocation Exogenous
pathogen

(M. Meyerson, Nat Genet, 2010)



MDSの全エクソン解析

WHO Classification N
RA 5

RARS 5
RCMD 9

RCMD-RS 1
del(5q) 2
MDS-U 1
RAEB-1 7
RAEB-2 10

AML/MRC 7
CMML1 6
CMML2 3
Total 56



Whole exome capture and sequencing

biotinylated
‘bait’ cRNA
biotinylated
‘bait’ cRNA

Recovery

Sequencing

gDNA

Non-targets
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Bind target 
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Number of somatic mutations / sample

RA RARS RCMD RAEB-1del(5q) RAEB-2 AML/MRC CMML2CMML1
MDS-URCMD-RS

9.2 / sample
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■Frameshift
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MDSにおけるドライバー変異
Gene Gene

1 TET2 13 14 STAG2 3
2 SRSF2 9 15 IDH1/2 2
3 U2AF1 7 16 PHF6 2
4 ZRSR2 7 17 BCOR 2
5 SF3B1 9 18 SETBP1 2

6 EZH2 5 19 HTR1A 2
7 ASXL1 4 20 LUC7L2 2
8 NRAS 4 21 PCDHAC1 2
9 KRAS 4 22 TCF4 2
10 CBL 4 23 CACNA1E 2
11 DNMT3A 3 24 TTN 2
12 RUNX1 3 25 ETNK1 2
13 TP53 3 26 GNB1 2

Spliceosome
=32/56 (57.0%)

SRSF2

U2AF1

ZRSR2

SF3A1
SF3B1

PRPF40B

SF3B1+ZRSR2

None



RNAスプライシング変異とMDS

SRSF2 (0.7%)
!#,-./%.*%
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SF3A1 (1.1%)U2AF65 (1.1%)

No Mut (74.2%)

U2AF35
 (9.7%) SRSF2

(6.5%)
ZRSR2
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SF3B1 (4.8%) SF3A1.
(1.6%)

PRPF40B
(1.6%) No Mut (93.4%)

U2AF35 (1.3%) SF3B1 (2.6%)

No Mut (45.5%)

(Yoshida et al., Nature, 2011)

SF3B1mutations
RARS (64~83%)
RCMD‐RS (57~76%)
RARS‐T (68~73%)

PPV = 97.7%, 
NPV = 98.7% 
(Malcovati et al, 
Blood, 2011) 
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“Splicing circle”

(Wahl MC, et al. Cell 136:701, 2009)



U1 complex

ESE5’ 3’AG

SRSF2
U2 complex

SF3B1Pre-mRNA
Exon
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A YYY

SF1 ESE: Exonic splicing enhancer

(N = 37 )

(N = 79 )

(N = 7 )

(N = 23 )

(N = 56 )

(N = 5 )

(N = 5 )

(N = 7 )

Pathway mutations of splicing machinery

RARS/RCMD-RS CMML AML/MDS de novo AML MPDMDS without RS

SF3B1
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U2AF35
ZRSR2
SF3A1

PRPF40B
U2AF65

SF1

(Yoshida K, et al., Nature, 2011)
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SETBP1

170kD protein associated with SET protein, which are 
thought to inhibit PP2A tumor suppressor

 Translocated/overexpressed in leukemia
Major downstream target of Evi‐1 oncogene
Mutated in 10‐25% of MDS/MPN subtypes and sAML
Hotspot mutations involving D868, G870, and I871 identical 
to germline mutations in Schinzel‐Giedeon syndrome

SETBP1*

SET
PP2A

(Makishima, et al. Nature genet, 2013)
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(Makishima, et al. Nature genet, 2013)
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Origin of gain‐of‐function

(Piazza R et al., Nat Genet, 2013)



SETBP1 escapes from proteosome degradation
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(Makishima, et al. Nature genet, 2013)



(Kon A., et al., Nature gent, 2013)



Cohesin mutations in myeloid neoplasms

(A Kon, et al. Nature genet, 2013)

 Cohesion of sister chromatids
 Long‐range regulation of gene 
expression

 Post‐replicative DNA repair
 Responsible gene for 
congenital disorders (Cornelia 
de Lange syndrome and 
Roberts syndrome)



Karyotypes of cohesin mutated cases
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Cohesin for long‐range regulation of gene 
expression

Phillips‐Cremins et al, Cell, 2013



BCOR/BCORL1mutations in myeloid malignancies

• Responsible for Oculofaciocardiodental (OFCD) syndrome
• Involved in polycomb regulation
• Mutated in 19/208 myeloid malignancies (9.1%)
• 18/19(95%) were mutated in advanced disease types 

(RAEB,CMML,AML/MRC)
• 12/19(63%) were inactivating mutations
• Associated with poor clinical outcomes(F. Damm et al., Blood, 2013)
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Characteristics of 944 patients with MDS

Parameter Total Cohort Training 
Cohort

Validation 
Cohort

Patient Numbers 944 730 214

Median age (years) 72.8
(23.3 – 90.8)

73.0
(24.3–90.8)

72.6
(23.3–90.4)

Patients with Follow-up data 786 611 175
Median overall survival (months) 54.5 54.2 61.6

Median follow-up (months) 32.3 34.2 15.9
Treatment Supportive care only 592 (75.3%) 463 (75.8%) 129 (73.7%)

MDS Subtypes (WHO, 2008) 
RA 41 (4.3%) 32 (4.4%) 9 (4.2%)

RARS 81 (8.6%) 63 (8.6%) 18 (8.4%)
RARS-T 28 (3.0%) 22 (3.0%) 6 (2.8%)
RCMD 195 (20.7%) 150 (20.5%) 45 (21.0%)

RCMD-RS 183 (19.4%) 141 (19.3%) 42 (19.6%)

RAEB-1 191 (20.7%) 147 (20.1%) 44 (20.6%)

RAEB-2 188 (19.9%) 144 (19.7%) 44 (20.6%)
MDS with isolated 

5q-deletion 37 (3.9%) 31 (4.2%) 6 (2.8%)



HiSeq 2000 (100bp, paired-end)@mean depth of 1000x

Align to the human genome reference (hg19) using BWA

Remove Sequence errors
・Remove candidates in 53 normal  samples 
・Mapping errors by visual inspection with IGV

Discard low-quality reads and low-quality bases
• Reads with 5 or more mismatches
• Reads with < 25 mapping quality
• Bases with < 30 base quality

Summary of targeted deep sequencing and somatic mutations calling

A total of 2,764 single nucleotide variants (SNVs) and short indels were identified. 

Remove SNPs
• dbSNP131
• 1000 genomes as of 2011/05/21
• ESP 6500
• Missense SNVs with 0.45 ~ 0.55 allele frequency or on copy 

number change without registered in COSMIC V60.

104 known or putative mutational genes captured using SureSelect



-4q (TET2)
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+8q

-3q (STAG1)

-7q(LUC7L2, EZH2)-5q (IRF1) -12p (ETV6)
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高深度シーケンスを用いたゲノムコピー数解析



Distribution of allele frequencies 
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A total of 2,764 single nucleotide variants (SNVs) and short indels were identified. 



MDSにおけるドライバー変異/欠失の頻度

864/944 cases (91.5%)
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Top 12 Genes
in our results

TET2
SF3B1
ASXL1
SRSF2

DNMT3A
RUNX1
U2AF1
ZRSR2
STAG2
TP53
EZH2
CBL

Top12 Genes in 
Papaemmanuil et al

SF3B1
TET2

SRSF2
ASXL1

DNMT3A
RUNX1
U2AF1
TP53
EZH2
IDH2

STAG2
ZRSR2

Concordance between two large studies

Elli Papaemmanuil et al, Blood, 2013Torsten Haferlach et al, Leukemia, 2013

N = 944
104 genes tested

N = 738
111 genes tested



Median of 3 driver gene mutations per semple
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Landscape of gene mutations in MDS (N=944)
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(Torsten, et al., Leukemia, 2014)



Haferlach et al, Leukemia 2013
(N= 944)

Papaemmanuil et al, Blood  2013    
(N= 738)

TET2 ZRSR2 (q<0.0001), SRSF2 , CBL  (q<0.001) SRSF2, ZRSR2 (q<0.01)
SF3B1 DNMT3A, JAK2 (q<0.01) DNMT3A (q<0.01)

SRSF2 STAG2, ASXL1, RUNX1, IDH2 (q<0.0001) 
TET2 (q<0.001), CBL  (q<0.01)

STAG2, IDH2, CUX1 
ASXL1, TET2, RUNX1 (q<0.01)

U2AF1 ASXL1  (q<0.0001), PHF6, ETV6 (q<0.01) ASXL1 (q<0.05)

ZRSR2 TET2 (q<0.0001), PHF6 (q<0.01) TET2 (q<0.01)

STAG2
ASXL1 , RUNX1 , SRSF2, NRAS, BCOR 

(q<0.0001)  IDH2 (q<0.001)
EZH2 (q<0.01)

SRSF2, RUNX1 (q<0.01)
ASXL1 (q<0.05)

IDH2,EZH2 (q<0.1)
DNMT3A SF3B1 (q<0.001) SF3B1 (q<0.01), BCOR  (q<0.05)

RUNX1 SRSF2, ASXL1 , EZH2, STAG2, BCOR
(q<0.0001)

STAG2, ASXL1, SRSF2 (q<0.01)
EZH2 (q<0.05), NRAS (q<0.1)

ASXL1
SRSF2, U2AF1 , STAG2 , IDH2, EZH2,

RUNX1, NRAS (q<0.0001)
CBL (q<0.01)

SRSF2, RUNX1 (q<0.01)
JAK2, U2AF1, STAG2 (q<0.05)
IDH2, NRAS, CUX1  (q<0.1)

EZH2
RUNX1, ASXL1, TP53, LAMB4, LUC7L2, 

NPM1, ETV6 (q<0.0001)
NRAS (q<0.001), STAG2 (q<0.01)

RUNX1 (q<0.05)
STAG2 (q<0.1)

Concordance of coexisting mutations between two studies



腫瘍内多様性

 Mechanism of cancer development
 Relapse
 Resistance to anti‐tumor therapy

Mut A

Mut A Mut A

Mut A

Mut B

Mut B

Mut C Mut D

Mut E

Mut A

Mut C

Mut B
Mut D

Mut E
クローン性変異

サブクローン性変異



MDSにおける亜集団構造
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MDSにおける腫瘍内多様性

Intratumor heterogeneity was evident in 456 cases. (48.3%) 
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Variations among variant allele frequencies



Significant difference in allele freq between common mutations
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変異アレル頻度の比較



MDSにおける変異のヒエラルキー
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変異の起源

〜0.2‐4.5 per haploid genome/devision
(Gundry and Vijg, 2012; Lynch, 2010). 



(Welch, J et al. Cell, 2012)

健常人造血前駆細胞における変異数



Origin of mutations and MDS clones

EZH2/ASXL1
RUNX11, 
ETV6, etc..

Splicing factors
TET2/IDH1/2

SETBP1
RAS pathway
JAK2/cMPL etc

(M. Walter, et al., NEJM, 2012)

HSC
Progenitor cells



健常人におけるTET2 変異とクローン性造
血

‐Y is also observed in older individuals : clonal hematopoiesis



Hazard ratios  of mutated/deleted genes in univariate analysis

25 out of 48 genes tested 
significantly affected 

overall survival (P < 0.05)
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サブクローン性変異が予後に及ぼす影響
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Hazard ratios  in multivariate analysis
(A)  clinical and genetic parameters (Model-1) (B) Only genetic parameters (Model-2) 
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Development of a novel prognostic risk classification

Clinical and genetic 
parameters
(Model-1)
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Model Validation cohort  (N=175)

AIC
J test

Add Model1 to 
IPSS-R

Add IPSS-R 
to Model1

Model-1 327.2 P<0.001 P=0.07
Model-2 337.5 - -
IPSS-R 334.8 - -

AIC (Akaike's Information Criterion) 

4

21

Comparison between Model-1 and IPSS-R 
by statistical procedure 

Model-1 was expected to outperform the IPSS-R
Validation Cohort (N=175)

Model-1 0.778
IPSS-R    0.675
IPSS 0.661

3

Model-1  0.772
IPSS-R  0.712
IPSS      0.671

All Cases (N=786)

Time‐
Independent
ROC

3 years
Model-1   0.821
IPSS-R    0.742
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Training Cohort (N=611)
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P=0.0004 
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Summary
1. Massively parallel sequencing technologies enabled

identification of a full spectrum of gene mutations in MDS.
2. Major mutational targets in MDS included splicing factor

genes (SF3B1, SRSF2, U2AF1 and ZRSR2), epigenetic
regulators, and other novel gene targets, such as BCOR,
SETBP1, PPRF8, and multiple components of the cohesin
complex.

3. Intratumoral heterogeneity is common in MDS, indicating
multiple round of acquisition of new mutations and clonal
selections shapes the development and progression of MDS,
in which multiple gene mutations occurred in a hierarchical
fashion.

4. Molecular profiling of these mutations in a large MDS cohort
clarified their impacts on clinical outcomes and disease
phenotypes, enabling to construct a powerful prognostic
model that outperforms current models.
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